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The acid-base characteristics of tumor cells and the other elements that compose
the tumor microenvironment have been topics of scientific interest in oncological
research. There is much evidence confirming that pH conditions are maintained
by changes in the patterns of expression of certain proton transporters. In the past
decade, the voltage-gated proton channel (Hv1) has been added to this list and is
increasingly being recognized as a target with onco-therapeutic potential. The
Hv1 channel is key to proton extrusion for maintaining a balanced cytosolic pH.
This protein-channel is expressed in a myriad of tissues and cell lineages whose
functions vary from producing bioluminescence in dinoflagellates to alkalizing
spermatozoa cytoplasm for reproduction, and regulating the respiratory burst for
immune system response. It is no wonder that in acidic environments such as the
tumormicroenvironment, an exacerbated expression and function of this channel
has been reported. Indeed, multiple studies have revealed a strong relationship
between pH balance, cancer development, and the overexpression of the
Hv1 channel, being proposed as a marker for malignancy in cancer. In this
review, we present data that supports the idea that the Hv1 channel plays a
significant role in cancer bymaintaining pH conditions that favor the development
of malignancy features in solid tumor models. With the antecedents presented in
this bibliographic report, we want to strengthen the idea that the Hv1 proton
channel is an excellent therapeutic strategy to counter the development of solid
tumors.
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1 Introduction

Cancer is a major public health problem worldwide because it is one of the most
prevalent diseases in the world’s mortality statistics. Cancer is a disease caused by a buildup
of mutations that affect vital genes responsible for cell division, cellular growth, apoptosis,
protein, and DNA repair, etc., leading to an entire reprogramming of the function of a cell
and/or tissue. One of the major problems of cancer is that it corresponds to a diverse disease,
which affects each tissue differently, with different molecular mechanisms, and even subtle
differences can be found depending on the patient’s medical history. In addition, certain
types of cancer are silent until they reach very advanced stages of the disease. This can lead to
significant complications when not diagnosing or treating them in a timely manner (Fisher
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et al., 2013; Meacham and Morrison, 2013; Hassanpour and
Dehghani, 2017). The most challenging task of current medicine
and science is to find a feasible and effective therapeutic pathway
against cancer, identifying common characteristics that share a type
of tumor within the tissue or even better, find a common feature
between several types of tumor models, and aim for a therapy that
includes a larger spectrum of cancers. During the past decade, it has
been observed that the expression of certain ion channels is severely
affected in tumoral cells compared to normal cells, favoring the
development of malignant cells (Litan and Langhans, 2015). This
has led to rethinking cancer as a channelopathy.

Ion channels are pore-forming transmembrane proteins present
in both excitable and non-excitable cells that allow efficient ion
permeability across biological membranes with high specificity.
These proteins are essential for the production and transduction
of electrical signals (Hille, 2001). There is a great diversity of ion
channels that participate in a broad spectrum of cellular functions,
where we can highlight cell communication, electrical excitability,
and the maintenance of cellular homeostasis, among others (Hille,
2001). The voltage-gated proton channel (Hv1) is one such member
of this large family of proteins, tasked with selective proton
extrusion. Maintaining intracellular and extracellular pH within
physiological values is essential for most biological mechanisms
such as proliferation, mobility and apoptosis which are highly
regulated by intracellular and extracellular pH. The role of the
Hv1 channel in tumor biology has begun to emerge during the
last decade. Currently, there has been an increasing number of
studies that report that the Hv1 proton channel has a key role in
proton extrusion in tumor cells, relating their overexpression in
some cases to tumor malignancy (Wang et al., 2011; Wang et al.,
2012; Wang et al., 2013a; Asuaje et al., 2017). For more than two
decades, scientific reports have placed on the stage of tumor biology
proton transporters that are key to maintain and enrich the
malignant characteristics of different types of cancer (Boedtkjer
and Pedersen, 2020). However, unlike the plethora of transporters
that have been reported as important in cancer biology, the
Hv1 protein is a proton channel that has recently been vastly
explored in cancer research comparatively and its first studies
date back to 2012 (Wang et al., 2012).

In this review, we discuss the evidence from the last 10 years that
supports that the presence of the Hv1 channel is key to maintaining
the pH conditions that characterize the tumor microenvironment
which contribute to the development of cancer malignancy.
Moreover, the overexpression of the Hv1 channel could serve as
a predictor of incidence and cancer malignity. In addition, we
discuss the potential of the Hv1 channel as a relevant therapeutic
target for the development of anti-cancer drugs; thus, this protein
could establish a common aim for many types of solid tumors,
paving a strong strategy against tumors.

2 The voltage gated proton channel
(Hv1) is a unique protein: structure and
biophysical features

Hv1’s gene (hvcn1) was simultaneously cloned by two research
groups in 2006. S. Ramsey’s group isolated the gene from human
immune cells (Ramsey et al., 2006), while Okamura’s research group

isolated it from mouse immune cells (Sasaki et al., 2006). This gene
encodes for a ~30 kDa proton channel, a protein whose architecture
consists of four transmembrane segments (S1-S4) (Ramsey et al.,
2006; Sasaki et al., 2006). This channel has unique structural and
functional features. Hv1 channels are associated in homodimers
(Koch et al., 2008), by the interaction of a coiled-coil motif between
the C-terminus and N-terminal of each monomer (Koch et al., 2008;
Tombola et al., 2008) (Figure 1). However, perfectly functional
Hv1 monomers can be obtained by truncating the coiled-coil
region through molecular deletions directed to the C-terminal
and part of the N-terminal, which is called the ΔNΔC construct
(Koch et al., 2008; Tombola et al., 2008).

To date, the Hv1 channel and its isoforms are the main voltage-
gated channel that natively transports protons selectively and are
within the proton transporters protein family, the most efficient to
perform this task; thus, being the perfect molecular entity for
maintaining complete control over pH tuning in a cellular
system. In this section we will review the molecular bases of the
protein.

2.1 Voltage sensor

The Hv1 proton channel is one of the members of the huge
family of voltage-gated ion channels (VGIC). The most important
section of the voltage sensor in this protein (which characterizes the
members of the VGIC family) is in the S4 transmembrane helix,
which contains three charged arginine residues (Arg 205, Arg
208 and Arg 211 in Homo sapiens, R201, R204 and R207 in Mus
musculus and R255, R258, and R261 in Ciona intestinalis), which
confer its voltage sensitivity (Sasaki et al., 2006; Gonzalez et al., 2010;
Gonzalez et al., 2013) (Figure 1). Besides its role in voltage sensing in
mHv1, R201 was shown to contribute to the channel’s outward-
rectifier-like phenotype, given that its mutation to glutamine
allowed the measurement of inward currents at acidic pH values
(Sasaki et al., 2006).

As is typical of a voltage-gated ion channel, after membrane
depolarization, the S4 helix suffers a conformational rearrangement
towards the extracellular side that allows a proton-selective
permeation pathway (Gonzalez et al., 2013). The motion of the
charged particles of the voltage sensor produces a capacitive current
that can be measured with electrophysiological techniques, these
currents are known as gating currents and are a direct measurement
of the conformational change of the channel during the voltage-
dependent opening (Bezanilla, 2018). One of the first detections of
Hv1 gating currents was obtained in 2018, during measurements of
C. intestinalis monomeric Hv1 channels expressed in X. laevis
oocytes membranes recorded in giant patches (Carmona et al.,
2018). In dimeric Hv1 channels gating currents are difficult to
resolve due to the presence of a large amount of proton current.
Thus, to obtain the Hv1 gating currents Carmona et al., used a
monomeric construct ΔNΔC that intrinsically possesses faster
proton currents kinetics than the dimeric channel (Koch et al.,
2008), with the site-directed mutation N264R that was previously
observed which significantly decreases the proton currents without
affecting the sensor movement (Sakata et al., 2010; Qiu et al., 2013).
Thanks to this, the recording registered that ΔNΔC N264R gating
currents are followed by an outward proton current and thus, the
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non-linear capacitive component of the recording was numerically
isolated from the ON-gating current by fitting a model. Wherever
this transient current satisfies all the requirements, it is called gating
current (Carmona et al., 2018). Interestingly, the ΔNΔC N264R
construct shows that the OFF-gating charge is apparently trapped
because the OFF-gating charge only develops a small fraction of the
ON-gating amplitude (1.4% of the total charge displaced during the
ON) after very short depolarizations. However, the OFF-gating
charge can be recovered slowly through two depolarizations
separated by a variable time. This voltage protocol is known as
“On-gating current recovery protocol”; to fully recover the entire
gating charge takes around 87.6 ms. These observations suggest that
the charge movement is more complex than an Active-Resting two
state model, and the passage from the active state to the resting state
is separated by a large energy barrier, which would explain why the
charge is trapped. Another key point to reaffirm the sensor motion’s
complexity is the evidence of two peaks revealed through the On-
gating recovery protocol. This experiment gives us the information
that the model has, at least, two active states. On the other hand, the
two peaks revealed by the On-recovery protocol and the presence of
the Cole-Moore effect also suggest three resting states to explain the
kinetics of the gating currents. Furthermore, in 2021 a new construct
suitable for gating currents recording was presented (Carmona et al.,
2021). This new monomeric D160N construct, unlike the previous
one, had the advantage that the gating charge is not trapped, and the
proton macroscopic currents are almost indistinguishable, allowing
a better and cleaner analysis of the gating currents (Carmona et al.,
2021). These direct measurements of the sensor motion open a new
and very interesting approach to address the scientific problems
regarding the Hv1 channel that remain unknown because the

voltage sensor, the pH sensor and the proton permeation
pathway in this protein are in the same structural domain, as we
will later discuss.

Besides S4, the external end of the S1 helix exhibited a weak
voltage-dependence, while a strong voltage-dependence was
reported at the internal end of the S1 helix (Mony et al.,
2015). Voltage-patch clamp fluorometry measurements
tracking the S1 kinetics are consistent with the motion of
S1 coupled to the opening of Hv1 (Mony et al., 2015). The
S2 helix has been reported to contribute to the voltage
response of Hv1, as the mutation hHv1 D153C exhibited a
displacement to the left of their GV curves, suggesting this
residue is relevant to the gating process (Tombola et al.,
2010). By voltage-clamp fluorometry, it was shown that
voltage sensing and pore opening are concerted events, where
voltage-sensing precedes opening (Tombola et al., 2010; Mony
et al., 2015).

2.2 pH sensor

In addition to proton selectivity, the Hv1 currents show
several interesting electrophysiological hallmarks that allow
researchers to differentiate them from other ion channels. The
macroscopic currents of the Hv1 channel are highly dependent
on the pH difference between the extracellular and intracellular
side of the membrane (ΔpH = pHextracellular (pHo)—pHintracellular

(pHi) (Cherny et al., 1995). As a result of this, the activation
curves of the macroscopic currents shift to negative voltages at
positive ΔpH, indicating that channels require less electrical

FIGURE 1
Hv1 reflects molecular arrangements that sustain its voltage-dependent conduction. (A) Truncated mHv1 lacking its N and C cytoplasmic terminal
domains (PDB code: 3WKV, Takeshita et al., 2014) simulated in a POPC membrane bathed with a 150 mM NaCl salt solution for 0.5 ns (36141 atoms). In
white: apolar residues, in green: polar residues. It is shown in blue (from up to down) three arginines related to the S4 domain, from up-to-down: Arg205
(R1), Arg 208 (R2) and Arg 2011 (R3), in red Asp112 in S1 and Asp174 in S3, and waters in VDW representation. (B) Full length mHv1 in dimer form, built
from the best model scored of 10000 N terminal models by using Rosetta Ab initio relax application (Bradley et al., 2005), a truncated hHv1 lacking N and
C terminal domains (PDB code: 5OQK, Bayrhuber et al., 2019) and the coiled-coil dimerization C terminal domain (PDB code: 3VMX, Fujiwara et al., 2012).
Full length hHv1was duplicated and positioned eachmonomer in front of their S1-S4 interphase following cross-linking and dimeric data (Lee et al., 2008;
Mony et al., 2020) and simulated for 1 ns embedded in POPC bathed with an aqueous saline solution of 150 mM (123017 atoms). (C) Top view of the full
length mHv1 S1-S4 dimer interface.
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energy to achieve the open state (Cherny et al., 1995; Alvear-
Arias et al., 2022). Interestingly, the G-V curves are only affected
by the ΔpH and not the absolute pH. This means that a ΔpH =
2 curve made by pHi = 5.5//pHo = 7.5, has the same parameters of
half-activation voltage (V0.5) and zδ as a ΔpH = 2 curve made by
pHi = 4.0//pHo = 6.0 curve (Schladt and Berger, 2020). However,
the channel kinetics are sensitive to the absolute pH values, i.e., it
depends on the internal and external pH values instead of ΔpH,
showing a more sensitive response to the intracellular
acidification (Schladt and Berger, 2020). Also, the unitary
conductance of Hv1 channels is sensitive to absolute pH,
precisely to the intracellular pH. It has been estimated at 38 fS
both at ΔpH 0 with pHi = 6.5 and pHo = 6.5 and ΔpH 1 with pHi =
6.5 and pHo = 7.5, suggesting that changes in extracellular
pH bring no effect over unitary conductance, while at
ΔpH 2 with pHi = 5.5 and pHo = 6.5 it was estimated
approximately 140 fS, which, together with the previous
suggestion, strongly propose that the unitary Hv1 conductance
is sensitive to absolute intracellular pH (Cherny et al., 2003).
These quantities represent nearly one hundredth to one-
thousandth of microscopical conductance observed in most of
the ion channels known to date (Cherny et al., 2003). Recently, it
has been suggested by direct measurement of the gating charge
displacement that the voltage sensor is responsible for
ΔpH dependence in the Hv1 channels (Carmona et al., 2021).
These studies were carried out in the monomeric D160N
construct, a site-directed mutation to the selectivity filter
which by replacing it with asparagine, severely impairs proton
conduction, allowing it to detect and measure clean gating
currents by strongly reducing the proton currents.
Surprisingly, the voltage sensor rearrangement upon
membrane depolarization is strongly modulated by
ΔpH changes, observing a leftward shift in the ON-gating
charge versus voltage curves (Q-V) as the ΔpH is higher on
the experimental conditions (Carmona et al., 2021). Equally as
the G-V curves, the Q-V relationship is modulated only by the
ΔpH and not by the absolute pH, however the activation kinetics
and deactivation kinetics are modulated by absolute pH values,
equally as observed in the macroscopic current kinetics
(Carmona et al., 2021). This evidence shows that the energy
stored due to the electrochemical gradient caused by the protons
on the extra- and intracellular side is used in some measure to
activate the voltage sensor. In fact, 60% of the stored energy
related to the ΔpH is coupled to the voltage sensor. It is thanks to
this that the expression of the total free energy needed by the
system to describe this coupling has the form,

ΔG � Gex − Gin � ΔG00 − 2.3eRTΔpH − zFV

On the other hand, this coupling could be an important
mechanism for tumor cells to control their homeostasis and thus
regulate the waste that originates inside them due to their
metabolism.

This data is interesting because it suggests that the
modulation of the voltage sensor is involved in the
ΔpH sensitivity of the channel. However, the molecular
determinants of the internal and external pH sensitivity are
still unknown, and this last one has been the piece of the
Hv1 puzzle that has kept many research groups busy for years.

2.3 Permeation pathway and selectivity filter

As we presented earlier, the monomeric ΔNΔC construct is
perfectly functional (Koch et al., 2008; Tombola et al., 2008). This is
quite interesting because it is the absolute proof that each monomer
possesses its own voltage sensor, pH sensor and proton permeation
pathway, and that means that all these three critical functional
domains are contained in the same structural region. Thus, when
studying one of these functions and its molecular determinants, you
are indirectly studying the three of them; this makes the Hv1 channel
a particularly challenging protein.

The permeation mechanism of the Hv1 channel is still
controversial to date. The controversy emerges due to the lack of
an open structure, in fact, the best template of a crystal structure of
the protein is Okamura’s laboratory chimera (Takeshita et al., 2014).
This chimeric channel, built up mainly from parts taken from
mHv1, CiHv1, C. intestinalis voltage-gated phosphatase (CiVsp),
was crystallized in the presence of zinc ion to stabilize the protein.
For this reason, the crystal state is unclear, and this state was termed
as intermediate resting (IR) (Takeshita et al., 2014). Therefore,
researchers need to build models to generate an open structure.
Moreover, at present there is an open model of the channel that was
generated utilizing molecular dynamics, which was opened with
voltage using microsecond simulation times.

There are two different hypotheses for the Hv1 proton
permeation proposed to date. The first one suggests that a
continuous of water, like a wire of water molecules across the
entire permeation pathway from the intracellular to extracellular
bulk, while the protein is in its open conformation (Ramsey et al.,
2010). In this model, protons move towards the wire into the
hydrogen bonds railways like the Grotthuss mechanism (de
Grotthuss, 2006), where the protonation of residues is not
needed.

The second hypothesis states that proton permeation occurs
thanks to the protonation of the selectivity filter, an aspartic acid
(negative charged amino acid, Asp 112 for human Hv1, D108 for
mHv1) located in the transmembrane segment S1 (Musset and
DeCoursey, 2012) (Figure 2A). Moreover, the water wire that is
established from bulk to bulk is interrupted by salt bridges between
the selectivity filter and the second and third arginine of the voltage
sensor, while the channel is in its open conformation. At this point
the aspartic acid is protonated to complete the H-bond chain
during the open state allowing proton selectivity without losing
efficiency in transport (Sakata et al., 2010; Berger and Isacoff, 2011;
Kulleperuma et al., 2013; Morgan et al., 2013; Dudev et al., 2015).
Some studies in molecular dynamics (MD) suggest that there is no
dry or a free water zone in the Hv1 channel (Gianti et al., 2016).
Therefore, the starting point to finally understand the permeation
mechanisms of Hv1 should be to thoroughly study the behavior
of water inside the channel. As discussed in the previous
section, pH variations are a determinant factor in the channel’s
functioning. Undoubtedly, the connection between the transport
of protons and water molecules cannot go unnoticed and
understanding these mechanisms could not only contribute to
the understanding of the structure-function relationship of the
channel, but also, as we will further see, the proton permeation
establishes a bridge to the processes in which the Hv1 channel is
directly involved in cancer development.
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2.4 Proton depletion in Hv1 channels

One of the distinctive features of a proton current that could be
noticed during an electrophysiological recording is proton depletion
(De-la-Rosa et al., 2016). In an electrophysiological recording, this
phenomenon looks like a reduction in the current amplitude in time,
which is more dramatic at higher depolarizations. At a glance, the
proton depletions could be confused with a fast inactivation process
such as a shaker potassium channel, sodium channel and many
others. However, the phenomenon of fast inactivation is a voltage-
dependent state related to the motion of a cytoplasmic region
(known as the inactivating particle) that could be part of the
protein or even an extrinsic particle, that moves towards the pore
and physically obtrudes the ion fluxes (Goldin, 2003). Due to the
abovementioned, the inactivation in an electrophysiological
recording induces a dramatic reduction in the ON current
amplitude (Armstrong and Hollingworth, 2018). The genesis of
the proton depletion phenomenon does not correspond to a
conformational change or involves the intervention of a protein
motive, as far as we know, but emerges due to the very efficient
proton transport through the proton channels (De-la-Rosa et al.,
2016). The proton concentration in a physiological context is lower
than the concentration of other membrane permeable ions such as
sodium and potassium. In a membrane in resting conditions, Na+
and K+ are inmillimolar concentrations, while H+ in a physiological
pH, are in nanomolar concentrations. The efficient transport
towards the extracellular media causes a drastic reduction of the
protons available in the vicinity of the proton channels. Thus, the
concentration ratio between the intracellular and extracellular
proton concentration tends rapidly towards equilibrium causing a
reduction in the electromotive force for protons, inducing a drop in
the current amplitude which could be observable in a millisecond
timescale. This is quite interesting because this electrophysiological
feature is an undeniable sign of how efficient a proton channel can be
when regulating drastic changes in intracellular pH, and for this very
reason, the Hv1 channel has been found in tissues where the

intracellular pH control must be perfectly tuned and moreover,
its overexpression could be critical for tumoral development and
malignancy behavior, as we will later present.

3 Pharmacological properties of
Hv1 channel

Although up to today now several drugs and new molecules that
modulate the function of Hv1 channels have been discovered, there
are two principal species studied among them, which act as
inhibitors of Hv1 channel: Zinc ion and 2-guanidine
benzimidazole (2-GBI) derivatives.

3.1 Unspecific blocker, Zinc ion

For many years, zinc and other divalent cations were used as the
main proton current inhibitors (Thomas and Meech, 1982). The
divalent metal is a reversible blocker that, when added extracellularly
at micromolar concentrations (μM), decreases the speed of channel
opening and shifts the activation curve towards more positive
voltages, indicating that the binding to the protein stabilizes a
non-conductive state (Thomas and Meech, 1982; Morgan et al.,
2007; Qiu et al., 2016). The dissociation constant, Kd, for the
blockade of human lymphocyte Hv1 currents by zinc ion was
voltage-dependent, observing that Kd was equal to 8 nM at
+40 mV, 36 nM at +70 mV and 0.2 μM at +100 mV (Gordienko
et al., 1996). Regarding the inhibition mechanism, for the binding
site at resting closed state, the contribution of the extracellular end
and the middle of S1 and S3, by the residues D160, E167, D233 and
H188, was proposed as the second binding site, perturbing the
outward displacement of S4 at membrane depolarization, while
H188, D233 and E167 contribute to binding the zinc ion to the
first binding site, which prevents channel opening (Figure 2) (Qiu
et al., 2016). It has also been observed that Zn2+ inhibition is

FIGURE 2
Structure of the Hv1 channel and molecular determinants of Zn2+ and Guanidine derivatives binding sites. The molecular determinants in the
interaction of the protein with the classical inhibitors zinc ion and guanidine derivatives are pointed in (A) the monomeric channel cartoon, indicating in
what species were discovered the interaction with the chemical compounds and, (B) in the sequence alignment between long and short Hv1 isoforms.
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dependent on ΔpH, since the current inhibition in the presence of
the divalent cations becomes more drastic as the difference in
extracellular and intracellular pH increases (Cherny and
DeCoursey, 1999).

3.2 Specific blocker, guanidine derivatives

Several molecules derived from guanidine have been described
to elicit a decrease in proton currents. Among them, the permeable
membrane 5-chloro-2-guanidinobenzoate imidazole (ClGBI)
produces the sharpest and most effective inhibition of currents
(Hong et al., 2014). Measurements at +120 mV (and pHi =
pHo = 6.0) were blocked by additive concentrations of ClGBI,
evidencing a Kd for the human Hv1 of 38.3 ± 0.7 μM. The Kd

was voltage-dependent, exhibiting a decrease in its value the more
depolarized the channel, with the Kd ranging from nearly 100 μM to
30 μM from 20 mV to 140 mV, respectively (Hong et al., 2013). In
contrast, in the inhibition by guanidine derivatives, the blocking
mechanism has been proposed to occur in the intracellular side
during the open state, with a binding site located between the
permeation pathway and the cytoplasm, specifically binding to
the residues D112 in S1, F150 in S2, S181 in S3 and R211 in
S4 in hHv1 (Hong et al., 2013; 2014) (Figure 2B).

3.3 Other blockers of Hv1 channel

The de novo designed peptide Corza C6 was made by the phage
display technique, using an inhibitor cystine knot scaffold to build
nearly 1 million novel peptides. C6 selectively inhibits Hv1 over a
broad nanomolar concentration, 0.01–10000 nM, with an inhibition
constant, measured at 40 mV of 30.9 ± 3.4 nM (Zhao et al., 2018).
Hanatoxin (HaTx), a compound found natively in tarantula venom,
was found to inhibit Hv1 at depolarized potentials (30 and 60 mV)
by the application of 4 μM of HaTx (Alabi et al., 2007). The
Antitumor analgesic peptide (AGAP) found in the scorpion toxin
of Buthus martensii was observed to strongly inhibit Hv1 currents. It
was found that the structural arrangement involved in stabilization
of Zn2+ ions is closely related to AGAP stabilization in
Hv1 channels. At +30 mV, it detected an IC50 value of 2.5 +-
0.4 μM, when sampled from a range of concentrations of
0.001 to near 10 μM. Over the structural arrangements of ClGBI,
new inhibitors have been developed, such as those proposed by the
group of F. Tombola known as “Hv1 Inhibitors Flexibles” (HIFs)
(Zhao et al., 2021). These compounds act over a range of
concentrations from 1 to 100 μM, with an IC50 of 13.3 ± 1.0 µM.
Recently, the selective synthetic inhibitor YHV98-4 was discovered
to selectively inhibit Hv1 currents over a range from 0.1 to 100 μM,
with an IC50 reported of 1 μM (Zhang et al., 2022). Therapeutically,
it can reduce the alkalinization of Hv1 expressing neurons and ROS
production in chronic pain, which in turn reduces pro-
inflammatory chemokines liberation (Zhang et al., 2022).

Some drugs used to treat certain diseases have been shown to
inhibit Hv1 currents. A few reports have suggested that
antipsychotics like chlorpromazine, haloperidol, clozapine,
olanzapine and risperidone could be Hv1 inhibitors (Shin and
Song, 2014; Shin et al., 2015). It has been shown that a decrease

in the proton current amplitude in mouse microglial BV2 cells
occurs in response tomicromolar concentrations of these blockers of
dopamine receptors in the extracellular solution (Shin and Song,
2014; Shin et al., 2015). Another report has shown that
antidepressant drugs such as imipramine considerably reduces
the proton currents in mouse microglial BV2 cells (Song et al.,
2012). However, in all the cases mentioned above, further studies
must be performed in order to identify the specific mechanism of the
inhibition and the molecular determinants responsible for the
binding of these compounds to the channel.

3.4 Activators of Hv1 channel

There is little evidence regarding enhancement of proton
currents by pharmacological agents. Few activators of
Hv1 similar to unsaturated fatty acids have been reported, the
arachidonic acid in most detail, which induces an increase in the
intensity of currents when applied in a concentration interval of
10–100 μM (Kawanabe and Okamura, 2016). All pharmacological
modulators of the function of Hv1 are gathered in Table 1.

Favorably, most inhibitors of Hv1 operate in small
concentrations, accompanied by a high selectivity; hence, these
pharmacological properties can be useful to study the role of
Hv1 in different cell types, enabling the elucidation of
physiological aspects regarding determined tissues without
intervention of other signals related to concentrations of drugs
that could trigger these. In the following sections, both the role
of Hv1 in physiology and pathophysiology are mentioned in detail,
especially in cancer.

3.5 Post-translational features and isoform
of Hv1

Although the macroscopic activation of Hv1 channels is
dependent on the pH difference between both sides of the
membrane, an interesting study revealed that the human sperm
possesses a truncated Hv1, named Hv1Sper, which emerges by a
cleavage in the N-terminal (Hv1-Δ68) of full-length mHv1, by a
serine protease (Berger et al., 2017). The truncation confers
activation sensitivity to absolute pH (Berger et al., 2017). These
cleaved mHv1 channels do form heterodimers together with full
lengthmHv1 (Berger et al., 2017). This data helps us understand that
the N-terminus is involved in pH-sensitivity, but it does not
compromise the ΔpH sensitivity of the channel. Studies carried
out with the perforated patch clamp technique in primary cultures of
immune system cells have reported an effect called “enhanced gating
mode,” which is a phenomenon that occurs after stimulation with
phorbol 12-meristate-13-acetate (PMA). PMA addition to the
extracellular side of cells promotes a shift of activation curves of
Hv1 channel currents to negative voltages and faster opening kinetics
(Bánfi et al., 1999; DeCoursey et al., 2000; 2001). Mechanistically, it
operates by activating the phospholipase C (PLC) enzyme which utterly
leads to the activation of protein kinase C (PKC), which can
selectively phosphorylate Threonine 29 in the N-terminal of
hHv1 (Figure 2B), leading to the enhancement of its gating
(Musset et al., 2010). It has been shown that this activation is
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also stimulated and sustained by PKC inducing the channel’s
phosphorylation (Morgan et al., 2007). Two isoforms of the
Hv1 channel found to date differ in the length of the beginning
of the N-terminal domain (long and short isoforms have been found;
Long Hv1: NP_001035196.1 and Short Hv1: NP_001243342.1), with
the other big part of the protein absolutely conserved (Capasso et al.,
2010; Hondares et al., 2014; Ventura et al., 2020). As can be seen in
Figure 2B, the binding sites for currently known inhibitors (such as
Zinc ion and guanidine derivatives) are all present in this very highly
conserved portion among both isoforms. Given that, we expect the
inhibitors to bind and attenuate the function of both long and short
Hv1. This is quite encouraging when proposing and developing new
oncology drugs since, regardless of the isoform that a tumor may
present, the drugs would have inhibitory activity. Nevertheless,
when considering in vivo, there are multiple other factors that
can modulate the inhibitory activity, therefore it could be
important to expand the in vitro pharmacological investigation to
in vivo models. With respect to the design of Hv1 inhibitors, and
although there are approaches that selectively target certain portions
of the amino acid sequence of Hv1 channels, such as the phage-
display technique (Zhao et al., 2018), much work remains to be done
in the field of inhibitor design in Hv1 channels, since many drugs
that have been developed have been mainly based on the
pharmacophore GBI. Moreover, as we present in Table 1, there
are several compounds that have been shown to have inhibitory
effects on the channel, however the molecular mechanism by which
these exert their action is still obscure.

All this evidence related to the biophysical features of the
Hv1 channel described above helps us understand why this
protein has a fundamental role when it comes to regulating the

pH of cellular systems in such a rigorous and perfectly tuned
manner.

4 Tissue expression and physiological
functions of the Hv1 channel

As discussed in the previous section, the biophysical properties
of the Hv1 proton channel are tremendously convenient when it
comes to pH control. In fact, in terms of efficiency and speed, the
proton channel is the ideal protein for the task. There are many acid
extruders that in different tissues collaborate with the transport of
protons across membranes or with the pH regulation via buffers.
Examples of these are Na + -H+ exchanger (NHE) family, H +
-ATPase, monocarboxylate transporters (MCT) family, Otopetrin
channel (OTOP) family, Na + -dependent Cl-/HCO3- exchanger,
among others. However, most of these correspond to active (pumps)
or secondary (ion transporters) transport, with slower rate
compared to the voltage-gated proton channel, Hv1, that moves
protons in favor of their electrochemical gradient. The channel’s
expression is not only able to support a fast and efficient proton
efflux during biological processes that acutely acidify the cytosol, but
also, and depending on the tissue, the Hv1 proton transport is
functionally coupled to specialized cellular functions, such as those
that allow protection against bacteria, i.e., the respiratory burst, to
mention, by highly regulated molecular mechanisms, extending the
importance of its expression in healthy cells. The Hv1 channel
expression is reported in a broad diversity of cell types that form part
of the respiratory system, the reproductive system, the endocrine
system and the nervous system. However, the most physiologically

TABLE 1 Pharmacological modulators of Hv1 channel activity and its physiological relationship.

Compound Type Concentration
interval

IC50 Effect on
channel

Physiological effect References

Zn2+ Cation 0.001–2 mM 2 μM Inhibitor
(extracellular)

Attenuates the immunosuppressive
function of MDSC

Cherny and DeCoursey (1999),
Ramsey et al. (2006),

Alvear-Arias et al. (2022)

Cd2+ Cation 1-100 μM - Inhibitor
(extracellular)

- DeCoursey (2018), Mahaut-
Smith (1989), Sasaki et al.
(2006), Thomas and Meech

(1982)

ClGBI Chaotropic
agent

0.01—2 mM 38 μM Inhibitor
(intracellular)

Anti-proliferative of cancer cells;
Attenuates the immunosuppressive

function of MDSC

Hong et al. (2013), Ventura
et al. (2020), Alvear-Arias et al.

(2022)

YHV98-4 Synthetic
compound

0.1–100 μM 1 μM inhibitor Analgesic and anti-inflammatory in
chronic pain

Zhang et al. (2022)

HIFs Synthetic
compound

1–100 μM 13.3 ±
1.0 µM

Inhibitor
(intracellular)

- Zhao et al. (2021)

Corza C6 De novo
designed peptide

0.01–10000 nM 30.9 ±
3.4 nM

inhibitor Suppression of the acrosome
reaction in human spermatozoa

Zhao et al. (2018)

Hanatoxin (HaTx) Tarantula
venom

4 μM - inhibitor - Alabi et al. (2007)

Antitumor analgesic
peptide (AGAP)

Scorpion toxin 0.001 to near 10 μM 2.5 ±
0.4 μM

inhibitor - Tang et al. (2020)

Arachidonic Acid Unsaturated-
fatty acid

10–100 μM 50 μM activator Intensifies respiratory burst onWBC Kawanabe and Okamura (2016)

Frontiers in Pharmacology frontiersin.org07

Alvear-Arias et al. 10.3389/fphar.2023.1175702

https://www.ncbi.nlm.nih.gov/protein/NP_001035196.1
https://www.ncbi.nlm.nih.gov/protein/NP_001243342.1
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1175702


elevated expression of Hv1 is found among the members of the
immune system. All these functional systems are particularly
important in the biology of mammals, such as mice and humans.
In the following section, we will briefly go over the physiological
tasks performed by the Hv1 channel.

4.1 The respiratory system

In the airway epithelium, the Hv1 channel regulates the
extracellular pH in the airway surface liquid (DeCoursey, 1991).
Interestingly, the only naturally occurring mutation of Hv1 has been
reported in human airway epithelia, where the M91T substitution
confer insensitivity to zinc to lessen acid secretion from primary
cultures of the trachea from humans at mucosal pH 7.5 while
manifesting inhibition at mucosal pH 8.0, and a shift of its I-V
currents to the right in comparison to the WT, suggesting that the
mutation influences the activation of Hv1 in human airway
epithelium. Although the amino acid M91 is not highly preserved
among species, it is in Equus caballus, while the T91 amino acid
appears to be preserved in Macaca mulatta and Bos taurus
(Lovannisci et al., 2010).

4.2 The Reproductive system

The intracellular pH of sperm is crucial for controlling
activation and further flagellar motility. This is because the
spermatozoa are stored inactive in the caudal part of the
epididymis and this inactivation is caused by intracellular
acidification and an acid extracellular environment. To initiate
the process of sperm activation and flagellar motility cytosolic
alkalinization is required (Carr and Acott, 1984; Carr and Acotf,
1989; Hamamah and Gatti, 1998). In 2010, it was shown that human
sperm possesses the Hv1 channel expressed in the main part of the
sperm flagellum (Lishko et al., 2010) with the channel being the
main actor in motility. Later in 2017, a shorter variant that lacks
60 amino acid residues from its N-terminal with a molecular weight
of ~25 kDa, the Hv1Sper, was discovered (Berger et al., 2017). This
variant is given by a post-translationally proteolytic cleavage led by a
serine protease at position R68 or A69. The opening kinetics of
Hv1Sper was shown to be faster the higher the pHi and pHo, while in
the established Hv1 it is the opposite: the lower the pHi and pHo, the
faster the channel opens (Berger et al., 2017). It was shown that the
expression of this truncated form is enriched in highly motile sperm,
compared to motile and immotile sperm, which suggests that this
shorter variant might be boosting sperm motility (Berger et al.,
2017). With these studies, the proton channel is gaining attention in
male fertility studies.

4.3 The Endocrine system

Recent studies have shown that Hv1 is expressed functionally in
the pancreas and has a significant role in the regulation of endocrine
function (Zhao et al., 2015; Pang et al., 2020). The pancreas is an
organ with mixed behavior, as it has both exocrine and endocrine
secretion. The endocrine portion is responsible for the secretion of

insulin and amylin through cell clusters called Langerhans Islets. It
has been shown that human and mouse islets express Hv1 channel
(Zhao et al., 2015), observing that the proton channel is located
preferentially in insulin-containing vesicles. Furthermore, the
genetic silencing of the hvcn1 gene in isolated islets and in INS-1
rat insulinoma cell line, showed a decrease in insulin secretion. The
control of the intracellular pH in the β-cells and its proper regulation
is essential in the secretory machinery of insulin, which is the pivotal
hormone in glucose homeostasis in mammals. It has been shown
that Hv1 KO mice possess an impaired metabolism phenotype
characterized by hyperglycemia and glucose intolerance due to a
reduction in insulin secretion by the beta cells (Pang et al., 2020;
Pang et al., 2021). PMA stimulation (5 µM) of islet β-cells evoked a
secretion of 2.5 ng of insulin per islet, while for the KO hvcn1 β-cells
PMA induced a secretion 2.5-fold lower insulin per islet, 1 ng of
insulin per islet. These works are tremendously valuable as they
demonstrate that the Hv1 channel is an important pH-tuner during
insulin secretion, glucose homeostasis and energetic metabolism.

In the past decade, studies showing that deregulation of
Hv1 expression leads to disease have increased, also expanding
the diversification of functions in different tissues. This has given
an interesting twist to the protein as more than a simple regulator of
cellular pH, it has become a protein of therapeutic interest in
translational science related to the fields of neuroscience,
immunology, and cancer, as we will describe below.

4.4 The Nervous system

Hv1 channel is essential for the function of microglia in the
nervous system. It does support ROS production and intracellular
pH homeostasis (Li et al., 2021; Peng et al., 2021). An Hv1 WT mice
spinal cord injury contusion model presented an upregulation of the
mRNA levels of mHv1 in microglia, while the Hv1 KO counterpart
exhibited decreased tissue acidosis, accompanied by diminished
ROS levels (Li et al., 2021). Interestingly, the KO model showed
a decreased expression of a set of neuroimmune and cytokine genes,
resulting in an improved recovery of the wound (Li et al., 2021). In
another mice contusion model, of spinal nerve transection, an
increase of electrophysiologically functional Hv1 in spinal glia
was detected (Peng et al., 2021). In the same contusion model,
but with Hv1 deleted by KO, a reduction in ROS generation, a
diminished astrocyte activation, downregulation of IFN-γ in spinal
astrocytes and lower pain hypersensitivity posterior to the injury was
observed (Peng et al., 2021). The in vitro deletion of Hv1 exhibited
an enhanced cell migration of microglia and macrophages, while the
in vivo neutralization of Hv1, via antibody, promoted microglial
migration and the clearance of myelin debris (Wang et al., 2021).
The role of Hv1 in the phagocytosis of myelin was studied by
generating a Hv1 KO 293T culture cell model and an
Hv1 overexpressed 293T cell system, concluding that neither
deletion nor overexpression of HVCN1 in 293T cells were
affecting myelin phagocytosis; in contrast, Hv1 neutralization
with antibodies in vivo induced an intensification of myelin
debris clearance in the brain (Wang et al., 2021). As well, Hv1 in
microglia was assigned as a marker of ischemic stroke (Eder and
DeCoursey, 2001). Hv1 channel was recently found in peripheral
sensory neurons in dorsal root ganglia (DRG) from humans and
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rodents (Zhang et al., 2022). The expression of the channel is
upregulated during neuroinflammation, where the proton
channel promotes the intracellular alkalinization and ROS
production that, in DRG, is related with pain. Thus, the
overexpression of the Hv1 channel is enhancing nociception and
aggravating inflammation (Zhang et al., 2022). The relationship
between the Hv1 channel and ROS production seems to be a feature
of inflammatory scenarios as we will see in the following section.

4.5 The Immune system

Hv1 seems to be intimately related to the immune system.
Functional expression of Hv1 has been reported in monocytes
and microglia, T and B lymphocytes, in granulocytes
(neutrophils, eosinophils, and basophils), and dendritic cells
(Nanda et al., 1994; Schilling et al., 2002; Musset et al., 2008;
Morgan et al., 2009; Zhu et al., 2013; Hondares et al., 2014;
Asuaje et al., 2017; 2018). Here, the role of Hv1 in pro-
inflammatory myeloid derived cells is widely described and is
related to enabling the sustained production of reactive oxygen
species (ROS) via NADPH oxidase 2 (NOX2) during respiratory
burst. The oxidation reaction of NADPH produces electrons which
are transported through the transmembrane subunit gp91 to the
extracellular side, where the enzymatic complex reduces O2 to O2-
from which other ROS species can appear (Kusmartsev and
Gabrilovich, 2006). NADPH oxidation produces NADP+, H+
and two molecules of O2-, thus, each cycle of enzymatic activity
causes the acidification of the cytosol (Henderson et al., 1988). It has
been reported that the optimal activity of this enzymatic complex is
close to pHi 7 (Babior et al., 1973; Henderson et al., 1988), and that
when reaching pHi 5.5, the enzymatic activity of NOX2 is
irreversibly inhibited (Morgan et al., 2005). On the other hand,
the accumulation of H+ produces a local difference in electrical
potential around the enzyme. The activity of this enzyme is
independent from electrical potential in the range
of −100 mV–0 mV; however, if this potential range is exceeded,
the activity of the enzymatic complex begins to decrease until
disappearing at voltages close to +200 mV (Decoursey, 2003).
Theoretical considerations suggest the enzymatic activity without
a compensatory mechanism of membrane potential, would generate
a depolarization close to +200 mV (Decoursey, 2003). For this
system to be functional and so it can operate in a sustained
manner, the presence of the Hv1 channel is crucial as it is the
molecular entity capable of maintaining both the membrane
potential (Em) and the cytosolic pH at levels that allow the
proper functioning of the enzymatic complex.

Opposite to proinflammatory immune cells, myeloid-derived
suppressor cells (MDSC) (Alvear-Arias et al., 2022), which are
members of the immune system derived from myelopoiesis
responsible for controlling the end of the inflammation processes
using this functional coupling between Hv1 channel and
NOX2 complex to promote its anti-inflammatory activity,
releasing extracellular ROS to inhibit T cell activation and
proliferation (Alvear-Arias et al., 2022). This heterogeneous
population of suppressor cells is an important part of the Tumor
Microenvironment (TME) in solid cancer, seeming to be recruited
directly from bone marrow to the location of solid tumors (Panyi

et al., 2014; Tesi, 2019; Jin and Jin, 2020; Alvear-Arias et al., 2022). In
myeloid precursors isolated from bone marrow of mice, the
expression kinetics of Hv1 is observed to increase along the
differentiation of the cells (Alvear-Arias et al., 2022). It has been
observed that, through several factors secreted by tumor cells,
MDSC are recruited and differentiated in the tumor
microenvironment so that they exert their suppressive activity on
T lymphocytes. Mouse MDSCs can be described by their expression
of the surface markers Gr-1 (Ly6C/Ly6G) and CD11b and then
further classified into two main phenotypes: monocytic (MO)-
MDSCs (Gr-1low/intCD11b+Ly6ChiLy6G−) and polymorphonuclear/
granulocytic (PMN)-MDSCs (Gr-1hiCD11b+Ly6ClowLy6G+), both
able to suppress antigen-specific response of T cells (Movahedi
et al., 2008; Youn et al., 2008; Peranzoni et al., 2010). When trying to
make the same characterization in humans, it gets trickier as
humans do not express the Gr-1 marker per se, so the hMo-
MDSC are described as HLA-DR- CD11b+ CD14+ CD15−

CD33high and hPMN-MDSC as HLA-DR- CD11b+ CD14− CD15+

CD33Mid (Cassetta et al., 2019). The immunosuppressive role of
MDSC in the tumor microenvironment has attracted the interest of
many researchers as one of the multiple therapeutic targets in
immunotherapy. At the same time, the Hv1 channel was recently
shown to be an important element in the production of ROS during
MDSC immunosuppression (Alvear-Arias et al., 2022), a cellular
mechanism triggered by cancer, which weakens the immune anti-
tumoral system, attempting to elevate its survival and proliferation.
Then, Hv1 is implicated in cancer progress, as this protein is present
in some of the cellular elements that compose the malignant
microenvironment and sustain the growth of malignant cells.
Thus, this channel could be a possible molecular target utilized
for cancer therapies, as we will see in detail in the next section.

5 Hv1 channel in cancer biology:
pH control as one of the governing axis
of cancer

Cancer is one of the principal diseases of the modern world, with
reports owing to both high incidence and prevalence worldwide
(According to the Global Cancer Observatory, WHO, https://gco.
iarc.fr/, last visited in January 2023). Even when there are plenty of
investigations of the disease, nowadays, it is still a task to determine
the mechanisms by which it exerts its malignancy. Several efforts
have resulted in the elucidation of several characteristics regarding
how cancer cells associate together to form a tumor. All share a
common issue: they promote the acidification of their environment.
These cells present an increased glucose uptake and fermentation to
lactate, known as theWarburg Effect. When cells suffer theWarburg
effect, they tend to produce a substantial quantity of protons in their
cytosols, but they exhibit minor alkaline pHi levels, compared to
counterpart cells in homeostatic physiological conditions
(Helmlinger et al., 1997). This pH configuration is a central axis
in tumor biology, principally because it allows the survival of cancer
cells to cytosolic acid stress and promotes their malignancy. It has
been discovered that the existence of several proton transporters and
exchangers are tightly associated with the tumor microenvironment,
which allows for this pH regulation. Even though the central
paradigm of this review is Hv1, it doesn’t mean that it is the
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only proton extruder that can be present in tumors: Some other
examples of proton extruders and their relationship with cancer
biology are: i) Na+/H+ exchanger 1 (NHE1). NHE1 is a secondary
active transporter that internalizes a sodium ion while extruding a
proton. Overexpression of the NHE1 has been reported in certain
types of cancer cells, such as colorectal cancer and breast cancer cells
where it contributes to proton efflux and regulates the cytosolic
pH of the tumor cells (Lopez-Charcas et al., 2022), the
pharmacological inhibition or gene knockout drives a reduction
in the efflux rate, compromising the regulation of internal
pH (Lopez-Charcas et al., 2022). Observations suggest that the
colocalization of Nav1.5 and NHE1 in colorectal cancer and
breast cancer cells supports cancer invasiveness (Brisson et al.,
2013; Amith and Fliegel, 2017; Lopez-Charcas et al., 2022). ii)
Na+/HCO3− cotransporter (NBC). NBC transporters are able to
load or extrude protons from the cell via sodium-bicarbonate
transport. NBCe1, a type of NCB transporter, is present in
pancreatic cancer cells and functions as an acid extruder that
supports tumoral growth and metastasis (Cappellesso et al.,
2022). iii) Monocarboxylate transporters (MCT). MCT are
monocarboxylate transporters that extrude protons together with
a short fatty acid, such as lactic acid or pyruvate (Pértega-Gomes

et al., 2011). MCT4 is overexpressed in prostate cancer and is linked
with a poor prognosis (Pértega-Gomes et al., 2011). iv) Cl−/HCO3

−

anion-exchanger (AE). AEs are chloride-bicarbonate transporters,
where AE2a overexpression is associated with an incremented cell
malignancy in colorectal cancer cells (Khosrowabadi et al., 2021),
and v) Vacuolar (H+)-ATPases. V-ATPase is a proton pump that
promotes the transport of protons in disfavor of their chemical
gradient, coupled to ATP consumption. V-ATPases are expressed in
the plasmatic surface of breast cancer cells, where they support a
metastatic phenotype (Sennoune et al., 2004). These molecular
entities contribute to the acidification of the tumor
microenvironment, as well as the intracellular alkalinization of
cancer cells, triggering many pH-dependent processes that
promote the proliferation and malignancy of some types of solid
tumors, which were well reviewed elsewhere (Boedtkjer and
Pedersen, 2020). Although the role of these proton transporters
is well studied, research in recent decades has placed the voltage-
sensitive proton channel Hv1 as a fundamental pH regulator in
some types of cancers, acquiring almost as much prominence as the
previously mentioned intracellular pH regulators. Here we
summarize evidence related to the expression of Hv1 channel in
a diversity of tumoral cells, with special focus on solid tumors, which

FIGURE 3
Elements of the tumormicroenvironment and howHv1 channel is crucial to sustain somemalignant features in cancer. Tumoral microenvironment
is constituted by several cellular elements, where immune system cells are key to maintain the tumoral microenvironment conditions to promote cancer
cell development. In some of these cellular elements, the Hv1 channel has been shown to possess an important role. Proton extrusion through
Hv1 promotes local acidification of the TME, which in turn, has been shown to induce the activation of extracellular matrix degrading proteases
favoring cancer cell migration. On the other hand, MDSC are strongly immunosuppressive, preventing and interfering with tumor elimination by T-cells.
This immunosuppression is led by ROS production via NOX2 enzymatic complex, a process that is sustained thanks to the functional coupling between
NOX2 and Hv1 channel. Moreover, cancer cells release tumoral factors that maintain the features of the tumoral microenvironment. Examples of these
are VEGF, HIF, GM-CSF, TNF-α, IL-12, IL-10, TGF-β. GM-CSF recruits MDSC to the tumoral microenvironment and maintains its strongly
immunosuppressive phenotype.
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are consistent with the idea that this protein channel contributes to
maintaining the cancer physiopathology, including it as a predictor
of incidence and cancer malignity. In the following section, the
features of the tumoral phenotype are depicted and discussed
together with the role of Hv1 in different tumor types:

5.1 The tumor microenvironment is where
the tumorigenic process mainly occurs

Hv1 seems to be significant in the TME of solid tumors. The
TME is composed of non-tumoral, tumoral and multiple immune
cell types, accompanied by an exuberant surrounding
vascularization (Figure 3). These cells live in an extracellular
space with both low partial pressure of oxygen and low
circumventing metabolites (Jin and Jin, 2020). Adapting to this
nature, the TME exhibits an acidic pH and is a strongly
immunosuppressive phenotype, inhibiting the anti-tumoral
function of the host. All these important aspects of the TME are
detailed below:

5.1.1 EMC remodeling processes promotes
the TME

It is widely reported that ECM remodeling is a crucial process
in cancer development (Winkler et al., 2020). These events
associated with ECM modification allow the successful
establishment of the tumor microenvironment, enhancing
tumor malignancy. The processes associated with EMC
remodeling during cancer development range from physical to
biochemical changes (Egeblad et al., 2010; Kai et al., 2019;
Winkler et al., 2020), and are mainly classified as: 1) ECM
deposition, which corresponds to a set of changes in the
composition and abundance of ECM components; 2) post-
translational level modifications; and 3) degradation by
proteolytic enzymes (Kai et al., 2019; Winkler et al., 2020). All
these modifications together dramatically affect the physical
integrity as well as the biochemical properties of the ECM,
thus causing the elimination of certain structural and
anchoring constraints, promoting cell migration, and the
formation of neovascularization in the TME, mechanisms that
were well reviewed (Egeblad et al., 2010; Kai et al., 2019; Winkler
et al., 2020). In the TME, there are enzymes that degrade and
cleave the proteins that compose the ECM. These enzymes, such
as matrix metalloproteinases (MMPs), can be expressed by
tumoral cells in the tumor itself (Bergers et al., 2000; Yang
et al., 2004; Vihinen et al., 2005; Kessenbrock et al., 2010;
Gialeli et al., 2011; Mehner et al., 2014; Yousef et al., 2014), It
has been observed that MMP9, is one of the most important
proteolytic enzymes in ECM remodeling in various types of
cancers (Bergers et al., 2000; Huang et al., 2002; Yang et al.,
2004; Ahn and Brown, 2008; Yousef et al., 2014; Joseph et al.,
2020). Interestingly, some reports show that the participation of
MMP9 is positively modulated by extracellular acidification at
several points, promoting their release and activity (Glunde et al.,
2003; Wang et al., 2012; Christensen and Shastri, 2015; Ordway
et al., 2021). MMP9 is secreted in an inactive form as pro-enzyme,
and is activated by cleavage of the pro-domain (Van Wart and
Birkedal-Hansen, 1990). The release of some of its activators,

such as MMP2 and certain cathepsins, are favored by
extracellular acidification (Glunde et al., 2003; Wang et al.,
2012; Christensen and Shastri, 2015; Ordway et al., 2021).

5.1.2 Aberrant vascularization and sustained
hypoxia are present at the TME

Diverse mechanisms are proposed to explain the vessel
phenotype around the TME (Figure 3), such as the expansion of
the vascular network by formation of capillary bridges and/or
endothelial sprouts, the insertion into the lumen of pre-existing
vessels in interstitial tissue and by endothelial cellular precursors
migrating from peripheral blood or bone marrow into the TME, all
leading to the lining of tumorigenic vessels into the endothelial tissue
(Carmeliet and Jain, 2000). The previous processes are tightly
regulated by several cellular signaling systems. The distribution
and ramification of these capillaries are abnormal, aberrant and
poorly present deeper into the inner core of solid tumors (Goel et al.,
2011). This phenotype does not favor the nutrient and oxygen
supply to cells. However, tumoral cells do survive in such an
adverse environment by exploiting the upregulation of hypoxia-
inducible factor (HIF) and its signaling, leading to a cellular
phenotype which can survive in low-oxygen conditions,
triggering dormancy, enhanced heterogeneity of tumors, cell
stemness and metabolic reprogramming (Qiu et al., 2017). The
HIF, normally degraded in normoxia, is stabilized in hypoxia, being
able to act as a transcriptional factor, inducing the expression of
genes involved in the metabolic adaptation of the tumoral cells to
hypoxic conditions, including the expression of the Vascular
endothelial growth factor (VEGF) (RamaKrishnan and
Sankaranarayanan, 2016), which leads to an aberrant
vascularization network, and switching the main energetic
obtention outcome from oxidative phosphorylation to glycolysis.
The activation of this metabolic re-programming involves the
induction of the expression of glucose transporters, hexokinase
2 and some isoforms of PFK2, at the same time reducing cellular
respiration by regulating the expression of cytochrome c oxidase and
inhibiting the mitochondrial biogenesis (Denko, 2008). Despite
tumor cells having a high glycolytic rate that causes an increased
intracellular proton production, the function of several proton
extruders (such as NHE1, NBCs, or Hv1, to mention) that expel
these protons, maintain their internal pH to generally stay within the
range of normal physiological values (between 7.2 and 7.4, according
to Webb et al., 2011. This, in turn, can lead to acidification of the
extracellular medium, in some cases such as sarcomas or
adenocarcinomas, even going to pH 6.7 or lower (Thistlethwaite
et al., 1985). In order to maintain the intracellular pH homeostasis in
solid tumors, and avoid malfunctioning of the molecular machinery
caused by harmful levels of intracellular acidification, the tumoral
cells use transmembrane molecules that can extrude the excess
protons from the cytosol, alkalinizing the intracellular pH and
contributing to the acidification of the extracellular side (Le
Floch et al., 2012; Wang et al., 2012; 2013b; Asuaje et al., 2017;
Boedtkjer and Pedersen, 2020; Ventura et al., 2020) (Figure 3).

5.1.3 Host immune anti-tumoral system is inhibited
by immunosuppressive TME

The TME exhibits both an impaired recognition by the host
immune system and a strong immunosuppressive activity

Frontiers in Pharmacology frontiersin.org11

Alvear-Arias et al. 10.3389/fphar.2023.1175702

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1175702


associated principally with aberrant myelopoiesis. Some tumoral
factors, like Granulocyte-macrophage colony-stimulating factor
(GM-CSF), Interleukin 4 (IL-4), or VEGF, to mention some, are
secreted from tumoral cells and can signal hematopoietic
precursors to change their differentiation pathway (Figure 3)
(Umansky et al., 2016), effectively reducing their differentiation to
dendritic cells, leading to multiple undifferentiated populations, most
notably, cells with an immunosuppressive phenotype, such asmyeloid-
derived suppressor cells (MDSC). MDSC strongly inhibits the activity
of T lymphocytes (Figure 3). In cancer contexts, they are recruited into
the TME where these cells exert several mechanisms to inhibit the
T-cell response which can operate either individually or collectively
(Serafini, 2013). These immunosuppressive strategies use four different
mechanisms: i) the depletion of amino acids essentials for the
activation of T lymphocytes, such as arginine and cysteine; ii) the
damage of the viability and trafficking of T cells; iii) the recruitment
and proliferation of regulatory T-cells and iv) the production of ROS
and RNS via NOX2 (Kusmartsev and Gabrilovich, 2006; Corzo et al.,
2009; Gabrilovich et al., 2012). It has been reported that the main
mechanism of immunosuppression associated with tumor
microenvironment by the MDSC corresponds to ROS and RNS
production led by the NOX2 complex (Lu and Gabrilovich, 2012).
The mechanism behind the immunosuppression mediated by these
free radicals consists of the direct modification of the T-cell receptor
(Nagaraj et al., 2007). Recently, it was reported that the Hv1 channel
plays a key role in sustaining the ROS-mediated immunosuppression
produced by MDSC (Alvear-Arias et al., 2022) (Figure 4). Here, the
Hv1 channel allows the sustained production of ROS by theMDSC via
functional coupling with NOX2, similarly as reported in
proinflammatory immune cells. Interestingly, the prolonged
exposure of MDSCs to Hv1 inhibitors seems to impair its

immunosuppressive phenotype (Figure 4) (Alvear-Arias et al.,
2022). Since the MDSC is constantly producing ROS, Hv1 is
always extruding protons to the extracellular side of the membrane,
effectively contributing to the acidification of the TME. Interestingly, it
has been observed that MDSCs are rich in metalloprotease (MMP) 9
(Yang et al., 2004). MMPs are a family of matrix-degrading enzymes
that are involved in extracellular matrix (ECM) remodeling, thus
promoting malignancy-associated processes such as angiogenesis
and tumor cell migration (Bergers et al., 2000; Ahn and Brown,
2008; Kessenbrock et al., 2010; Mehner et al., 2014). The release of
MMPs is promoted by the extracellular acidification (Wang et al.,
2011; 2012), that characterizes the tumormicroenvironment, a process
in which Hv1 may also be involved.

5.2 Hv1 is a pro-tumoral molecule in tumor
biology

The role of the voltage-gated proton channel in tumor biology has
begun to emerge during the past decade. The acid-base state and
pH control is not only important for healthy cells, since multiple
studies have revealed that pH regulation in cancer cells and the tumor
microenvironment is deregulated, which greatly favors the
development of the disease. Indeed, one of the striking features of
cancer is the inversion of intracellular and extracellular pH values
compared to normal physiological parameters. The increase in
intracellular proton concentration ([H+]in, pHin) of a cancer cell is
achieved while exhibiting classic high glycolytic rate, which is
increased to satisfy its high energy demand. This high glycolytic
metabolism is characterized by a high consumption of glucose that
produces an excessive output of lactate and H+ (Helmlinger et al.,

FIGURE 4
The intervention of the Hv1 function as a feasible therapeutic strategy for circumventing the TME. The presence of the Hv1 channel in cancer cells
could be helpful to control the cytosolic pH. Once blocked, intracellular acidification could be harmful for tumors. On the other hand, in MDSC,
Hv1 allows the sustained production of ROS, which give rise to the immunosuppressive function of MDSC. Then, the inhibition of Hv1 could diminish its
immunosuppressive function. Both effects together could induce a decrease in tumor size.
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2002). All these proton equivalents produced in the cytosol are
detrimental to tumoral cells, as the acidic pH can inhibit their
glycolytic metabolism and compromise their survival and
proliferation (Boedtkjer and Pedersen, 2020). Beneficially to the
tumoral cells, all the overproduced proton equivalents are extruded
by a diverse and selective group of molecules that allow the protons to
be transported out of the cell, such as the Na+, HCO3 co-transporter
NBCn1, the Na+/H + -exchanger, H + -ATPases, to mention
(Boedtkjer and Pedersen, 2020). These can enable an increase in
the intracellular pH, but less or very little is known about channel
intervention regarding proton transport across membranes of
tumoral cells. Currently, there has been an increasing number of
studies which reports that the Hv1 proton channel has a key role in
proton extrusion in tumor cells, relating their overexpression in some
cases to tumor malignancy (Wang et al., 2011; 2012; 2013b; Yu et al.,
2014; Asuaje et al., 2017) (Figure 4). There are some systemic tumors
where Hv1 is expressed, such as:

5.2.1 Leukemia
In Jurkat T cells the Hv1 expression is tightly related to

intracellular pH homeostasis. The perturbation of its function by
the classic inhibitor Zn2+, or the more selective ClGBI, besides
leading to a significant reduction in the current intensity of these
cells when measured by whole-cell patch clamp, it also conducted to
a reduction in the intracellular pHi both in the short and long term
(Asuaje et al., 2017), strongly suggesting that the proper function of
Hv1 at Jurkat T cells is important and relevant to intracellular pHi

homeostasis in a concentration-dependent and time-dependent
manner. Crucial to the cell’s fate, manipulation of Hv1 was
observed to be strictly related to it: the inhibition of Hv1 with
200 or 800 µM ClGBI increased the proportion of cells positive for
Annexin V and for propidium iodide proportionally to the time of
incubation with the drug, suggesting that the selective blockade of
Hv1 in Jurkat T cells could lead to the induction of cell death
through the apoptosis process (Asuaje et al., 2017). Interestingly, the
histamine receptor H1 antagonist diphenhydramine (DPH) showed
a marked reduction in the intensity of proton currents in patch
clamp in whole-cell configuration of Jurkat T cells (Asuaje et al.,
2018), while histamine application showed no reduction of the
currents. Hence, the presence of DPH induces an impairment of
viability and overall intracellular acidification. Together with the
previous, an induction of viability impairment and acidification of
the intracellular pH was observed.

5.2.2 Lymphoma
In chronic lymphocytic leukemia (CLL) and malignant B cells,

an overexpression of the short isoform known as HCVN1s was
found (Hondares et al., 2014). Specifically, this isoform is 20 amino
acids shorter than the conventional Hv1 protein and varies
particularly in the length of its N-terminal (Capasso et al., 2010).
It was observed that this isoform responds more strongly to
phosphorylation via PKC with respect to canonical Hv1 or
HVCN1L (as the authors refer to it), which induces the
phenomenon known as “enhanced gating mode” (Bánfi et al.,
1999; Decoursey, 2003). The phosphorylation site corresponds to
Thr9 in the short isoform and Thr29 for the canonical channel
(Musset et al., 2010; Hondares et al., 2014), and possibly the
structural differences that emerge from the shortening of the

N-terminal ensure a more sensitive gating to phosphorylation in
the short isoform. Thus, Hondares et al., reported that
overexpression of this short isoform improves B cell receptor
signaling, increases proliferation, and promotes chemokine-
dependent migration, which confers greater advantages to the
malignant B cells (Hondares et al., 2014).

Although there is evidence regarding systemic tumors and Hv1,
most of the literature connecting Hv1 to cancer is linked to Hv1 in
solid tumors. In the following section.

5.2.3 Glioma
Congruent results were found in glioma cell lines, demonstrating

that one of the important findings regarding Hv1 is that the protein
seems to be related to the capacity of the tumor for metastasis. When
examining the highly metastatic glioma SHG-44, a greater expression
of Hv1 was found than when compared to a glioma with lower
capacity for metastasis (U-251) (Wang et al., 2013b). It was then
proposed that Hv1 presents a role on invasion and migration by
regulating intracellular pH and gelatinase activity, to the point in
which inhibition of the channel promotes apoptosis on SHG-44 cells.

5.2.4 Glioblastoma
In human glioblastomamultiforme (GBM), a particularly deadly

cancer, a functional expression of Hv1 was also detected, and when
inhibited, it has been shown to increase extracellular pH, lowering
tumor proliferation rate and promoting astrocyte activity and
response (Ribeiro-Silva et al., 2016). It is then clear that detection
of Hv1 expression could allow for a diagnosis of malignancy of
several tumors, where higher expressions of the channel are linked to
migration and invasion from the tumor.

5.2.5 Colorectal cancer
In colorectal cancer, Hv1 is overexpressed, and has been proposed

as a biomarker for colorectal cancer development (Wang et al., 2013a;
Yu et al., 2014). Besides, this increase of the Hv1 expression has been
associated with sedentary behavior, especially in the long-term. The
channel has been associated with a clear poor prognosis related to a
higher expression of Hv1 in colorectal patients, exhibiting both
shorter overall survival and recurrence-free survival. Furthermore,
these patients exhibited an early recurrence when compared to
patients with lower Hv1 levels (Wang et al., 2013a). The silencing
and inhibition of the proton channel in vitro, in colorectal cancer cell
line SW620, mitigated its migration and invasion and suppressed
proton extrusion (Wang et al., 2013a).

5.2.6 Breast cancer
The first studies that positioned Hv1 as an important proton

extruder involved in tumor malignancy were those published by
Wang et al., who reported that Hv1 is expressed in breast cancer
cell lines (Wang et al., 2012). At this time, it was observed that the
differences in the expression levels of the Hv1 channel are correlated to
the invasion andmigration (Hanahan andWeinberg, 2000; 2011) (both
hallmarks of tumor malignancy) of the two breast cancer cell lines:
MDA-MB-231, characterized by being highly invasive with high
migratory capacity, and the MCF-7 line, which is poorly metastatic,
i.e., possesses a lowmigratory capacity and low invasive capacity (Wang
et al., 2011). Subsequently, they evaluated how the decrease in
Hv1 expression affected these characteristics using siRNA-Hv1.
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Interestingly, the expression of the Hv1 protein is increased in MDA-
MB-231 in comparison withMCF-7. In addition, Hv1 suppression with
si-RNA drastically decreased invasion andmigration inMDA-MB-231,
suggesting that the expression of this proton channel is related to a
pattern of malignancy in human breast cancer cells (Wang et al., 2012).
The authors studied the cell migration by scratch assays of MDA-MB-
231 cells and siRNA Hv1 MDA-MB-231 cells, observing that the
knock-down of Hv1 slowed down the migration of the cells. In a
further work published by Bare et al., by means of an in-vivomodeling
of tumor growth showed that the knock-out (KO) ofHv1 inMDA-MB-
231 cells contributed to a reduction in its tumor size when injected in
mice, compared to its wild-type (WT) counterpart (Bare et al., 2020). It
has been shown in the tumorigenic MCF-7 breast cancer cell line, that
the time-dependent inhibition of Hv1 with 10 µM ClGBI led to an
acidification of its intracellular pH, suggesting an interesting role in
intracellular pH regulation in MCF-7 cells. This observation was also
made in MDA-MB-231 cells but not in non-tumorigenic MCF-10A
breast cell lines (Ventura et al., 2020). The viability of MCF-10A, MCF-
7 and MDA-MB-231 cells were studied by pharmacological inhibition
with ClGBI, showing no differences in MCF-10A but a dramatic
decrease in MCF-7 and MDA-MB-231 cell viability. Recovery
experiments were also performed, with no changes observed for
MCF-10A cells, a slight recuperation of cell viability in MCF-7 cells
but a compromised cell viability in MDA-MB-231 cells, suggesting that
Hv1 in these tumorigenic breast-cancer lines does influence their cell
viability related to the cytosolic proton extrusion (Ventura et al., 2020).
5 and 10 µM ClGBI were applied for 10 h on MCF-10A, MCF-7 and
MDA-MB-231 cultures to study the effect of Hv1 inhibition on the cell-
cycle distribution. No effect was detected either in MCF-10A orMCF-7
cells, but a clear diminishing in the percent of the cell cycle distribution
at G0/G1 was observed in MDA-MB231 cells loaded with 10 µM
ClGBI. No statistical differences were observed at the S phase and a
clear increase of the percent of cell cycle distribution was evidenced in
MCF-7 cells and MDA-MB-231 cells with 10 µM ClGBI on G2/M
interphase, while no effect was noted inMCF-10A. Metaphase-arrested
cells were also evaluated, showing a statistically significant rise in the
percentage of tumorigenic mitosis-arrested breast cells and no effect on
the non-tumorigenic cell line when 10 µM ClGBI was added (Ventura
et al., 2020). The clonogenic capability of the previous breast cell line
was put to the test over a wide range up to 20 µMClGBI. In all cell lines,
the higher the concentration of ClGBI, the lower the clonogenic
capability. Its recovery was tested, showing a clonogenic recovery
close to 30% for 10 µM ClGBI and below 10% for 15 and 20 µM
ClGBI in non-tumorigenic MCF-10A cells. Similarly, MCF-7 and
MDA-MB-231 results were below 10% for 10 µM ClGBI and near
zero for both 15 and 20 µM ClGBI, suggesting great clonogenic
modulation of tumorigenic breast cancer cell lines MCF-7 and
MDA-MB-231 by ClGBI (Ventura et al., 2020). A reduced viability
was evidenced in a three-dimensional cell culture of MCF-7 cells when
diverse µM ClGBI concentrations were imposed, reaching nearly 80%
of reduction at 1 mM ClGBI. Interestingly, the authors reported a
differential expression of Hv1 composed of both the long canonic
Hv1 and a short Hv1 isoform over the three breast cell lines studied so
far. While the MCF-10A cells appear to express exclusively the long
isoform, for the MCF-7 cell line a mixture of nearly 50% of the total for
each isoform (long and short) is suggested and a way more polarized
expression of the short isoform of Hv1 in comparison to the long
isoform of Hv1 in MDA-MB-231, suggesting that these tumorigenic

cells rely on the expression of diverse isoforms of Hv1 regarding its
tumorigenic capability, where apparently a higher proportion of the
short isoform of Hv1 is expressed in the most metastatic cell type
compared to its longer isoform. How does the presence of the
Hv1 channel regulate the malignancy of breast cancer? The
secretion and activation of some proteases that degrade collagens of
the ECM, is highly regulated by pH. Wang et al., reported in previous
works that the activity of certain proteases, like the matrix
2 metalloproteinase 2 (MMP-2) and the matrix metallopeptidase 9
(MMP-9) are related to the degradation of the ECM promoting tumor
cell migration, invasion and metastasis, a phenomenon that has also
been reported in other types of cancers (Bergers et al., 2000; Ahn and
Brown, 2008; Gialeli et al., 2011; Wang et al., 2012; Mehner et al., 2014;
Joseph et al., 2020, please be referred to Table 2 for more examples
including their references). Extracellular acidification favors the
extracellular cell matrix degradation by altering the nature of the
proteins that compose the matrix, but also by promoting the
secretion and activation of proteases. ECM modification facilitates
the migration of cancer cells and angiogenesis (Figure 3) (Egeblad
et al., 2010; Kessenbrock et al., 2010; Winkler et al., 2020). It has been
observed that the Hv1 silencing by siRNA reduces the MMP-2
expression in MDA-MB-231 highly metastatic cells (Wang et al.,
2012), which suggests that the activity of Hv1 is supporting invasion
andmetastasis in breast cancer cells, by maintaining the perfect levels of
both intracellular and extracellular pH for secretion, activation and
distribution of proteases involved in extracellular matrix digestion such
as MMP-2. Recent studies have linked the elevated MMP9 enzyme
levels with poor prognosis in breast cancer patients (Joseph et al., 2020),
thus establishing an interesting correlation between the Hv1 channel
upregulation, high levels ofMMP9 expression in the breast cancer TME
and poor survival in breast cancer patients.

Nevertheless, it is certain that Hv1 seems to be a pro-tumoral
molecule, as it is exploited by tumoral cells of diverse tissues in order
to regulate their intracellular pH that is in constant acidification
mainly because of the metabolic reprogramming induced by the
Warburg effect. All the previous tumoral cell lines where Hv1 is
present are of public health interest, including aggressive cancer cell
types such as glioblastoma, lymphoma and breast cancer cells. Thus,
Hv1 could serve as a marker of tumor progression or aggressiveness
of certain tumoral cell lines, and secondly, the intervention of Hv1 in
tumoral biology, such as inhibition or genetic deletion, may lead to a
direct perturbation of cancer cells.

6 Hv1 channel as a novel and promising
therapeutic target in tumoral progress

Although there are several promising therapeutic approaches
to fight the development of tumor tissue growth, such as
immunotherapy, to date, there is still no transversal anti-tumoral
strategy effective against tumoral progression (Dunn et al., 2002; Stagg
et al., 2007; Yang, 2015; Esfahani et al., 2020). Notwithstanding the
above, as we reviewed previously, a common feature among cancer
cells is their enhanced cytosolic proton production and its extrusion
by multiple molecules that enable the perfect cytosolic pH conditions
for them to thrive on. Much evidence has increased the scientific
interest in the role of the Hv1 proton channel as an anti-tumoral
therapeutic target, as they are present in a broad set of cancer types,
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contributing to the progression of the neoplastic process by enhancing
the survival and the metabolism of tumoral cells, alkalinizing its
cytosol (See section above). It may appear Hv1 could be an important
pro-tumoralmolecule of solid tumors. One of themost common types
of solid tumors are represented by carcinomas (https://www.cancer.
gov/about-cancer/understanding/what-is-cancer, last visited in
December 2022), such as epithelial cells colonized by skin tumoral
cells, or skin cancer. As solid tumors are a central part of tumoral
biology, Hv1may be a very promising pro-tumoral candidate for anti-
tumoral therapy. Moreover, Hv1 has not only been observed in tumor
cells, but it is also expressed in immunosuppressive cells promoted by
the TME such as MDSC (Alvear-Arias et al., 2022). As mentioned,
these cells exert their immunosuppression through Hv1-mediated
ROS production in the tumor microenvironment, preventing
immune-mediated destruction and promoting tumor survival,
colonization, proliferation, among others. This evidence contributes
to the understanding of the role of Hv1 in the TME further than its
exclusive role in tumoral cells, now including its participation in
MDSC and immunosuppression.

Hv1 knockout in mice leads to an incremented number of
activated T cells (CD4+ and CD8+) in unchallenged and
challenged conditions (infection with LCMV), in comparison
with WT mice (Sasaki et al., 2013). The authors conclude that
although there is a link between a high number of activated T cells
and auto-immunity disease, there is still a need for further evidence
in order to confirm if the lack of Hv1 channels is the main inductor
of autoimmunity. Recently, the presence of Hv1 channels in T
lymphocytes, and that loss of Hv1 in T lymphocytes leads to a
metabolic reprogramming and an impaired activation of T
lymphocytes that could affect their priming stage, possibly
affecting their anti-tumor response (Coe et al., 2022). They
evidenced that 200 μM of ClGBI diminished CD8+ T cells pHi,
viability and incremented apoptosis and necrosis, but haven’t
investigate their anti-tumoral function in these cell types up to
date. The previous experiment does suggest that the addition of
ClGBI could alter the number of viable T lymphocytes. Although
there is still a need for anti-tumoral response studies regarding
inhibition or deletion of Hv1 in these cells, it appears that the
inhibition of Hv1 in the tumoral system with ClGBI could affect the
anti-tumoral response of T lymphocytes (Coe et al., 2022). On the
other hand, there is no evidence regarding inhibition of
Hv1 channels in T lymphocytes with zinc ion. It could be very

interesting to experimentally perform inhibition of T lymphocytes
Hv1 with zinc ion, as in some reports, it is mentioned that zinc ion
addition to T cell cultures enhanced their proliferation and their
signaling. Somehow, this could alleviate the decrease in viability
observed when inhibiting Hv1 T lymphocytes with ClGBI (Yu et al.,
2011; Rosenkranz et al., 2016).

We encourage investigators to inhibit Hv1 with zinc ion, especially
in vivo, as it is simpler, and promotes T lymphocyte signaling and
proliferation, it could be further efficient in tumor treatment, in
comparison with specific Hv1 channel inhibitors (ClGBI).

All these findings gathered in this work points to Hv1 as an
important promoter of tumoral progress. The number of studies
suggesting that this channel could be a pH regulator with pro-
tumorigenic activity has expanded over the years, expressed in
several cellular elements that make up the tumor
microenvironment, positioning it as a marker of tumor
malignancy. Thus, this protein could be a common characteristic
in many types of solid tumors, which could generate a supplementary
therapy to the existing ones. To date, there are few specific inhibitors
of the Hv1 proton channel, and much progress is required in the
design and synthesis of drugs aimed at inhibiting the activity of this
channel, however, this could have interesting results directed towards
the strategy of growth control and development, focused on attacking
the fine pH balance that characterize cancer cells.

Future pre-clinic and clinical positive results regarding
Hv1 blocking without suppression of immune system could be a
promising complementary anti-tumoral therapy.
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