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Abstract Potassium channels are often dysregulated in tumours of the gastrointestinal (GI)
tract. Among them, the voltage-dependent channel Ky11.1, also known as human ether-a-go-go
related gene 1 (hERGL1), is frequently expressed in tumours and precancerous lesions of the GI
tract. In precancerous lesions, hERG1 behaves as a progression factor, contributing to identifying
those patients whose lesions can progress towards true cancers. In advanced cancers, such as
colorectal and pancreatic cancer, a high hERGI expression represents a negative prognostic
factor, contributing to identifying high risk patients. The only exception is represented by neuro-
endocrine cancers of both the ileum and the pancreas, where hERGI represents a positive
prognostic factor for survival. In GI tumours, hERGI1 can function either as a true channel,
allowing outward potassium ion flux and membrane repolarisation, or in a non-canonical,
non-conductive way. This occurs because, in cancer, hERG1 forms complexes with different
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plasma membrane and cytosolic proteins, instead of classical accessory subunits. In particular,
hERGI forms a complex with the 1 subunit of integrin receptors: the hRERG1-81 complex.
Growth and chemokine receptors, small GTPases, phosphoinositide 3-kinase, as well as other
ion transporters or channels, are also recruited in the hRERG1-81 complex. The formation of
multiprotein channel complexes represents an emerging mechanism allowing functional channel
networking in both excitable and non-excitable cells. hERG1 represents a prototype of how
multiprotein complexes operate in tumours, that is, giving rise to signalling hubs which can
transmit and modulate signals arising from the tumour microenvironment, hence contributing
to tumour progression and malignancy.

(Received 1 July 2022; accepted after revision 29 September 2022; first published online 10 October 2022)
Corresponding author A. Arcangeli: Department of Experimental and Clinical Medicine, Section of Internal Medicine,
University of Florence, Viale G B Morgagni 50, 50134 Florence, Italy. ~ Email: annarosa.arcangeli@unifi.it

Abstract figure legend The hERG1 channel is not expressed in healthy epithelial tissue while in preneoplastic lesions
of the GI tract it might be expressed to a different extent in altered cells (indicated in red). In some of these cells the
channel might be expressed retaining at least in part its correct conductive properties (green channel with potassium
ion flux, represented by the blue dots). In cancer cells the hRERG1 channel might be present with altered function. From
a molecular point of view, a normal cell (upper right) is usually characterised by the presence of hRERG1 coupled with its
accessory subunit KCNE1, 81 integrin and other ion channels, transporters and receptors. On the contrary, in a cancer
cell (lower right) hERG1-81 forms complexes in which other molecules, such as transporters and receptors are involved
and sustain downstream signalling, regulating proliferation, motility and survival. Created with BioRender.com.

Introduction

By controlling electrical and ionic homeostasis at the
membrane level, ion channels regulate different aspects
of cell physiology. Furthermore, ion channel dysfunction
is relevant in different pathologies, including cancer
(Prevarskaya et al., 2018). Indeed, ion channels are
frequently over- and misexpressed in tumours and

their activity can contribute to regulating different
cancer hallmarks (e.g. cell proliferation, survival and
apoptosis, migration, invasion, and angiogenesis). In
this context, ion channels can be considered novel
tumour biomarkers (Lastraioli, Iorio et al., 2015), to
be exploited for diagnostic and therapeutic purposes
(Arcangeli et al., 2009; Marshall & Djamgoz, 2018).

Among ion channels which are frequently dysregulated
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in tumours, K™ channels are pivotal, being broadly
expressed in several types of tumours, either primary
samples or cells (Huang & Jan, 2014; Pardo & Stithmer,
2014), where they collectively modulate the cancerogenic
processes (Arcangeli & Yuan, 2011; Arcangeli et al., 2009;
Becchetti, 2011).

How do K' channels work in cancer to regulate
the cancer hallmarks? The K' efflux provided by
K" channels can modulate cancer cell behaviour by
(1) providing the electrochemical force needed for
the influx of Ca’" (e.g. through store-operated Ca*"
channels), which is known to be important for Go/G;
and G,/S transitions, (2) by transiently hyperpolarising
the membrane potential, which is also an important
feature for cell cycle progression, or (3) regulating cell
volume. Furthermore, depolarisation and Ca*" regulate
exocytosis of hormones and paracrine factors (growth
factors, cytokines, etc.), which in turn control different
cancer-related mechanisms. Finally, K* channels can have
non-canonical roles. In other words, they may also work
in a non-conductive manner by promoting signal trans-
duction pathways involved in cell proliferation, survival,
motility, etc., through interaction with other membrane
proteins such as integrins, growth factors receptors
(GF-R), chemokine receptors (Ck-R), etc. (Becchetti et al.,
2019, 2022). These aspects will be particularly addressed
in the present review.

K* channels expression and role in cancer of the
gastrointestinal tract

The gastrointestinal (GI) tract is the anatomical site
of some of the most frequent and deadliest human
cancers. According to Globocan (i.e. the Global Cancer
Observatory, belonging to the International Agency For
Cancer Research) 2020 estimates (Globocan 2020, https:
//gco.iarc.fr, accessed on 29 June 2022), GI tract tumours
still represent a major health problem since they all
belong to the top 10 most lethal cancers. Indeed, mortality
rates for colorectal cancers (CRC) are located in the
second position, while gastric cancer (GC) and pancreatic
cancer (PC) are the fourth and seventh leading cause
of mortality from cancer worldwide, respectively. In
addition, a sharp increase in incidence and mortality
for oesophageal cancer (OeC), in particular of the
adenocarcinoma histological subtype (OeAC), has been
observed in the last decades, so that OeC now ranks
sixth. GI cancer are generally more frequent in developed
countries (Globocan 2020, https://gco.iarc.fr, accessed on
15 September 2022) due to well-known risk factors such
as diet and physical activity, among others. Nevertheless,
differences are also present among the different GI cancers
(Globocan 2020): for instance, CRC and PC are more
frequent in Europe, North America and Oceania with
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respect to other countries, while GC and OeC have the
highest incidence in Asia. Also, sex-related factors play a
role in CRC, PC, GC and OeC, being more frequent in
males.

Like other cancers, GI tumours can be preceded by
precancerous lesions, whose onset and evolution must be
carefully monitored since they are likely to evolve into true
malignant tumours. Examples are Barrett’s oesophagus
(BOe), a precancerous lesion for OeAC, gastric dysplasia,
which often progresses into GC, colon rectal adenomas,
which often precede CRC, as well as the hyperplastic and
dysplastic lesions of the pancreatic ducts called pancreatic
intraepithelial neoplasia (PanIN), which are considered
precancerous lesions for PC.

Potassium ion channels are present in tumours and
precancerous lesions of the GI tract, as extensively
reviewed by different groups (Anderson et al, 2019;
Hofschroer et al., 2021; Lastraioli, Iorio et al., 2015). For
the purposes of the present review, we will focus only
on some selected K™ ion channels. The Ca’"-dependent
K" channel K¢,3.1 (encoded by the KCNN4 gene) is
highly expressed in CRC human primary samples and
CRC cells. In particular, cisplatin-resistant CRC cells
expressed higher levels of Kc,3.1 channels, compared
with cisplatin-sensitive CRC cells (Pillozzi et al., 2018).
In resistant cells, Kc,3.1 activators (e.g. SKA-31) had a
synergistic action with cisplatin in triggering apoptosis
and inhibiting proliferation (Pillozzi et al., 2018). Cisplatin
uptake into resistant cells depended on K¢,3.1 channel
activity, as it was potentiated by K¢,3.1 activators. Similar
results were produced by riluzole, which is able to
both activate Kc,3.1 and inhibit hERG1 channels (see
below). Indeed, an interesting cross talk between the
two channels was reported, since K,11.1 blockade led
to increased Kc,3.1 expression and thereby stimulated
cisplatin uptake, and the combined administration of a
Kca3.1 activator and a hERG1 inhibitor also overcame
cisplatin resistance on a CRC mouse model (Pillozzi et al.,
2018). The clinical relevance of K¢,3.1 expression in
CRC was hypothesised by Lai et al. (2013), although not
validated afterwards in a larger patient cohort of CRC
samples belonging to different TNM stages (Muratori
et al., 2016). K¢,3.1 channels are also upregulated in PC,
and their overexpression is associated with poor patient
survival (Hofschroer et al., 2021). In PC, Kc,3.1 channels
regulate cell proliferation, cell migration and invasion
(Bonito et al.,, 2016; Schwab et al., 2012). The voltage
dependent K* (Ky) channel Ky 7.1, commonly known as
KCNQI (encoded by the KCNQI gene), is also relevant
in GI tumours. KCNQI1 is physiologically expressed
in the heart (Barhanin et al, 1996; Sanguinetti et al.,
1996), as well as in some epithelia, including gastric and
intestinal (Vallon et al., 2005). Thanks to the association
with different accessory subunits (KCNE2 and KCNE3),
KCNQI1 regulates different cellular activities (Anderson
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et al., 2019). Based on numerous genetic, biomolecular
and immunohistochemistry data, KCNQI apparently
functions as a tumour suppressor in GI cancers (Morris
etal., 2017). Although the mechanism underlying tumour
suppression is not well understood, it is worth noting
that KCNQI1 has been implicated in the Wnt/f-catenin
pathway (Rapetti-Mauss et al., 2020), which is frequently
deregulated in GI cancers, in particular in CRC. Inter-
estingly, KCNQI and S-catenin physically interact in GI
tumours forming a molecular complex whose functional
relevance in GI tumours is discussed below.

The EAG family of voltage-gated KT channels, whose
most important members are Ky10.1, also known as
EAGI, encoded by the KCNHI gene, and Ky 11.1,
also known as hERGI, encoded by the KCNH2 gene,
is highly represented in human cancers and deeply
involved in the regulation of different cancer hallmarks
(Pardo & Stithmer, 2014). In the healthy organism,
EAG1 and hERGI1 are expressed in excitable cells
such as neurons and muscle cells (Céazares-Ordofiez &
Pardo, 2017; Ouadid-Ahidouch et al., 2016; Sanguinetti
et al, 1995). In particular, hERG1 channels are key
determinants of the potassium current (Ix,) responsible
of the fast-repolarising phase following the cardiac action
potential (Sanguinetti et al., 1995). Subjects carrying
germline mutations of the KCNH2 gene develop the so
called by type 2 long QT syndrome, a life-threatening
ventricular arrhythmia (Vandenberg et al., 2012). Both
channels have been detected in many other tumour
cell lines and primary tumours (Arcangeli et al., 2009;
Lastraioli, Iorio et al., 2015; Pardo & Stithmer, 2014). In
GI tract tumours, the KCNH1 transcript is expressed in
oesophageal squamous cell carcinoma (OeSCC), where
it represents an independent negative prognostic factor
(Ding, Wang et al., 2008). The KCNHI transcript is
also expressed in primary human CRC samples, along
with other K" channel encoding genes, and genomic
amplification of the KCNHI gene is an independent
marker of adverse prognosis (Ousingsawat et al., 2007).
Finally, EAG1 is expressed in PC, particularly pancreatic
ductal adenocarcinoma (PDAC), cells where it can
represent a targetable biomarker (reviewed in Pardo &
Stithmer, 2014). The case of hERG1 and its roles in GI
tumours is addressed in more detail below.

The expression of hERG1 in GI tumours and
precancerous lesions

While hERGL is not expressed in normal non-excitable
tissues (Becchetti et al., 2022; Duranti & Arcangeli, 2019),
it is frequently upregulated in several types of cancers,
including those of the GI tract. In the oesophagus,
The KCNH2 gene and the corresponding protein are
expressed in a high percentage of oesophageal squamous
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cell carcinoma (OeSCC) (Ding, Wang et al., 2008) as
well as in oesophageal adenocarcinoma (OeA) (Lastraioli
et al, 2006), while expression is absent in healthy
oesophageal squamous epithelium (Ding, Luo et al., 2008).
Interestingly, hERG1 is highly expressed in BOe, i.e.
the most frequent precancerous lesion for OeA, while
absent in healthy oesophageal mucosa and in oesophagitis
(Lastraioli et al., 2006) (Fig. 1).

hERG1 expression in BOe is significantly associated
to a higher risk to progress towards adenocarcinoma
(Lastraioli et al., 2016). In the stomach, the hERG1 protein
is not detected in the healthy lining epithelium of the
normal mucosa while present in parietal (oxyntic) cells
(Crociani et al., 2014a). hERG1 expression is switched on
in precancerous lesions, in particular in gastric dysplasia
(Fig. 1). Also in this case, hERGI is associated to a
higher risk of progression towards GC (Lastraioli, Romoli
et al., 2019). Overall, hERGI expression is apparently
switched on in early phases of gastric carcinogenesis, as
confirmed by a multicentric study on a wide Italian cohort
of surgically resected patients with GC, which showed that
hERG1 expression positively correlates with low grading
and early (TNM I and II) stages of the Lauren’s intestinal
type of GC (Crociani et al,, 2014b). Moreover, in the
early stage, T1 patients, hERG1 expression identified high
risk patients (Crociani et al., 2014a). Consistent with this,
hERG1 mainly regulates cell proliferation through the
regulation of vascular endothelial growth factor (VEGF)
secretion (Crociani et al., 2014a). In the colon-rectum,
hERGI1 is not expressed in healthy colonic mucosa and
sigma diverticulitis (Dolderer et al, 2010; Lastraioli
et al., 2004). Precancerous colon rectal adenoma lesions
express the channel, although expression levels increase
in high-grade dysplastic colon rectal adenomas (Lastraioli
et al., 2022). On the other hand, both the KCNH2 trans-
cript and the hERG1 protein are highly expressed in
CRC cell lines and primary samples (Lastraioli et al.,
2004). In CRC cells hERG1 is associated with sensitivity
to chemotherapeutic drugs, including macrolide anti-
biotics, for example clarithromycin (Petroni et al., 2020),
which are known to block hERGI currents (Vandenberg
et al., 2012), as well as with increased migration and
invasiveness (Lastraioli et al., 2004). Consistent with
this, hERG1 blockade in vivo (in mice) reduces tumour
growth, invasiveness and metastatic spread (Crociani
et al., 2013). These effects can be traced back to the
formation of a complex between hERG1 channels and the
B1 subunit of integrin receptors (Crociani et al., 2013)
regulating hypoxia-inducible factor (HIF)-1lo activation
and VEGE-A secretion, whose characteristics are detailed
below. hERGI has turned out to be highly expressed
in human primary CRC samples (Lastraioli et al,
2004), where the channel represents an independent
negative prognostic factor in TNM I and II CRC when
associated with Glut-1 absence (Lastraioli et al., 2012;
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Muratori et al, 2016), and a prognostic biomarker to
select metastatic CRC patients suitable to be treated
with bevacizumab, when expressed in conjunction with
HIF-2« (Iorio, Lastraioli et al., 2020). In normal pancreas
hERG] is absent in epithelial duct and acinar cells, while

expressed at good levels in insulin secreting B-cells,
where the channel is functional and negatively regulates
cell firing and insulin secretion (Rosati et al., 2000).
hERGL expression is highly upregulated in human PCs,
both the neuroendocrine (pNET) (Iorio et al., 2022)

The Journal of
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Figure 1. hERG1 expression in representative images of human oesophageal and gastric samples

A, healthy oesophageal epithelium. hERG1 channel is absent in both the basal layer (BL) and the non-keratinised
layer (nKL). B, Barrett's oesophagus with intestinal metaplasia highlighted by goblet cells (yellow arrows).
hERG1 expression is present throughout the metaplastic glands, as witnessed by the brown precipitate due to
diaminobenzidine peroxidation. The inset shows a higher magnification image of a representative sample in which
goblet cells are indicated by yellow arrows. C, oesophageal adenocarcinoma. hERG1 expression is high in the
tumour tissue (T), although a faint staining can be observed also in the stromal compartment and in the debris that
might be present. D, healthy gastric epithelium. hERG1 channel is absent in both the lining epithelium (LEp) and the
glands (GEp). E, gastric dysplasia. hERG1 is highly expressed in the dysplastic glands (Dy). F, gastric adenocarcinoma.
hERG1 is highly expressed in the tumour tissue (T), and a faint staining can be observed also in the stroma due
to the presence of lymphocytes (Ly) and other white blood cells. Scale bar: 100 um (magnification x20 (A-F) or
x40 (inset to B)). Immunohistochemistry was performed on 7-um sections dewaxed and rehydrated, using an
anti-hERG1 monoclonal antibody directed against the S5-pore region (MCK Therapeutics, Florence, Italy; patent
number IT1367861) at 1:200 dilution (overnight at 4°C), after performing antigen retrieval with proteinase K
incubated at 37°C for 5 min. Immunostaining was performed with a commercially available kit (PicTure Max kit
and 3,3’-diaminobenzidine, Thermo Fisher Scientific, Waltham, MA, USA). All the representative slides shown in
this figure were processed in Prof. Arcangeli’s laboratory by one of the co-authors of the present review (E.L.). The
study was conducted in accordance with the Declaration of Helsinki, and approved by the local Ethical Committee
(BIO.14.033; 33.16T5).

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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and PDAC (Feng et al., 2014; Lastraioli, Perrone et al.,
2015). In PDAC, hERGI positivity occurs at high levels
in roughly 60% of the samples and correlates with a
high proliferation index, tumour grading and epidermal
growth factor receptor (EGF-R) expression (Lastraioli,
Perrone et al, 2015). Furthermore, hERGI positivity
represents an independent negative prognostic factor, in
addition to the TNM tumour stage (Lastraioli, Perrone
et al., 2015). In contrast, in pNETs hERGI1 is mainly
overexpressed in low grade and stage tumours, and
represents a positive prognostic factor (Iorio et al., 2022).
While hERGI was not studied in human pancreatic pre-
neoplastic lesions, the analysis conducted in KPC trans-
genic mice, a widely used model of PDAC, showed that
the channel is expressed in PanIN, with expression scores
increasing along with the progression from less to more
severe lesions (Lastraioli, Perrone et al., 2015).

In summary, hERG1 is expressed both in precancerous
lesions and in advanced tumours of the GI tract. In
precancerous lesions, for example, BOe and gastric
dysplasia, hERG1 overexpression represents a progression
biomarker, contributing to identifying high risk patients,
who must hence be submitted to a more stringent
surveillance. In CRC and PDAC, hERGI expression
progressively increases during tumour progression (which
is mirrored by the TNM stage) and behaves as a negative
prognostic factor. Hence, hERG1 positive patients must
be considered ‘high risk’ patients, even when belonging
to low TNM stage, and treated accordingly. The exception
of pNETs is intriguing: these tumours derive from the
neoplastic transformation of neuroendocrine cells which
express hERG1 physiologically. Therefore, in pNETs,
hERG1 mainly represents a differentiation marker, and its
expression has a positive impact on survival.

The relevance of the hERG1-81 integrin complex in Gl
tumours

As described above, hERGI1 controls different aspects
of tumour behaviour, for example, cell proliferation and
survival, cell migration and invasion, in all the tumours
of the GI tract, with some specificities. For example, both
in GC and CRC hERGI1 modulates tumour progression
by switching the VEGF-A-dependent angiogenetic
pathways on (Crociani et al., 2013). Consistent with
this, blocking hERG1 in vivo (in mice bearing GC
cell xenografts) impairs tumour growth, angiogenesis
and metastasis formation (Crociani et al.,, 2014a). In
PDAC cells, hERGI interacts with the EGF-R, which
in turn affects EGF-R-dependent phosphorylation of
extracellular signal-regulated kinase (ERK) 1 and 2, key
signalling proteins downstream to EGF-R involved in cell
proliferation (Lastraioli, Perrone et al., 2015). In PDAC
cells hERG1 also regulates cell migratory programmes by
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modulating F-actin dynamics and organisation (Manoli
et al,, 2019). A unifying mechanism in the hERG1 role
in neoplastic progression of GI tumours may indeed be
constituted by the functional and physical link which
occurs between the channel and adhesion receptors of
the integrin family. After the first demonstrations in
neuroblastoma and leukaemia indicating that integrin
activation leads to increased hERG1 currents (Arcangeli
et al, 1993, 1995), it emerged that the channel and
the B1 subunit of integrins could also assemble onto the
plasma membrane to give rise to a functional multiprotein
complex (Cherubini et al., 2002, 2005). The hERG1-81
integrin complex does not occur in the heart, where
hERG1 assembles with its canonical accessory subunits,
for example, the KCNEI1 protein (Becchetti et al., 2017).
Afterwards it became clear that the hERG1-$1 integrin
complex is present exclusively in tumours, where it
represents a novel tumour antigen, and is present in
those advanced cancers where hERG1 overexpression was
detected. This is evident Fig. 2, where one CRC (Fig. 2A
and B) and one PC (Fig. 2C and D) sample that express
hERG1 and hERG1-p1 integrin complex in the same
cancer cells.

Depending on the pathophysiological context, the
interplay between hERGI1 and the integrin subunit can
modulate different cancer-related signalling pathways,
such as the phosphorylation of focal adhesion kinase
(FAK) and ERK, the activation of phosphoinositide
3-kinase (PI3K) and the subsequent phosphorylation
of AKT, the nuclear translocation of nuclear factor
kB (NF-«B) and HIF-«, or the activation of small
GTPases and the modulation of F-actin organisation
and dynamics (Becchetti et al., 2019, 2022). When the
interplay between the integrin and the channel involves
the activation of K™ (and current) flow through the
open channel, mainly FAK and ERK phosphorylation
are switched on, and cell proliferation mechanisms
are triggered. This apparently occurs mainly in those
tumours/precancerous lesions where hERG1 mainly
regulates cell proliferation (Becchetti et al., 2017, 2019). In
some circumstances, downstream signalling steps appear
to require the formation of multiprotein complexes,
which is a suggestion of signal transfer by conformational
coupling (Becchetti et al., 2022). This has been proven in
the case of the AKT-centred pathways. In CRC cells, for
example, after cell adhesion to the extracellular matrix
and integrin activation, hERG1 physically associates
with the p85 subunit of PI3K, which stimulates AKT
phosphorylation. The supramolecular complex thus
regulates cell migratory and invasive programmes as
well as autophagy (Becchetti et al., 2022). Interestingly,
hERG1 associates with S1 integrin prevalently in the
closed state (Becchetti et al., 2022). This points to a
non-conductive function of hERGI, which transduces
by conformational coupling the integrin-dependent

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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microenvironment signals, without being a canonical
mechanosensitive channel (in that channel opening is not
stimulated by membrane strain). Extremely relevant
from the therapeutic point of view is the fact that
the hERG1-81 integrin complex can be specifically
harnessed in its functions by a newly developed bispecific
antibody, directed against the B1 integrin and the hERG1
protein, which selectively targets the two proteins once
complexed. Such an antibody, in the form of a single
chain Diabody (Duranti, Lastraioli et al., 2021) shows
a good toxicological, biodistributional and therapeutic
profile, especially in CRC and PDAC (Duranti, Iorio et al.,
2021). In particular, no cardiac toxicity of the single-chain
diabody emerged either in mice (Duranti, Iorio et al,
2021) or in humans (Arcangeli, 2021).

hERG1 in gastrointestinal tract tumours 7

Further recent evidence better clarifies the oncological
relevance of the hERG1-£1 integrin complex, which can
recruit other ion channels and transporters in cancer
cells and appears to be mostly implicated in controlling
cell motility and migration. In PDAC cells, the channel
sustains pro-metastatic signals through a reorganisation of
F-actin in filopodia (Manoli et al., 2019). This effect can be
traced back to the association of the hERG1-81 integrin
complex with small GTPases, mainly RhoA (Cherubini
et al, 2005). This mechanisms can also involve the
modulation of [Ca*"]; (Fig. 3).

The hERGI-B1 integrin complex can also recruit
the chemokine receptor CXCR4, to trigger AKT
phosphorylation and cell migration (Fig. 3) (Pillozzi et al.,
2011). In CRC cells, the B1 integrin-mediated adhesion

The Journal of
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Figure 2. Representative images of CRC and PDAC samples expressing hERG1 and hERG1-81 integrin

complex

A, hERG1 positive CRC sample. B, hERG1-81 integrin complex positive CRC sample. C, hERG1 positive PDAC
sample. D, hERG1-81 integrin complex positive PDAC sample. Scale bar: 100 ym (magnification x20). Immuno-
histochemistry was carried out on 7-um sections on positively charged slides. After dewaxing and dehydrating
the sections, endogenous peroxidases were blocked with a 1% H, O, solution in phosphate-buffered saline. Sub-
sequently, antigen retrieval was performed by treatment with proteinase K at 37°C for 5 min. The following anti-
bodies were used at the dilutions reported in parentheses: anti-hERG1 monoclonal antibody (0.005 pg/pl; MCK
Therapeutics, patent number IT1367861) and scDb hERG1-81 (20 pg/ml; MCK Therapeutics, patent number
IT102017000083637). Incubation with the primary antibody was carried out overnight at 4°C. For the scDb
hERG1-81, anti-his antibody was incubated for 90 min at room temperature. Immunostaining was performed with
a commercially available kit (PicTure max kit; Thermo Fisher Scientific) according to the manufacturer’s instructions.
All the representative slides shown in this figure were processed in Prof. Arcangeli’s laboratory by one of the
co-authors of the present review (J.1.). The study was approved by the local Ethical Committee (BIO.14.033;
33.16TS). All the patients were enrolled after informed written consent and the study was performed in accordance

with the Declaration of Helsinki.

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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increases the values of intracellular pH by activating the
Na®/H™ transporter NHE1, which assembles with the 81
integrin and hERG1. The tri-molecular complex sustains
CRC cell motility (Iorio, Duranti et al., 2020) (Fig. 3). The
hERG1-81 integrin complex can recruit another trans-
porter, carbonic anhydrase IX (CAIX; Lastraioli, Pillozzi
et al,, 2019). This tri-molecular complex has been shown
to occur in clear-cell renal carcinoma (ccRC) cells (Fig. 3),
but preliminary experiments suggest its occurrence also
in CRC and GC cells, where a strong association between
hERG1 and CAIX occurs in primary samples (Iorio,
Lastraioli et al., 2020; Lastraioli et al., 2012; Muratori et al.,

B1 integrin
nNav1.5 L

B1 integrin

hERG1\ hERG1
B1 integrin

modulation

B-catenin

pH, actin
modulation
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2016). The hERG1-81 integrin-NHE1 and hERG1-51
integrin-CAIX complexes presumably constitute
functional hubs to drive extracellular matrix-triggered
variations in intra- (and extra-) cellular pH, especially in
hypoxic conditions, which drive pro-metastatic signalling
pathways. In this scenario, hERG1 would represent the
link between the metabolic switch which occurs in cancer
cells and enables them to thrive in an acidic and hypoxic
tumour microenvironment, through both the presence of
a PAS domain (i.e. a protein domain capable of directly
sensing Py, ) in its N-terminus (Vandenberg et al., 2012),
and the activity of the hERG1-$1 integrin complex
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Figure 3. Macromolecular complex-mediated signalling in relation to hERG1 and other voltage gated

ion channels

Different ion channel complexes mediate signalling pathways and control different aspect of cancer cell behaviour,
such as proliferation, survival, invasiveness and progression. The figure shows different macromolecular complexes
mediated by hERG1 and its interaction with 81 integrin differentiated by red dotted lines, from left to right:
hERG1-81 complex with NHE1 exchanger responsible for pH and actin modulation; hERG1-81 complex with
EGF-R; KCNQ1 and E-cadherin, which modulates g-catenin; hERG1-81 complex with nNav1.5 sodium channel,
which is involved in cell proliferation; hERG1-81 complex per se, which modulates downstream signalling involving
FAK, AKT and Rac1; hERG1-81 complex with carbonic anhydrase IX (CAIX); hERG1-81 complex with C-X-C
chemokine receptor type 4 (CXCR4); and hERG1-81 complex with KCNA3. Created with BioRender.com.

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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on HIF(s) expression through the PI3K-AKT-NF-«B
pathway (Crociani et al., 2013; Iorio et al., 2019). Finally,
the hERG1-p1 integrin complex can also include the
neonatal form of the voltage-dependent sodium channels
(nNay 1.5) (J. Iorio, unpublished data), which are over-
expressed in breast cancer (Fraser et al., 2005) and CRC
(Lastraioli et al., 2021).

The ion channel complex landscape

Ion channels operate, in excitable and non-excitable
cells, in a highly coordinated manner, within well
organised functional networks, which may also involve the
formation of multi-channel complexes. Such complexes
also occur and are operative in cancer cells, with
some interesting differences, which make ion channel
complexes highly relevant in tumour pathophysiology.
There are clear examples of multi-channel functional
complexes with regard to calcium signals. Store-operated
calcium entry in response to calcium depletion in intra-
cellular stores is typically mediated by the plasma
membrane Orail channels, which are activated by
STIM1 proteins, at the endoplasmic reticulum-plasma
membrane contact sites, through conformational
coupling (Yu & Machaca, 2022). In excitable cells, the
big conductance Ca®'-activated K' channels (BKc,)
and Cay channels associate, which can allow localised
Ca*"-dependent regulation of K* channels during action
potential repolarisation (Sancho & Kyle, 2021). A similar
mechanism is also operative for Ky 1.3 channels, which
form complexes with different Ca>" channels, with the
effect of amplifying Ca*" flux. In cancer cells, both
voltage-dependent and -independent Ca’" channels
interact with K channels, giving rise to complexes which
are regulated by several molecules including proteins
(e.g. STIM), receptors (e.g. SIR/SIGMAR1) and lipids
(mainly ether lipids and cholesterol) (Potier-Cartereau
et al., 2022).

In the heart, the inwardly rectifying potassium channel
Kir2.1 and Nayl.5 interact within a macromolecular
complex, modulating their respective expression levels,
thereby contributing to modulation of cardiac excitability
(Ponce-Balbuena et al., 2018). Similarly, the transcripts
encoding Nayl.5 and hERG1 (SCN5A and KCNH2,
respectively) have been reported to be associated
in ‘microtranslatomes, that is, complexes occurring
during protein translation. The SCNA5/KCNH2 ‘micro-
translatome’ serves to coordinate the expression levels
of the two currents in the heart (Eichel et al., 2019).
A similar situation apparently occurs in breast cancer
cells, where the two transcripts (and related proteins) are
upregulated in parallel (]. Iorio, unpublished data), but
in this case the ‘neonatal’ form of SCNA5 is involved.
hERGI is involved also in another interesting balancing
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of channel-encoding transcripts: in CRC cells hERG1
blockade leads to increased Kc,3.1 expression, both
transcript and protein, which in turn increases cisplatin
uptake and in turn induces apoptosis (Pillozzi et al., 2018).

Other functional complexes involve ion channels and
transporters to give rise to the so called ‘chansporter’
complexes. Examples are the complexes between
different Kys and sodium-coupled solute trans-
porters in neurons (Manville & Abbott, 2019) and
heteromeric KCNQ2-KCNQ3 (Kv7.2/7.3) (i.e. the
neuronal M-current) with two sodium-coupled neuro-
transmitter transporters, DAT and GLT1 (Manville
& Abbott, 2019). Cumulative evidence suggests that
‘chansporter’ complexes represent a widespread form of
cellular signalling hub, in the CNS and other tissues. In
GI tumours ‘chansporters’ between hERG1 and NHEI,
or hERGI and CAIX, which also include the 81 integrin,
regulate intracellular pH and cell migration (Iorio, Durant
et al., 2020).

The multiple channel-transporter complexes are
added to those between ion channels and their canonical
accessory subunits, which are necessary to fine tune
channel activity. Nay channels, for example, are
complexed with accessory 8 subunits, which not only
modulate channel gating and kinetics, but also represent
multifunctional signalling molecules involved in cell
adhesion, cell migration and neurite outgrowth (Bouza
& Isom, 2018). Interestingly, mutations in the g subunit
genes (SCN1B-SCN4B) have been linked to a variety of
diseases, including cancer (Roger et al., 2015). KCNQI
channels associate with KCNE1 to generate the slow
delayed rectifier (IKs) current in the heart (Hasani
et al, 2018), as well as with either KCNE2 (gastric)
or KCNE3 (intestinal), which apparently convert from
a voltage-dependent channel in the stomach into a
voltage-independent, constitutively open channel in
the intestine (Anderson et al., 2019). This has a clear
functional impact, since the KCNQI-KCNE2 complex
is essential for gastric acid secretion, whereas the baso-
lateral KCNQ1-KCNES3 establishes the driving force for
cAMP-mediated Cl~ secretion through cystic fibrosis
transmembrane conductance regulator, necessary for
mucus hydration, in intestinal crypts (Anderson et al,
2019). This scenario changes in tumours of the GI tract,
where KCNQ1 forms a complex with f-catenin, which
is hence sequestered at the plasma membrane level. This
limits B-catenin transcriptional activity. This mechanism
is relevant in CRC, where KCNQI behaves as a tumour
suppressor, presumably thanks to this change in the
function of B-catenin (Anderson et al., 2019). Similarly,
KCNE1 forms complexes with hERG1 channels in the
heart (Vandenberg et al., 2012) while it is replaced by the
B1 subunit of integrin receptors in tumours. This sub-
stitution is responsible for improving the functioning of
hERGI as a non-conductive signalling molecular device

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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(Becchetti et al.,, 2017). Quite similar is the situation
of Kv1.3, which associates with the KCNE4 accessory
subunit to trigger leukocyte activation (Immler et al,
2022) and complexes with the 81 subunits of integrins to
regulate migration in cancer cells (Artym & Petty, 2002).

Conclusion: the channel complexes landscape in
tumours

During neoplastic transformation, ion, in particular
potassium, channels are upregulated and often operate
within macromolecular complexes, as occurs for ion
channels expressed in normal excitable and non-excitable
tissues. However, channel macromolecular complexes
in tumours often comprise ‘non canonical’ proteins. A
prototype is represented by hERG1 and its propensity
to form complexes with cell adhesion receptors (e.g.
integrins) or growth factor receptors (e.g. EGF-R),
besides different ion transporters or channels. Another
peculiar aspect of channel complexes in tumours is
their localisation in those highly dynamic membrane
microdomains called lipid rafts. Lipid rafts are known
to determine several cellular functions including cell
migration and invasion (Greenlee et al., 2021). Recently,
the hERG1-f1 integrin complex has been shown to
specifically localise in lipid rafts in PDAC cells (C. Duranti
et al., unpublished results). Finally, when ion channels
operate within multiprotein complexes in tumours, they
often work in a non-conductive way, to trigger and
activate intracellular signalling cascades mainly through,
for example, conformational coupling (Forzisi & Sesti,
2022). We have provided evidence for hERGI, which
operates in tumours either as a conductive channel (to
trigger FAK and ERK phosphorylation and activation)
or within integrin complexes as a closed channel to
activate the PI3K-AKT signalling pathway (Becchetti
et al, 2017). This is reminiscent of what was recently
shown for SWELL1 (LRRC8A), which can switch its
canonical function as a swell-activated anion channel to
a signalling hub that regulates the PI3K-AKT signalling
pathway in either skeletal muscle or endothelial cells in
pathological conditions, such as type 2 diabetes (Kang
et al., 2018).

From a pharmacological standpoint, the multiprotein
complexes described above offer unique opportunities
for cancer cell targeting. The latter can be achieved
by using, for example, bispecific antibodies which can
simultaneously bind two or more proteins (Duranti &
Arcangeli, 2019; Duranti, Iorio et al., 2021), impairing
downstream signalling pathways. In addition, the
occurrence of non-conductive channels in multiprotein
complexes in tumours paves the way for targeting different
channel conformational states. Overall, we favour the
possible exploitation of the hERG1-B1 complex as

J Physiol 0.0

a molecular target for therapeutic purposes with a
specific therapeutic antibody (the single-chain diabody
hERG1-81) which impacts on cancer-relevant signalling
pathways, such as AKT and HIF-lo, which control
proliferation, migration and cancer progression (Duranti,
Iorio et al.,, 2021). In this regard, a proper validation of
this new tool is mandatory to better outline the possible
therapeutic application, alone or in combination with
standard drugs such a gemcitabine (Lottini et al., 2022) or
bevacizumab (Lottini et al., 2020).

References

Anderson, K. J., Cormier, R. T., & Scott, P. M. (2019). Role of
ion channels in gastrointestinal cancer. World Journal of
Gastroenterology, 25(38), 5732-5772.

Arcangeli, A. (2021). Engineering anti-hERG antibodies
for cancer treatment with high cardiac safety. In XXIIT
CONGRESSO SIRC.

Arcangeli, A., Becchetti, A., Mannini, A., Mugnai, G., De
Filippi, P, Tarone, G., Del Bene, M. R., Barletta, E., Wanke,
E., & Olivotto, M. (1993). Integrin-mediated neurite
outgrowth in neuroblastoma cells depends on the activation
of potassium channels. Journal of Cell Biology, 122(5),
1131-1143.

Arcangeli, A., Bianchi, L., Becchetti, A., Faravelli, L.,
Coronnello, M., Mini, E., Olivotto, M., & Wanke, E. (1995).
A novel inward-rectifying K* current with a cell-cycle
dependence governs the resting potential of mammalian
neuroblastoma cells. Journal of Physiology, 489(2), 455-471.

Arcangeli, A., Crociani, O., Lastraioli, E., Masi, A., Pillozzi, S.,
& Becchetti, A. (2009). Targeting ion channels in cancer: A
novel frontier in antineoplastic therapy. Current Medicinal
Chemistry, 16(1), 66-93.

Arcangeli, A., & Yuan, J. X. J. (2011). American Journal of
Physiology-Cell Physiology theme: Ion channels and trans-
porters in cancer. American Journal of Physiology. Cell
Physiology, 301(2), C253-C254.

Artym, V. V., & Petty, H. R. (2002). Molecular proximity of
Kv1.3 voltage-gated potassium channels and §1-integrins
on the plasma membrane of melanoma cells: Effects of cell
adherence and channel blockers. Journal of General Physio-
logy, 120(1), 29.

Barhanin, ., Lesage, E, Guillemare, E., Fink, M., Lazdunski,
M., & Romey, G. (1996). K(V)LQT1 and IsK (minK)
proteins associate to form the I(Ks) cardiac potassium
current. Nature, 384(6604), 78-80.

Becchetti, A. (2011). Ion channels and transporters in cancer.
1. Ion channels and cell proliferation in cancer. American
Journal of Physiology. Cell Physiology, 301(2), C255-C265.

Becchetti, A., Crescioli, S., Zanieri, F, Petroni, G., Mercatelli,
R., Coppola, S., Gasparoli, L., D’Amico, M., Pillozzi, S.,
Crociani, O., Stefanini, M., Fiore, A., Carraresi, L., Morello,
V., Manoli, S., Brizzi, M. E, Ricci, D., Rinaldi, M., Masi,

A., Schmidt, T., Quercioli, F, Defilippi, P., & Arcangeli,

A. (2017). The conformational state of hERG1 channels
determines integrin association, downstream signaling, and
cancer progression. Science Signaling, 10(473), eaaf3236.

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

85UB017 SUOWILLIOD 3AIIER.D 3deot|dde aU3 Aq paueA0B 81 S VO ‘35N JO S3|NJ 0} ARIqIT BUIUO /3|1 UO (SUORIPLIOD-PUR-SWRILIOD A8 | IM" AReAq)| U1 |UO//SANY) SUORIPUOD PUe swis | 8y} &8s *[2202/0T/L2] uo Ariqiauljuo As|IM 1} eUeI400D AQ OTEZSZAr/ETTT OT/I0P/W0D A8 M ARIq 1 U1 |U0-00sAud//SdNY WOy papeo|umod ‘0 ‘e6..697T



J Physiol 0.0

Becchetti, A., Duranti, C., & Arcangeli, A. (2022). Dynamics
and physiological meaning of complexes between ion
channels and integrin receptors: The case of Kv11.1.
American Journal of Physiology. Cell Physiology, 322(6),
C1138-C1150.

Becchetti, A., Petroni, G., & Arcangeli, A. (2019). Ion channel
conformations regulate integrin-dependent signaling.
Trends in Cell Biology, 29(4), 298-307.

Bonito, B., Sauter, D., Schwab, A., Djamgoz, M., & Novak,

I. (2016). K Ca 3.1 (IK) modulates pancreatic cancer cell
migration, invasion and proliferation: Anomalous effects on
TRAM-34. Pflugers Archiv: European Journal of Physiology,
468(11-12), 1865-1875.

Bouza, A. A., & Isom, L. L. (2018). Voltage-gated sodium
channel 8 subunits and their related diseases. Handbook
of Experimental Pharmacology, 246, 423-450.

Cazares-Ordonez, V., & Pardo, L. A. (2017). Kv10.1 potassium
channel: from the brain to the tumors. Biochemistry and
Cell Biology, 95(5), 531-536.

Cherubini, A., Hofmann, G., Pillozzi, S., Guasti, L., Crociani,
0., Cilia, E., Di Stefano, P, Degani, S., Balzi, M., Olivotto,
M., Wanke, E., Becchetti, A., Defilippi, P., Wymore, R., &
Arcangeli, A. (2005). Human ether-a-go-go-related gene
1 channels are physically linked to betal integrins and
modulate adhesion-dependent signaling. Molecular Biology
of the Cell, 16(6), 2972-2983.

Cherubini, A., Pillozzi, S., Hofmann, G., Crociani, O., Guasti,
L., Lastraioli, E., Polvani, S., Masi, A., Becchetti, A., Wanke,
E., Olivotto, M., & Arcangeli, A. (2002). HERG K™ channels
and B1 integrins interact through the assembly of a
macromolecular complex. Annals of the New York Academy
of Sciences 973, 559-561.

Crociani, O., Lastraioli, E., Boni, L., Pillozzi, S., Romoli, M.
R., D’Amico, M., Stefanini, M., Crescioli, S., Masi, A.,
Taddei, A., Bencini, L., Bernini, M., Farsi, M., Beghelli,

S., Scarpa, A., Messerini, L., Tomezzoli, A., Vindigni,

C., Morgagni, P, ..., & Arcangeli, A. (2014a). HERG1
channels regulate VEGF-A secretion in human gastric
cancer: Clinicopathological correlations and therapeutical
implications. Clinical Cancer Research, 20(6), 1502-1512.

Crociani, O., Lastraioli, E., Boni, L., Pillozzi, S., Romoli, M.
R., D’Amico, M., Stefanini, M., Crescioli, S., Masi, A.,
Taddei, A., Bencini, L., Bernini, M., Farsi, M., Beghelli,

S., Scarpa, A., Messerini, L., Tomezzoli, A., Vindigni,

C., Morgagni, P, ..., & Arcangeli, A. (2014b). Erratum:
HERGI channels regulate VEGF-A secretion in human
gastric cancer: Clinicopathological correlations and
therapeutical implications (Clinical Cancer Research (2014)
20 (1502-12)). Clinical Cancer Research, 20(9), 2501.

Crociani, O., Zanieri, E, Pillozzi, S., Lastraioli, E., Stefanini,
M., Fiore, A., Fortunato, A., D’Amico, M., Masselli, M.,

De Lorenzo, E., Gasparoli, L., Chiu, M., Bussolati, O.,
Becchetti, A., & Arcangeli, A. (2013). Hergl channels
modulate integrin signaling to trigger angiogenesis and
tumor progression in colorectal cancer. Science Reports,
3(1), 3308.

Ding, X., Luo, H., Luo, B., Xu, D., & Gao, S. (2008). Over-
expression of hERG1 in resected esophageal squamous
cell carcinomas: A marker for poor prognosis. Journal of
Surgical Oncology, 97(1), 57-62.

hERG1 in gastrointestinal tract tumours 11

Ding, X., Wang, X., Luo, H,, Tan, S., Gao, S., Luo, B., & Jiang,
H. (2008). Expression and prognostic roles of Eagl in
resected esophageal squamous cell carcinomas. Digestive
Diseases and Sciences, 53(8), 2039-2044.

Dolderer, J. H., Schuldes, H., Bockhorn, H., Altmannsberger,
M., Lambers, C., von Zabern, D., Jonas, D., Schwegler,

H., Linke, R., & Schroder, U. H. (2010). HERGI gene
expression as a specific tumor marker in colorectal
tissues. European Journal of Surgical Oncology, 36(1),
72-77.

Duranti, C., & Arcangeli, A. (2019). Ion channel targeting with
antibodies and antibody fragments for cancer diagnosis.
Antibodies, 8, 33.

Duranti, C., Iorio, J., Lottini, T., Lastraioli, E., Crescioli, S.,
Bagni, G., Lulli, M., Capitani, C., Bouazzi, R., Stefanini,
M., Carraresi, L., lamele, L., De Jonge, H., & Arcangeli, A.
(2021). Harnessing the hERG1/81 integrin complex via a
novel bispecific single-chain antibody: An effective strategy
against solid cancers. Molecular Cancer Therapeutics, 20(8),
1338.

Duranti, C., Lastraioli, E., Iorio, J., Capitani, C., Carraresi,

L., Gonnelli, L., & Arcangeli, A. (2021). Expression
and purification of a novel single-chain diabody
(scDb-hERG1/B1) from Pichia pastoris transformants.
Protein Expression and Purification, 184, 105879.

Eichel, C. A., Rios-Pérez, E. B, Liu, E, Jameson, M. B., Jones,
D. K., Knickelbine, J. J., & Robertson, G. A. (2019). A
microtranslatome coordinately regulates sodium and
potassium currents in the human heart. eLife, 8, e52654.

Feng, ], Yu, ], Pan, X,, Li, Z,, Chen, Z., Zhang, W,

Wang, B., Yang, L., Xu, H., Zhang, G., & Xu, Z. (2014).
HERGI functions as an oncogene in pancreatic cancer
and is downregulated by miR-96. Oncotarget, 5(14),
5832-5844.

Forzisi, E., & Sesti, E (2022). Non-conducting functions of
ion channels: The case of integrin-ion channel complexes.
Channels, 16(1), 185-197.

Fraser, S. P, Diss, J. K. J., Chioni, A.-M., Mycielska, M. E.,
Pan, H., Yamaci, R. E, Pani, E, Siwy, Z., Krasowska, M.,
Grzywna, Z., Brackenbury, W. J., Theodorou, D., Koyutiirk,
M., Kaya, H., Battaloglu, E., De Bella, M. T., Slade, M. J.,
Tolhurst, R., Palmieri, C, ..., & Djamgoz, M. B. A.(2005).
Voltage-gated sodium channel expression and potentiation
of human breast cancer metastasis. Clinical Cancer Research,
11(15), 5381-5389.

Greenlee, J. D., Subramanian, T., Liu, K., & King, M. R. (2021).
Rafting down the metastatic cascade: The role of lipid rafts
in cancer metastasis, cell death, and clinical outcomes.
Cancer Research, 81(1), 815-817.

Hasani, H. J., Ganesan, A., Ahmed, M., & Barakat, K. H.
(2018). Effects of protein-protein interactions and ligand
binding on the ion permeation in KCNQI1 potassium
channel. PLoS One, 13(2), €0191905.

Hofschroer, V., Najder, K., Rugi, M., Bouazzi, R., Cozzolino,
M., Arcangeli, A., Panyi, G., & Schwab, A. (2021). Ion
channels orchestrate pancreatic ductal adenocarcinoma
progression and therapy. Frontiers in Pharmacology, 11,
586599.

Huang, X., & Jan, L. Y. (2014). Targeting potassium channels
in cancer. Journal of Cell Biology, 206(2), 151-162.

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

85UB017 SUOWILLIOD 3AIIER.D 3deot|dde aU3 Aq paueA0B 81 S VO ‘35N JO S3|NJ 0} ARIqIT BUIUO /3|1 UO (SUORIPLIOD-PUR-SWRILIOD A8 | IM" AReAq)| U1 |UO//SANY) SUORIPUOD PUe swis | 8y} &8s *[2202/0T/L2] uo Ariqiauljuo As|IM 1} eUeI400D AQ OTEZSZAr/ETTT OT/I0P/W0D A8 M ARIq 1 U1 |U0-00sAud//SdNY WOy papeo|umod ‘0 ‘e6..697T



12 A. Arcangeli and others

Immler, R., Nadolni, W., Bertsch, A., Morikis, V., Rohwedder,

I., Masgrau-Alsina, S., Schroll, T., Yevtushenko, A.,
Soehnlein, O., Moser, M., Gudermann, T., Barnea, E.
R., Rehberg, M., Simon, S. I, Zierler, S., Pruenster, M.,
& Sperandio, M. (2022). The voltage-gated potassium
channel KV1.3 regulates neutrophil recruitment
during inflammation. Cardiovascular Research, 118(5),
1289-1302.

Iorio, J., Antonuzzo, L., Scarpi, E., D’Amico, M., Duranti,
C., Messerini, L., Sparano, C., Caputo, D., Lavacchi,

D., Borzomati, D., Antonelli, A., Nibid, L., Perrone, G.,
Coppola, A., Coppola, R., di Costanzo, E, Lastraioli, E.,

& Arcangeli, A. (2022). Prognostic role of hERG1 potassium
channels in neuroendocrine tumours of the ileum and
pancreas. International Journal of Molecular Sciences,
23(18), 10623.

Iorio, J., Duranti, C., Lottini, T., Lastraioli, E., Bagni, G.,
Becchetti, A., & Arcangeli, A. (2020). Ky11.1 potassium
channel and the Na™/H* antiporter NHE1 modulate
adhesion-dependent intracellular ph in colorectal cancer
cells. Frontiers in Pharmacology, 11, 848.

Iorio, J., Lastraioli, E., Tofani, L., Petroni, G., Antonuzzo,

L., Messerini, L., Perrone, G., Caputo, D., Francesconi,
M., Amato, M. M., Cadei, M., Arcangeli, G., Villanacci,
V., Boni, L., Coppola, R., Di Costanzo, E, & Arcangeli,
A. (2020). hERG1 and HIF-2« behave as biomarkers

of positive response to bevacizumab in metastatic
colorectal cancer patients. Translational Oncology, 13(3),
100740.

Iorio, J., Petroni, G., Duranti, C., & Lastraioli, E. (2019).
Potassium and sodium channels and the warburg effect:
Biophysical regulation of cancer metabolism. Bioelectricity,
1(3), 188-200.

Kang, C,, Xie, L., Gunasekar, S. K., Mishra, A., Zhang,

Y., Pai, S, Gao, Y., Kumar, A., Norris, A. W., Stephens,

S. B., & Sah, R. (2018). SWELLI is a glucose sensor
regulating B-cell excitability and systemic glycaemia. Nature
Communications, 9(1), 1-13.

Lai, W,, Liu, L., Zeng, Y., Wu, H., Xu, H., Chen, S., & Chu, Z.
(2013). KCNN4 Channels participate in the EMT induced
by PRL-3 in colorectal cancer. Medical Oncology, 30(2), 556.

Lastraioli, E., Perrone, G., Sette, A., Fiore, A., Crociani, O.,
Manoli, S., D’Amico, M., Masselli, M., Iorio, J., Callea,

M., Borzomati, D., Nappo, G., Bartolozzi, E, Santini, D.,
Bencini, L., Farsi, M., Boni, L., Di Costanzo, E, Schwab,
A, ..., & Arcangeli, A.(2015). HERGI channels drive
tumour malignancy and may serve as prognostic factor
in pancreatic ductal adenocarcinoma. British Journal of
Cancer, 112(6), 1076-1087.

Lastraioli, E., Lottini, T., Iorio, J., Freschi, G., Fazi, M.,
Duranti, C., Carraresi, L., Messerini, L., Taddei, A.,
Ringressi, M. N., Salemme, M., Villanacci, V., Vindigni,
C., Tomezzoli, A., Mendola, R. L., Bencivenga, M.,
Compagnoni, B., Chiudinelli, M., Saragoni, L., ..., &
Arcangeli, A.(2016). hERG1 behaves as biomarker of
progression to adenocarcinoma in Barrett’s esophagus
and can be exploited for a novel endoscopic surveillance.
Oncotarget, 7(37), 59535-59547.

J Physiol 0.0

Lastraioli, E., Bencini, L., Bianchini, E., Romoli, M. R.,
Crociani, O., Giommoni, E., Messerini, L., Gasperoni, S.,
Moretti, R., di Costanzo, E, Boni, L., & Arcangeli, A. (2012).
hERGI channels and Glut-1 as independent prognostic
indicators of worse outcome in stage I and II colorectal
cancer: A pilot study. Translational Oncology, 5(2),
105-112.

Lastraioli, E., Fraser, S., Guzel, R., Iorio, J., Bencini, L.,
Scarpi, E., Messerini, L., Villanacci, V., Cerino, G., Ghezzi,
N., Perrone, G., Djamgoz, M., & Arcangeli, A. (2021).
Neonatal Nav1.5 protein expression in human colorectal
cancer: Immunohistochemical characterization and clinical
evaluation. Cancers, 13(15), 3832.

Lastraioli, E., Guasti, L., Crociani, O., Polvani, S., Hofmann,
G., Witchel, H., Bencini, L., Calistri, M., Messerini, L.,
Scatizzi, M., Moretti, R., Wanke, E., Olivotto, M., Mugnai,
G., & Arcangeli, A. (2004). hergl gene and HERGI protein
are overexpressed in colorectal cancers and regulate
cell invasion of tumor cells. Cancer Research, 64(2),
606-611.

Lastraioli, E., Iorio, J., & Arcangeli, A. (2015). Ion
channel expression as promising cancer biomarker.
Biochimica et Biophysica Acta — Biomembranes, 1848(10),
2685-2702.

Lastraioli, E., Iorio, J., Petrelli, F, Tomezzoli, A., Battista,

S., Ambrosio, M. R., Chiudinelli, M., De Salvatore, E,
Messerini, L., Villanacci, V., Saragoni, L., & Arcangeli, A.
(2022). hERGI potassium channel expression in colorectal
adenomas: Comparison with other preneoplastic lesions
of the gastrointestinal tract. Current Issues in Molecular
Biology, 44(3), 1326-1331.

Lastraioli, E., Pillozzi, S., Mari, A., Tellini, R., Duranti, C,,
Baldazzi, V., Venturini, S., Minervini, A., Lapini, A., Nesi,
G., Carini, M., & Arcangeli, A. (2019). hERGI and CA
IX expression are associated with disease recurrence in
surgically resected clear cell renal carcinoma. European
Journal of Surgical Oncology, 46(1), 209-215.

Lastraioli, E., Romoli, M. R., Iorio, J., Lottini, T., Chiudinelli,
M., Bencivenga, M., Vindigni, C., Tomezzoli, A., De
Manzoni, G., Compagnoni, B., Manzi, I., Messerini,

L., Saragoni, L., & Arcangeli, A. (2019). The hERG1
potassium channel behaves as prognostic factor in gastric
dysplasia endoscopic samples. OncoTargets and Therapy, 12,
9377-9384.

Lastraioli, E., Taddei, A., Messerini, L., Comin, C. E., Festini,
M., Giannelli, M., Tomezzoli, A., Paglierani, M., Mugnali,
G., De Manzoni, G., Bechi, P,, & Arcangeli, A. (2006).
hERGI channels in human esophagus: Evidence for
their aberrant expression in the malignant progression of
Barrett’s esophagus. Journal of Cellular Physiology, 209(2),
398-404.

Lottini, T., Martinelli, M., Duranti, C., Capitani, C., Iorio, J.,
Sala, C., Lastraioli, E., & Arcangeli, A. (2022). Evaluation
of the therapeutic efficacy of a bifunctional antibody in
combination with chemotherapeutic drugs, in a mouse
model of pancreatic adenocarcinoma (PDAC) generated
by eco-guided imaging. In EACR 2022 Congress Abstracts,
p. 939.

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

85UB017 SUOWILLIOD 3AIIER.D 3deot|dde aU3 Aq paueA0B 81 S VO ‘35N JO S3|NJ 0} ARIqIT BUIUO /3|1 UO (SUORIPLIOD-PUR-SWRILIOD A8 | IM" AReAq)| U1 |UO//SANY) SUORIPUOD PUe swis | 8y} &8s *[2202/0T/L2] uo Ariqiauljuo As|IM 1} eUeI400D AQ OTEZSZAr/ETTT OT/I0P/W0D A8 M ARIq 1 U1 |U0-00sAud//SdNY WOy papeo|umod ‘0 ‘e6..697T



J Physiol 0.0

Lottini, T., Stefanini, M., Iorio, J., & Arcangeli, A. (2020).
Study of the effects of a combination therapy in a
subcutaneous mouse models of colorectal cancer
(CRC) with ultrasound and photoacoustic imaging. In
European Molecular Imaging Meeting EMIM. Available at:
https://www.eventclass.org/contxt_emim2020/online-
program/session?s=PW16#e202.

Manoli, S., Coppola, S., Duranti, C., Lulli, M., Magni,

L., Kuppalu, N., Nielsen, N., Schmidt, T., Schwab, A.,
Becchetti, A., & Arcangeli, A. (2019). The activity of Kv
11.1 potassium channel modulates F-Actin organization
during cell migration of pancreatic ductal adenocarcinoma
cells. Cancers, 11(2), 135.

Manville, R. W., & Abbott, G. W. (2019). Teamwork: Ion
channels and transporters join forces in the brain. Neuro-
pharmacology, 161, 107601.

Marshall, H. T., & Djamgoz, M. B. A. (2018).
Immuno-oncology: Emerging targets and combination
therapies. Frontiers in Oncology, 8, 315.

Morris, S. M., Davison, J., Carter, K. T., O’Leary, R. M.,
Trobridge, P., Knoblaugh, S. E., Myeroff, L. L., Markowitz,
S. D., Brett, B. T, Scheetz, T. E., Dupuy, A. ], Starr, T. K,,
& Grady, W. M. (2017). Transposon mutagenesis identifies
candidate genes that cooperate with loss of transforming
growth factor-beta signaling in mouse intestinal neoplasms.
International Journal of Cancer, 140(4), 853-863.

Muratori, L., Petroni, G., Antonuzzo, L., Boni, L., Iorio, J.,
Lastraioli, E., Bartoli, G., Messerini, L., Di Costanzo, E,

& Arcangeli, A. (2016). HERG1 positivity and Glut-1
negativity identifies high-risk TNM stage I and II colorectal
cancer patients, regardless of adjuvant chemotherapy.
OncoTargets and Therapy, 9, 6325-6332.

Quadid-Ahidouch, H., Ahidouch, A., & Pardo, L. A. (2016).
Kv10.1 K* channel: From physiology to cancer. Pflugers
Archiv: European Journal of Physiology, 468(5), 751-762.

Ousingsawat, J., Spitzner, M., Puntheeranurak, S., Terracciano,
L., Tornillo, L., Bubendorf, L., Kunzelmann, K., & Schreiber,
R. (2007). Expression of voltage-gated potassium channels
in human and mouse colonic carcinoma. Clinical Cancer
Research, 13(3), 824-831.

Pardo, L. A., & Stithmer, W. (2014). The roles of K* channels
in cancer. Nature Reviews. Cancer, 14(1), 39-48.

Petroni, G., Bagni, G., Iorio, J., Duranti, C., Lottini, T,
Stefanini, M., Kragol, G., Becchetti, A., & Arcangeli, A.
(2020). Clarithromycin inhibits autophagy in colorectal
cancer by regulating the hERG1 potassium channel inter-
action with PI3K. Cell Death ¢ Disease, 11, 161.

Pillozzi, S., D’Amico, M., Bartoli, G., Gasparoli, L., Petroni, G.,
Crociani, O., Marzo, T., Guerriero, A., Messori, L., Severi,
M., Udisti, R., Wulff, H., Chandy, K. G., Becchetti, A., &
Arcangeli, A. (2018). The combined activation of K Ca 3.1
and inhibition of K v 11.1/hERG1 currents contribute to
overcome Cisplatin resistance in colorectal cancer cells.
British Journal of Cancer, 118(2), 200-212.

Pillozzi, S., Masselli, M., De Lorenzo, E., Accordi, B., Cilia,
E., Crociani, O., Amedei, A., Veltroni, M., D’Amico, M.,
Basso, G., Becchetti, A., Campana, D., & Arcangeli, A.
(2011). Chemotherapy resistance in acute lymphoblastic
leukemia requires hERG1 channels and is overcome by
hERGTI blockers. Blood, 117(3), 902-914.

hERG1 in gastrointestinal tract tumours 13

Ponce-Balbuena, D., Guerrero-Serna, G., Valdivia, C. R,
Caballero, R., Diez-Guerra, E ], Jiménez-Véazquez, E.

N., Ramirez, R. J., Monteiro Da Rocha, A., Herron, T. J.,
Campbell, K. E, Cicero Willis, B., Alvarado, E J., Zarzoso,
M., Kaur, K., Pérez-Hernandez, M., Matamoros, M.,
Valdivia, H. H., Delpén, E., & Jalife, J. (2018). Cardiac
Kir2.1 and NaV1.5 channels traffic together to the
sarcolemma to control excitability. Circulation Research,
122(11), 1501-1516.

Potier-Cartereau, M., Raoul, W.,, Weber, G., Mahéo,

K., Rapetti-Mauss, R., Gueguinou, M., Buscaglia, P,
Goupille, C., Le Goux, N., Abdoul-Azize, S., Lecomte,
T., Fromont, G., Chantome, A., Mignen, O., Soriani, O.,
& Vandier, C. (2022). Potassium and calcium channel
complexes as novel targets for cancer research. Reviews
of Physiology, Biochemistry and Pharmacology, 183,
157-176.

Prevarskaya, N., Skryma, R., & Shuba, Y. (2018). Ion channels
in cancer: Are cancer hallmarks oncochannelopathies?
Physiological Reviews, 98(2), 559-621.

Rapetti-Mauss, R., Berenguier, C., Allegrini, B., & Soriani,
O. (2020). Interplay between ion channels and the
wnt/f-catenin signaling pathway in cancers. Frontiers in
Pharmacology, 11, 525020.

Roger, S., Gillet, L., Le Guennec, J., & Besson, P. (2015).
Voltage-gated sodium channels and cancer: Is excitability
their primary role? Frontiers in Pharmacology, 6, 152.

Rosati, B., Marchetti, P, Crociani, O., Lecchi, M., Lupi,

R., Arcangeli, A., Olivotto, M., & Wanke, E. (2000).
Glucose- and arginine-induced insulin secretion by
human pancreatic beta-cells: The role of HERG K*
channels in firing and release. FASEB Journal, 14(15),
2601-2610.

Sancho, M., & Kyle, B. D. (2021). The large-conductance,
calcium-activated potassium channel: A big key regulator
of cell physiology. Frontiers in Physiology, 12, 750615.

Sanguinetti, M., Jiang, C., Curran, M., & Keating, M. (1995).
A mechanistic link between an inherited and an acquired
cardiac arrhythmia: HERG encodes the IKr potassium
channel. Cell, 81(2), 299-307.

Sanguinetti, M. C., Curran, M. E,, Zou, A., Shen, J., Spector, P.
S., Atkinson, D. L., & Keating, M. T. (1996). Coassembly of
K(V)LQT1 and minK (IsK) proteins to form cardiac I(Ks)
potassium channel. Nature, 384(6604), 80-83.

Schwab, A., Nechyporuk-Zloy, V., Gassner, B., Schulz, C.,
Kessler, W., Mally, S., Rémer, M., & Stock, C. (2012).
Dynamic redistribution of calcium sensitive potassium
channels (hK Ca3.1) in migrating cells. Journal of Cellular
Physiology, 227(2), 686-696.

Vallon, V., Grahammer, E, Volkl, H., Sandu, C. D,, Richter,
K., Rexhepaj, R., Gerlach, U., Rong, Q., Pfeifer, K.,

& Lang, F. (2005). KCNQ1-dependent transport in
renal and gastrointestinal epithelia. PNAS, 102(49),
17864-17869.

Vandenberg, J. I, Perry, M. D., Perrin, M. J., Mann, S. A,,
Ke, Y,, & Hill, A. P. (2012). hERG K™ channels: Structure,
function, and clinical significance. Physiological Reviews,
92(3), 1393-1478.

Yu, F, & Machaca, K. (2022). The STIM1 phosphorylation
saga. Cell Calcium, 103, 102551.

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

85UB017 SUOWILLIOD 3AIIER.D 3deot|dde aU3 Aq paueA0B 81 S VO ‘35N JO S3|NJ 0} ARIqIT BUIUO /3|1 UO (SUORIPLIOD-PUR-SWRILIOD A8 | IM" AReAq)| U1 |UO//SANY) SUORIPUOD PUe swis | 8y} &8s *[2202/0T/L2] uo Ariqiauljuo As|IM 1} eUeI400D AQ OTEZSZAr/ETTT OT/I0P/W0D A8 M ARIq 1 U1 |U0-00sAud//SdNY WOy papeo|umod ‘0 ‘e6..697T


https://www.eventclass.org/contxt_emim2020/online-program/session?s=PW16#e202
https://www.eventclass.org/contxt_emim2020/online-program/session?s=PW16#e202

14 A. Arcangeli and others

Additional information

Competing interests

None.

Author contributions

A.A. designed, wrote and supervised the manuscript; C.D. wrote
the manuscript and prepared the figures; ].I. prepared the figures
and wrote the manuscript; E.L. performed bibliographical
researches, prepared the figures and wrote the manuscript.
All authors have read and approved the final version of this
manuscript and agree to be accountable for all aspects of the
work in ensuring that questions related to the accuracy or
integrity of any part of the work are appropriately investigated
and resolved. All persons designated as authors qualify for
authorship, and all those who qualify for authorship are listed.

Funding

This research was funded by Associazione Italiana per la Ricerca
sul Cancro (AIRC, grant no. 1662, 15627 and IG 21510) to
A.A., PRIN Italian Ministry of University and Research (MIUR)
‘Leveraging basic knowledge of ion channel network in cancer

J Physiol 0.0

for innovative therapeutic strategies (LIONESS)’ 20174TB8KW
to A.A., pHioniC: European Union’s Horizon 2020 grant No
813834 to A.A. C.D. was supported by a AIRC fellowship
for Italy ‘Francesco Tonni’ ID 24020. J.I. was supported by
Regione Tocana fellowship within the project ‘Progetti di
alta formazione attraverso l'attivazione di Assegni di Ricerca’
(MutCoP project).

Acknowledgements

Open Access Funding provided by Universita degli Studi di
Firenze within the CRUI-CARE Agreement.

Keywords

gastrointestinal tract, hERG1, potassium channels, tumour

Supporting information

Additional supporting information can be found online in the
Supporting Information section at the end of the HTML view of
the article. Supporting information files available:

Peer Review History

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

85U017 SUOWIWIOD AITER1D) 3dedl|dde aup Ag peusenob ae sejoiie YO ‘8sn Jo sa|nu oy Ariqi8uljuO /8|1 UO (SUOTHPUOD-pUeR-SLLRYL0D A3 1M Afe.q)1[BU1|UO//SANY) SUOTIPUOD pue SWe | 8U1 88S *[220z/0T/22] Uo Akeiq1auliuo A1 B1feleURIL00D AQ 0TEZ8ZAL/ETTT OT/I0p/W0 A8 | 1M Aeuq 1 pulu0-00sAydy/:sdny woy pspeojumod ‘0 ‘€6/269%T



