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Could venom-derived therapeutics resolve
treatment resistance in refractory EAC?

Lou Freuville*, Chloé Matthys ™#, Quentin Gilliaux®, Lionel D’Hondt®, and Jean-Pierre Gillet © '

The incidence of esophageal adenocarcinoma is rising in Western countries.
Despite advances in chemotherapy and immunotherapy, the prognosis remains
poor, with an overall 5-year survival rate below 15%. A major challenge is the
cancer’s poor and often unpredictable response to current treatments. Animal
venoms represent a promising yet underexplored source of therapeutic agents,
offering millions of structurally diverse and highly potent bioactive peptides
that can modulate a wide array of molecular targets. However, only a small
fraction of these peptides has been pharmacologically characterized. This
review presents the therapeutic potential of venom-derived peptides in cancer
treatment, summarizes the role of ion channels in esophageal adenocarcinoma
(EAC), and discusses peptides targeting ion channels that may offer new
opportunities for future EAC treatment.

Harnessing venoms to tackle treatment resistance in esophageal
adenocarcinoma

Esophageal cancer is associated with high mortality and poor prognosis, with a 5-year survival
rate ranging from 5 to 15% [1], largely due to diagnosis at advanced clinical stages. Although
esophageal squamous cell carcinoma (ESCC) remains the most prevalent subtype worldwide,
its incidence has declined over the past 4 decades, whereas esophageal adenocarcinoma
(EAC) has become predominant in developed countries [2]. EAC responds poorly to chemotherapy
and radiotherapy, and clinical responses to immunotherapy (see Glossary), alone or in combina-
tion, remain heterogeneous. Even with multimodal treatment strategies, long-term survival remains
limited, underscoring an urgent need for innovative therapeutic strategies capable of addressing
treatment resistance and disease heterogeneity.

Animal venoms are complex mixtures of bioactive molecules that have evolved to interact with
defined molecular targets, including ion channels and G protein-coupled receptors (Box 1).
Despite an estimated 40 million distinct toxins across more than 220 000 venomous species
[7], fewer than 5000 have been pharmacologically characterized. Recent advances in omics
technologies and mass spectrometry have enabled systematic venom exploration, giving rise
to venomics [8]. This review article examines venomics as a discovery platform for oncology,
with a specific focus on EAC, highlighting ion channels as emerging molecular vulnerabilities
and discussing venom-derived peptides that modulate these targets.

The key challenges in treating EAC

Barrett’s esophagus (BE) is the only known premalignant precursor to EAC. Although the likeli-
hood of progression from nondysplastic BE to invasive adenocarcinoma is relatively low, this
risk rises significantly once dysplasia develops. Progression rates are estimated at approximately
1-13% for low-grade dysplasia and may reach up to 20% in cases of high-grade dysplasia [9].
Notably, approximately 95% of patients with EAC do not have a prior diagnosis of BE, and
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Box 1. Venom composition

Venomous animals are found across a wide range of taxa and habitats [3]. Venoms are composed of hundreds to thousands
of biologically active molecules, depending on species. The active components of venoms are primarily peptides and
proteins, although various enzymes such as L-amino oxidases, phospholipases Ao, proteinases, acetylcholinesterases,
and hyaluronidases are also commonly present. In addition to proteins, venoms contain nonproteinaceous compounds,
including salts, amino acids, and lipids. Venom composition is highly species-specific, and even within a species, geographic
variations have been observed. As a result, the proportions of venom components can vary significantly.

In snake venoms, four primary and six secondary protein families have been identified [4]. The main families include phos-
pholipases A,, metalloproteinases, serine proteases, and three-finger toxins. Phospholipases A, are found in nearly all
snake species, whereas other components, such as defensins, tend to be more species-specific.

Scorpion venom-derived peptides fall into two broad categories: those with disulfide bridges and those without [5]. The
disulfide-rich peptides are further subclassified based on their molecular targets, such as sodium, potassium, or calcium
ion channels. The nondisulfide peptides include short antimicrobial peptides and bradykinin-potentiating peptides.

Spider venoms, like those of scorpions, are rich in disulfide-containing peptides. These toxins primarily target ion channels,
particularly VGSCs and VGCCs [6].

most cases are diagnosed at an advanced stage (T3-T4 based on the cTNM staging system),
thereby limiting curative treatment options. Only a few candidates are eligible for endoscopic
resection, while others require chemoradiotherapy and surgery. Patient responses to chemother-
apy, chemoradiotherapy, and immunotherapy are highly variable. Neoadjuvant and perioperative
treatments can increase postoperative complications and mortality. The effectiveness of immu-
notherapy is often limited to programmed death-ligand 1 (PD-L1)-positive tumors, with uncertain
benefit in others. For locally advanced, nonoperable, or metastatic EAC, several targeted ther-
apies have been approved, including trastuzumab, trastuzumab—-deruxtecan, ramucirumab,
zolbetuximab, nivolumab, and pembrolizumab [10]. Despite targeting multiple pathways
[human epidermal growth factor receptor 2 (HER2), PD-L1, vascular endothelial growth factor
receptor 2 (VEGFR2), and Claudin 18.2], resistance often develops, and many patients lack
actionable mutations. There is a critical need for better biomarkers to guide therapy choices
and predict treatment responses. Even with aggressive multimodal therapy, long-term survival
remains low, with an overall 5-year survival rate of 10.6% [11], highlighting the urgent need for
novel treatments.

Venoms as a tool for next-generation therapies

Although the number of compounds produced through synthetic chemistry has increased five-
fold since the mid-1980s, the number of FDA-approved drugs has not risen proportionally.
One contributing factor is the restricted chemical diversity of contemporary drug libraries,
which are largely shaped by a limited set of reaction chemistries, leading to an overrepresentation
of structurally similar molecules [12]. Venom-derived peptides offer an alternative source of struc-
turally diverse, biologically validated molecules shaped by evolutionary pressure to achieve high
potency and selectivity toward defined targets, including ion channels and G protein-coupled
receptors [3]. To date, 11 venom-derived drugs have reached clinical use, primarily in pain,
thrombosis, and metabolic disorders [13].

Venom-derived peptides in cancer therapy

Although no venom-derived anticancer drug is currently approved, several candidates have
entered clinical or late preclinical development. Crotoxin (CTX), a neurotoxic complex isolated
from the venom of the rattlesnake Crotalus durissus terrificus, has been investigated in a
Phase 1 clinical trial in patients with refractory solid tumors, administered intravenously
(NCT01481532)). The study was expected to be completed in December 2025, and the results
have not yet been published.
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Glossary

Animal venom: has been defined as ‘a
secretion, produced in a specialized
gland in an animal, and delivered to a
target animal through the infliction of a
wound’ [3].

Channelopathy: a group of diseases
caused by ion channel dysfunction.
cTNM: clinical tumor-node-metastasis
staging includes determination of the
depth of local invasion by the primary
tumor (T), the presence and number of
regional lymph nodes involved (N), and
the presence or absence of distant
metastasis (M).

Ferroptosis: iron-dependent
programmed cell death, characterized
by the accumulation of lipid reactive
OoXygen species.

Genome-wide association study
(GWAS): a research approach used in
genetics to associate specific genetic
variations with diseases.
Immunotherapy: a type of cancer
treatment that uses the immune system
to fight cancer.

Mucin: a high molecular weight
glycoprotein secreted at the surface of
epithelial cells to protect the epithelium
from external aggressions.

Omics: several areas of biology
research, such as genomics,
transcriptomics, and proteomics, are
defined by the investigation of the entire
complement of a specific type of
biomolecule or the totality of a molecular
process within an organism.
Oncogene: a mutated gene that
originates from a nonmutated gene
called a proto-oncogene, which has the
potential to cause cancer.
Phospholipase A2: an enzyme that
catalyzes the hydrolysis of the ester
bond in position 2 of
glycerophospholipids.

Targeted therapy: a type of cancer
treatment that uses substances that
target cancer cells, in contrast to
chemotherapy, which kills all dividing
cells. Targeted therapies are either
small-molecule drugs or monoclonal
antibodies.
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More targeted venom-derived peptides are also progressing in clinical development. SOR-C13
is a truncated peptide derived from soricidin, found in the saliva of the northern short-tailed
shrew (Blarina brevicauda). SOR-C13 inhibits the calcium channel Transient Receptor Potential
Vanilloid 6 (TRPV6) and has completed Phase 1 clinical trials in solid tumors (NCT01578564"
and NCT03784677") [14]. TRPV6, when overexpressed, is linked to tumor aggressiveness,
metastatic potential, and poor prognosis in multiple cancer types [15]. Although TRPV6 is
expressed in the superficial layers of the esophageal epithelium, it is downregulated in
ESCC, and its expression status in EAC remains unclear.

Beyond clinically advanced candidates, a broad array of venom-derived peptides from diverse
animal sources has demonstrated anticancer activity in preclinical models [3]. For example, scor-
pion venom peptides, such as chlorotoxin and potassium channel blockers, have demonstrated
inhibition of tumor cell proliferation, migration, and invasion in glioma and other solid tumor
models by targeting chloride and potassium channels involved in cell volume regulation and motil-
ity [16,17]. In parallel, snake venom peptides display multifaceted anticancer effects, including
membrane disruption, apoptosis induction, and metastasis inhibition, indicating that venoms
can influence tumor biology through diverse mechanisms [18].

Collectively, these studies establish venoms as a reservoir of anticancer lead compounds, while
also revealing a critical limitation: most candidates have been evaluated outside disease-
specific molecular contexts. Aligning venom peptide targets with EAC-relevant vulnerabilities is,
therefore, essential and forms the focus of the following sections.

Venom-derived peptides in esophageal cancer treatment

Several studies have evaluated venom-derived peptides in esophageal cancer, predominantly
focusing on ESCC, with limited investigation in EAC (Table 1). Early studies examined CTX,
which inhibited Eca-109 cell proliferation, increased apoptotic and G1-phase populations, and
reduced tumor growth and angiogenesis in xenograft models [19]. Subsequent work confirmed
variable cytotoxic sensitivity across ESCC cell lines (KYSE30 and KYSE270), with CTX exhibiting
lower cytotoxicity than gemcitabine, a standard chemotherapeutic agent [20]. Crotoxin’s mech-
anism relies on its phospholipase A2 subunit, with limited tumor specificity.

Additional compounds, including toad venom bufadienolides, induce apoptosis via Na*/
K*-ATPase inhibition in ESCC cells while sparing normal cells in some experimental settings
[22]. Melittin, the major peptide of Apis mellifera venom, radiosensitizes ESCC cells. Melittin
modulates Wnt signaling, which is implicated in the progression from BE to adenocarcinoma,
but requires encapsulation to mitigate hemolytic toxicity [24-26]. Overall, these studies high-
light biological activity in ESCC but have limited relevance to EAC-specific vulnerabilities.

Beyond modulating ion channels, venom-derived peptides activate a wide range of anticancer
mechanisms, including membrane disruption, enzymatic hydrolysis of phospholipids, inhibition
of ion pumps such as Na*/K*-ATPase, modulation of oncogenic signaling pathways, and
induction of regulated cell death programs [16,18]. Although these mechanisms can produce
potent cytotoxic effects in vitro, they often lack disease-specific selectivity and are associated
with narrow therapeutic windows, particularly in epithelial tissues such as the esophagus. In the
context of EAC, where chronic inflammation and barrier fragility already limit treatment toler-
ance, this nonspecific cytotoxicity represents a major obstacle to translation. In contrast, ion
channel dysregulation in EAC offers a mechanistic opportunity to exploit tumor-specific depen-
dencies, allowing venom peptides to act as precision modulators rather than broad-spectrum
cytotoxic agents.
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Table 1. Venom-derived molecules tested on esophageal cancer cells

Toxin used Composition Target Organism  Genus, species, ESCC cell line
and subspecies
CTX Heterodimer {3-neurotoxin Snhake C. d. terrificus Eca-109
composed of a
nontoxic and
nonenzymatic
component and a toxic
phospholipase A2
CTX Snake C. d. terrificus KYSE30 and
KYSE270
Arenobufagin Steroid Na*/K*-ATPase Toad Bufo gargarizans Eca-109,
EC9706, TES5,
Hec2, and
TE11
Bufotalin Steroid Na*/K*-ATPase Toad B. gargarizans Eca-109,
EC9706, TES5,
Hec2, and
TE11
Melittin Peptide Cytotoxin Bee A. mellifera Eca-109 and
The positively TE13
charged amino
acids enable it to
pierce holes directly
through cell
membranes
Modified melittin: Peptide Bee A. mellifera TEA

pc-telomerase
reverse
transcriptase
(TERT)-melittin

Venom-derived peptides targeting ion channels to advance the treatment of EAC
lon channels are transmembrane proteins that contain an aqueous pore and regulate the
exchange of specific ions. This transport requires no energy. lon channels are classified
according to the type of ion they transport (Ca®* K*, etc.) and their opening/closing mechanism
(voltage, ligands, etc.) (Box 2). They are involved in ion homeostasis across membranes, which
is crucial for many cellular processes, from electrical stimulation to proliferation. Some ion
channels are involved in cancer processes [34,35]. Indeed, dysfunction or abnormal expres-
sion of certain ion channels can dysregulate cellular processes, leading to the transformation
of a normal cell into a malignant cell [36]. For this reason, cancer has been described as a
form of channelopathy.

Several ion channels are differentially expressed in EAC compared with normal tissue
(Figure 1).
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Effects

- Inhibition of cell
growth

- Induction of
apoptosis

- Induction of cell cycle
arrest in G1 phase

- Reduction in tumor
size in vivo

- Inhibition of cell
growth

- Inhibition of cell
growth

- Induction of
apoptosis

- Reduction in tumor
size in vivo

- Inhibition of cell
growth

- Induction of
apoptosis

- Reduction in tumor
size in vivo

- Increase
radiosensitivity in vitro
and in vivo

- Radiation + melittin =
increased apoptosis

- Inhibition of Bax

- Inhibition of cell
growth

- Induction of
apoptosis

- Increase in ROS
production

- Inhibition of cell
migration and
invasion

- Induction of cell cycle
arrest
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Box 2. lon channels

Potassium (K*) channels constitute the largest and most diverse family of ion channels and are divided into four classes:
calcium-activated (Kcy), voltage-gated (Ky), inwardly rectifying (K;), and tandem-pore domain (K2P) channels. Voltage-
gated potassium channels are essential for membrane repolarization during action potentials and play a role in controlling
membrane potential, ion homeostasis, and secretory processes [27]. Beyond excitability, K" channels regulate cellular
processes such as proliferation, differentiation, migration, cell cycle progression, and apoptosis, contributing to oncogenic
phenotypes when dysregulated [28].

Chloride (CI") channels and transporters not only contribute to membrane excitability but also participate in nonexcitable
cell functions, including regulation of intracellular pH, cell volume, metabolism, inflammation, apoptosis, and immune
responses. Altered chloride flux can influence cytoskeletal dynamics and cell motility, and dysregulation of CI” channels
has been linked to malignant transformation and tumor progression in epithelial cancers [29].

Calcium (Ca®*) channels, classified as voltage- or ligand-gated, regulate intracellular signaling. Acting as a second
messenger, Ca>* controls gene transcription, cell motility, proliferation, and programmed cell death. Tight spatial and tem-
poral regulation of Ca®* signaling is essential for cellular homeostasis, and aberrant calcium influx or intracellular Ca®*
release can promote tumor growth, invasion, and therapy resistance [30].

VGSCs, classically associated with excitable tissues, are increasingly recognized as functional regulators in nonexcitable
cancer cells. Persistent sodium currents at depolarized resting membrane potentials can influence intracellular Na* and
Ca®* homeostasis, extracellular acidification, and cytoskeletal remodeling. Aberrant expression of Nay channel isoforms
has been associated with enhanced migration, invasion, and metastatic potential in solid tumors [31].

ASICs are proton-gated, voltage-independent cation channels belonging to the epithelial sodium channel (ENaC) family.
Functional ASICs assemble as homo- or heterotrimers. While predominantly studied in neuronal tissues, ASICs are
increasingly implicated in cancer, where extracellular acidosis is a feature of the tumor microenvironment. In particular,
ASIC1a has been linked to cancer cell proliferation, migration, and invasion through Ca®*-dependent signaling pathways
[32].

TRP channels represent a superfamily of nonselective cation channels, subdivided into several families including TRPA
(Ankyrin), TRPC (Canonical), TRPM (Melastatin), and TRPV. TRP channels function as cellular sensors of chemical,
mechanical, and thermal stimuli and regulate Ca®* and Na* entry. In cancer, altered TRP channel expression or activity
has been associated with changes in cell survival, stemness, migration, and responses to environmental stressors,
underscoring their role as modulators of tumor behavior [33].

Potassium channels

In EAC, increasing evidence indicates that potassium channels are not merely passive markers of
malignant transformation but actively participate in tumor biology, although their functional char-
acterization remains less advanced than in other epithelial malignancies [37].

Among potassium channel subfamilies, members of the KCNQ (K\7) family have recently
emerged as particularly relevant in EAC. The Ky 7.1 channels, encoded by KCNQ1, requires asso-
ciation with KCNE auxiliary subunits for full functionality. K7.1 plays a well-established role in
gastric luminal pH regulation in the gastrointestinal tract when associated with KCNE2, whereas
association with KCNE3 results in a constitutively active channel. In the context of EAC, KCNQT1 is
downregulated in tumor tissues, supporting a potential tumor-suppressive function. In con-
trast, KCNQ3 is frequently overexpressed and hypermutated in EAC and displays multiple hall-
marks of an oncogene [38]. Functional studies indicate that KCNQ3 overexpression promotes
cell proliferation and is often accompanied by coamplification of the MYC locus, positioning it
as an indirect therapeutic target in a disease where MYC itself remains largely undruggable. More-
over, KCNQS3 has been implicated in Wnt signaling regulation, a pathway central to EAC patho-
genesis [39]. Interestingly, specific genomic alterations in KCNQ3 may preferentially enhance
noncanonical Wnt signaling, potentially reducing metastatic dissemination, highlighting the
context-dependent complexity of its functional impact [38]. Collectively, these findings support
KCNQQ as a more plausible potassium channel target in EAC than KCNQ1. However, its sys-
temic inhibition raises substantial cardiac safety concerns, limiting its therapeutic attractiveness.
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Figure 1. lon channel remodeling and venom-derived peptides in Barrett's esophagus (BE) and esophageal
adenocarcinoma (EAC). Schematic representation of ion channel dysregulation during progression from BE to malignant
EAC. Remodeling of K*, Ca®*, Na*, CI', and metal transport pathways integrates bioelectric signaling, Ca* dynamics, pH
control, and iron metabolism to drive proliferation, invasion, chemoresistance, and metastasis. Venom-derived peptides
selectively inhibit several of these channels, exposing actionable vulnerabilities in EAC. Channels shown in shades of red are
upregulated; channels in shades of blue are downregulated. Solid lines indicate experimentally supported mechanisms,
whereas dotted lines represent proposed links. This figure was drawn using BioRender (www.biorender.com). ASIC1/3/4:
acid-sensing ion channel 1/3/4; CFTR: cystic fibrosis transmembrane conductance regulator.

Other potassium channels, notably those of the Ky, 1 and the human Ether-a-go-go-Related Gene
(hERG, KCNH2) families, are also thought to be overexpressed in cancers of the esophagus and
upper digestive tract, where they have been associated with increased proliferation and survival,
although their direct functional validation in EAC remains limited. K\, 11.1 (hERG1) is well known for
its implication in long QT syndrome when deficient [38]. Indeed, this channel mediates the hyperpo-
larizing K* current underlying the cardiac action potential repolarization, making it essential for normal
cardiac physiology. Consequently, pharmacological modulation of hERG channels can lead to QT
interval prolongation and potentially severe arrhythmias, which represent a major constraint when
considering this channel in therapeutic strategies [40]. Beyond its physiological role in the heart,
hERG1 has been reported to be under- or overexpressed in many types of human cancers [41].
Interestingly, hERG1 is overexpressed in BE and EAC and is associated with malignant progression
to EAC. This suggests that hERG1 may be a biomarker to identify patients whose BE lesions will
progress to EAC [42]. Although functional studies directly linking hERG activity to oncogenic pro-
cesses in EAC are still limited, data from other epithelial cancers support a role in regulating prolifer-
ation, survival, and cellular signaling, supporting further investigation in EAC-specific models [40,41].

Mechanistically, potassium channels in EAC are likely to contribute to tumor progression through both
conductance-dependent effects, by shaping membrane polarization and calcium influx, and noncon-
ductive roles involving interactions with oncogenic signaling pathways such as phosphatidylinositol 3'
-kinase(PI3K)-Akt, MAPK (Mitogen-activated protein kinases), and Wnt. Nevertheless, important lim-
itations remain. Most available data rely on bulk transcriptomic analyses, with relatively limited valida-
tion at the protein and electrophysiological levels in patient-derived samples. In addition, functional
studies employ pharmacological inhibitors with suboptimal subtype selectivity, complicating the attri-
bution of observed phenotypes to individual channels.

Several peptides have been identified as inhibitors of potassium channels relevant to EAC. The
Ssm Spooky Toxin (SsTx), isolated from the venom of the golden-headed centipede Scolopendra
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subspinipes mutilans, inhibits KCNQ channels, with a particular affinity for KCNQ1 [43]. More
recently, the 3-KTx14.3 toxin from the scorpion Lychas mucronatus inhibits approximately
50% of the KCNQ1 current at micromolar concentrations (22 uM) [44]. SjAPI-2, from Scorpiops
Jjendeki, represents the first Ascaris-type fold peptide reported to inhibit KCNQ1, further
expanding the diversity of venom-derived KCNQ modulators [45]. In parallel, BeKm-1, from
Buthus eupeus, and APETx1, from the sea anemone Anthopleura elegantissima, exhibit high
specificity toward hERG1 without affecting other potassium channels [46]. Additional peptides
from sea anemone, sea snail, and scorpion venoms have since been reported to modulate
hERG channel activity [46-49].

However, structural similarity does not necessarily translate into functional equivalence. APETx2,
despite sharing 76% sequence homology and a similar three-dimensional structure with APETx1,
selectively targets acid-sensing ion channel 3 (ASIC3) rather than potassium channels [50]. At
higher concentrations, APETx2 can also inhibit several voltage-gated sodium channels
(VGSCs)—Nav1.2, Nav1.6, and Nav1.8—highlighting potential issues of selectivity and off-
target effects [51]. More broadly, many venom-derived peptides, including Her1b toxins from
Heteractis crispa, PcTx1 from Psalmopoeus cambridgei, Hila from Hadronyche infensa, and
mambalgins from Dendroaspis species, primarily target ASIC channels rather than potassium
channels [48,50,52-56]. While these toxins exhibit anticancer activity in several solid tumor
models, their relevance to EAC remains indirect at present [57,58].

Taken together, venom-derived potassium channel inhibitors provide valuable molecular probes
and promising lead structures to explore ion channel dependencies in EAC. However, a major
gap remains between channel inhibition and demonstrated therapeutic relevance. Future studies
will need to establish whether targeting KCNQS, hERG1, or other potassium channels translates
into meaningful anticancer effects in EAC-specific models, while carefully addressing selectivity,
cardiac safety, and delivery constraints.

Calcium channels

In epithelial tissues, calcium signaling is orchestrated by a complex toolkit comprising voltage-
gated calcium channels (VGCCs), ligand-gated channels, intracellular Ca®* release channels,
and associated regulatory proteins. In EAC, systematic analyses of this calcium toolkit have
begun to reveal specific alterations with potential functional relevance.

Large-scale transcriptomic profiling of 275 Ca* toolkit-encoding genes in EAC, based on The
Cancer Genome Atlas and OCCAMS datasets, revealed widespread alterations in calcium
signaling components [59]. Across both datasets, 68 genes were consistently upregulated
in EAC compared with normal esophageal tissue. Among these, the VGCC pore-forming sub-
unit a1D (CACNA1D) and the auxiliary a2d4 subunit (CACNA2D4) ranked among the top
genes based on weighted significance and association with patient survival. CACNA1D
expression correlated with advanced tumor grade and metastatic disease, whereas
CACNA2D4 upregulation was restricted to metastatic stages. Although both subunits have
been implicated in other malignancies, their precise functional contribution to EAC biology
remains undefined.

Additional complexity is illustrated by the auxiliary VGCC subunit CACNB2. While CACNBZ2 is
predominantly expressed in cardiac tissue and associated with Brugada syndrome, epigenetic
alterations suggest a possible tumor-suppressive role in the esophageal epithelium [G0].
CACNB?2 is hypermethylated in BE but transcriptionally upregulated in EAC tumors [61], pointing
to context-dependent functions, epigenetic heterogeneity, or compensatory mechanisms during
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tumor progression. Notably, CACNB2 has been implicated in chemotherapy resistance in ESCC
[62]. However, direct functional validation in EAC models is currently lacking.

Venom-derived peptides provide highly selective molecular probes of calcium signaling, particu-
larly through modulation of intracellular Ca* release channels. Scorpion venoms are rich in
calcium-active toxins, including calcins, a family of small cell-penetrating peptides (CPPs)
targeting ryanodine receptors (RyRs) with nanomolar affinity (63]. Imperacalcin and maurocalcin,
isolated from Pandinus imperator and Scorpio maurus palmatus, respectively, potently activate
RyR1 and RyR2 [64,65]. In addition, CPP-Ts, from Tityus serrulatus venom, activates inositol
1,4,5-trisphosphate receptors (InsP3Rs) and displays preferential internalization into cancer
cells, positioning it as a potential intracellular delivery vector rather than a direct cytotoxic agent
[66]. Ongoing venom research continues to expand the repertoire of calcium-modulating
peptides, as illustrated by k-LhTx-1, an inhibitor of L-type calcium channels from Pandercetes
sp. spider venom [67].

Despite their mechanistic precision, venom peptides targeting calcium channels currently lack a
clear translational link to EAC. The channels most frequently targeted by venom-derived pep-
tides, particularly RyRs, are not known to be functionally dysregulated in EAC. However, this
apparent disconnect may partly reflect historical research biases in toxinology, where certain
ion channel families have been extensively studied while others remain largely unexplored. This
contrast highlights a recurring gap between venom pharmacology and disease-specific channel
remodeling, emphasizing that target relevance, rather than peptide potency, should guide candi-
date prioritization in EAC. Consequently, systematic venom screening approaches directed
toward ion channels implicated in EAC may help uncover peptides with previously unrecognized
therapeutic or diagnostic potential.

Chloride channel

Chloride channels play a central role in epithelial physiology by regulating ion and fluid transport,
epithelial barrier function, and luminal pH. Among them, the cystic fibrosis transmembrane con-
ductance regulator (CFTR) is the best-characterized chloride channel in the gastrointestinal
tract. CFTR s expressed at the apical surface of luminal epithelial cells, where it mediates chloride
and bicarbonate transport along their electrochemical gradients. CFTR contributes to mucus
hydration and epithelial secretions. Loss-of-function mutations in CFTR cause cystic fibrosis, a
multisystem disease characterized by highly viscous secretions and profound respiratory and
gastrointestinal dysfunction [68].

Beyond inherited disease, CFTR has emerged as a molecule of interest in cancer biology, partic-
ularly in epithelial malignancies of the gastrointestinal tract [69,70]. Epidemiological data indicate
that patients with cystic fibrosis exhibit an increased susceptibility to several cancers, including
BE and EAC. Supporting a direct link between CFTR and esophageal tumorigenesis,
genome-wide association studies (GWASs) identified a risk locus for BE and EAC
(rs17451754) located within intron 21 of the CFTR gene. This finding suggests that genetic vari-
ation affecting CFTR expression or regulation may contribute to disease susceptibility, potentially
through shared pathophysiological mechanisms linking gastroesophageal reflux disease and BE
[71]. Consistent with this hypothesis, CFTR expression is significantly downregulated in EAC
compared with normal esophageal epithelial cells [69]. Functional analyses further revealed that
CFTR silencing promotes invasive behavior, at least in part through deregulation of the nuclear
factor kappa-light chain enhancer of activated B cell (NF-«B) signaling, positioning CFTR as a
negative regulator of proinflammatory and proinvasive signaling. Collectively, these findings sup-
port a tumor-suppressive role for CFTR in EAC. However, they also indicate that CFTR itself is
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unlikely to represent a viable therapeutic target, as its inhibition would be expected to exacerbate
rather than restrain malignant progression. Instead, altered CFTR expression appears to provide
insight into disease mechanisms and progression rather than offering a direct avenue for pharma-
cological intervention.

In contrast to CFTR, other chloride channels and chloride channel-associated complexes have
been explored as potential therapeutic targets in cancer using venom-derived peptides. The
most extensively studied example is chlorotoxin, derived from the venom of the scorpion Leiurus
quinquestriatus. Chlorotoxin was initially characterized as a chloride channel inhibitor but was
subsequently shown to interact with a broader molecular complex that includes matrix
metalloproteinase-2 (MMP-2), annexin A2, estrogen receptor a, and neuropilin-1. These proteins
are critically involved in cell migration, invasion, and extracellular matrix remodeling. Chlorotoxin
has, therefore, been widely investigated in glioblastoma and neuroblastoma, where it exhibits
tumor-targeting properties and has been exploited for both imaging and therapeutic applications
[72].

Despite these advances, the relevance of chloride channel-targeting toxins, such as chlorotoxin,
for EAC remains uncertain. While CFTR dysregulation clearly contributes to EAC pathophysiol-
ogy, its tumor-suppressive role argues against therapeutic inhibition. Moreover, the chloride
channel complexes targeted by chlorotoxin have not been functionally validated in EAC, and
their expression patterns in esophageal tumors remain poorly defined. This highlights a broader
limitation in the field. Although chloride channels and associated proteins are increasingly recog-
nized as modulators of cancer cell behavior, their functional contribution to EAC has not been
explored with the same depth as potassium or calcium channels. Future studies will, therefore,
be required to determine whether chloride channels other than CFTR represent actionable vulner-
abilities in EAC and whether venom-derived peptides can be repurposed as selective probes to
interrogate their role in tumor invasion and progression.

Sodium channels

VGSCs are increasingly recognized as being aberrantly expressed and functionally repurposed in
several cancers [31]. In EAC, transcriptomic analyses reveal the deregulation of sodium channel-
related pathways, although functional data remain limited. Notably, ASICs, a subfamily of sodium-
permeable channels activated by extracellular acidosis, appear particularly relevant. ASIC4
expression is associated with patient survival and is upregulated across multiple EAC grades
[59], while ASIC1 and ASICS are also overexpressed compared with normal tissue. Despite
these observations, the precise contribution of ASICs to EAC progression, invasion, or therapy
resistance remains largely unexplored.

Data specifically linking VGSC subtypes to EAC remain scarce. However, in other gastrointestinal
cancers, including gastric and colorectal cancer, VGSCs such as Nay1.1, Nay1.5, and Nay1.7
are strongly implicated, with their overexpression correlating with increased invasiveness and
poor prognosis [73,74]. Mechanistically, persistent sodium currents at permissive membrane
potentials elevate intracellular Na* levels, indirectly enhancing Ca®* signaling through Na*/Ca®*
exchanger reversal or activation of VGCCs, thereby promoting migratory and invasive
phenotypes [75]. However, direct experimental validation of these coupled mechanisms remains
limited, highlighting a general gap between correlative expression data and functional causality.

Venom-derived peptides provide some of the most selective pharmacological tools to interrogate
sodium channel function. Spider venoms are rich in Nay-targeting peptides with defined subtype
selectivity. Peptides such as ProTx-lll, HWTx-IV, CyrTx-1a, PhiTx1, and GrTx-1 preferentially
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Clinician’s corner

Esophageal cancer is the seventh
most common cancer worldwide,
with 604 100 new cases diagnosed in
2020, representing a significant global
health burden.

Esophageal adenocarcinoma remains
a major clinical challenge, with a 5-
year survival rate of approximately
10%, despite the development of
novel therapeutic options such as
immunotherapies, anti-human epi-
dermal growth factor receptor 2
agents, and anti-claudin therapies.
Chemoresistance and tumor hetero-
geneity continue to limit treatment
efficacy.

Despite the implementation of novel
biomarkers and clinical tests designed
to predict the progression of
Barrett’s esophagus to esophageal
adenocarcinoma and enhance patient
screening, the disease is frequently
diagnosed in advanced stages,
complicating the management of
affected individuals.

Given that cancer is being described
as a form of channelopathy, it would
be beneficial to investigate the
expression of ion channels in
esophageal adenocarcinoma stages
to gain a deeper understanding of
the disease’s pathogenesis. If we
could identify genes that are
responsible for chemoresistance, it
would be worthwhile to consider
incorporating ion channel inhibitors
into standard chemotherapy
regimens. It could also be interesting
to predict which patients would be
most at risk of not responding to
treatment.

Venoms are a rich source of novel
compounds that are structurally
distinct from molecules currently
implemented in clinical practice. The
selectivity and efficacy of venom-
derived peptides have already been
demonstrated in the context of other
therapeutic applications, including the
management of diabetes and pain.

The success of venom-derived peptides
in the treatment of esophageal adeno-
carcinomais contingent upon the identifi-
cation of an appropriate target and the
mitigation of limitations associated with
safety, pharmacokinetics, and delivery.
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inhibit neuronal Nay, subtypes (Nay1.1-1.3, Nay1.6, and Nay1.7) while sparing Nay1.5 and other
channel families [76]. However, the sodium channel subtypes most extensively targeted by
venom peptides do not yet clearly overlap with those implicated in EAC, limiting immediate trans-
lational relevance.

An exception lies in ASIC-targeting toxins. PcTx1, a highly selective ASIC1a inhibitor from
P. cambridgei venom, suppresses cation currents and invasive behavior in glioblastoma models,
providing proof of concept that proton-sensitive sodium channels can be pharmacologically
exploited in acidic tumor microenvironments [77]. APETx2, from A. elegantissima venom, is a
specific inhibitor of ASIC3 [50]. Given the upregulation of ASIC1, ASIC3, and ASIC4 in EAC,
ASIC-directed venom peptides may represent a more disease-relevant entry point than classical
VGSC inhibitors.

Sodium channels emerge as biologically plausible but underexplored targets in EAC. While
expression data support their involvement, the lack of functional validation in EAC-specific
models remains a major limitation. Venom-derived peptides should, therefore, be viewed primar-
ily as high-precision tools to dissect sodium channel dependencies in EAC, with ASIC-targeting
peptides representing the most promising candidates for future therapeutic exploration.

Nonselective cation channels

Several nonselective cation channels of the transient receptor potential (TRP) family have
been implicated in EAC, although functional data remain limited. High TRPM5 expression
has been associated with improved overall survival in EAC patients [59]. A proposed protec-
tive mechanism is that TRPM5-mediated Na* influx promotes mucin secretion, potentially
reinforcing the esophageal barrier; however, this remains largely speculative and requires
experimental validation.

Transcriptomic analyses further identified TRPC4 and TRPM2 among the highest-ranked ion
channels in EAC [59], while TRPV2 was consistently upregulated across both TCGA and
OCCAMS datasets. In other malignancies, TRPV2 has been linked to cancer stem cell
populations, and pharmacological inhibition with Tranilast selectively increased cancer stem cell
sensitivity and reduced tumor growth in vivo [78]. Whether TRPV2 plays a similar role in EAC
remains unexplored.

From a translational perspective, venom-derived peptides targeting TRP channels remain scarce
in the context of EAC. SOR-C13, a peptide inhibitor of TRPV6, has shown activity in ESCC [79],
but the expression and functional relevance of TRPV6 in EAC are currently unknown. This
highlights a recurrent limitation: while TRP channels emerge from transcriptomic studies as can-
didates of interest, their mechanistic roles and suitability as therapeutic targets in EAC remain
largely unexplored.

Other ion channels

Other ion channels and transporters are involved in the pathogenesis of EAC. SLC11A2 encodes
the Divalent Metal Transporter DMT1, a key mediator of dietary iron uptake in enterocytes. Com-
ponents of the iron import machinery, including DMT1, are overexpressed during the progression
from BE to EAC, leading to increased intracellular iron levels and enhanced proliferative capacity
[80]. However, the functional consequences of this dysregulation remain ambiguous. While inhi-
bition of DMT1 induces ferroptosis in head and neck cancer models [81], increased DMT1
expression has been associated with ferroptotic sensitivity in other cancer types [82,83], sug-
gesting context-dependent effects that have not yet been explored in EAC.
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To achieve this, research is primarily
focused not only on modifying amino
acids and incorporating additional mole-
cules but also on inventive delivery
methods. Furthermore, venom-derived
peptides could be employed as carriers
for other therapeutic agents. A deeper
understanding of the molecular mecha-
nisms involved in tumor progression
could lead to significant advances in
clinical practice, with the potential for a
paradigm shift in the way that cancer is
treated.
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Altered intracellular pH regulation also represents a key feature of EAC. NHE1 (Sodium hydrogen
exchanger isoform 1) (SLC9AT) activity is increased in BE, leading to transient intracellular alkalin-
ization and enhanced cell proliferation [84]. Inhibition of NHE1 reduces proliferation in acid- and
bile acid-exposed BE models [85] and induces apoptosis in EAC cells, where NHE1 expression
is elevated. NHE2 (isoform 2) (SLC9A2) is also expressed in BE cells [86], though its functional role
remains unclear. Together, these findings support a role for dysregulated proton transport in both
early adaptation and tumor cell survival.

GRIN2D encodes a subunit of the NMDA glutamate receptor involved in Ca®* signaling and is
upregulated in EAC samples [59]. It has, therefore, been proposed as a potential diagnostic
marker [87].

Compared with potassium, calcium, or sodium channels, direct links between these transporters
and venom-derived peptides are limited. Scorpion antimicrobial peptides, such as Smp43 and
Smp24 from S. m. palmatus, display anticancer activity in several tumor models via apoptosis,
pyroptosis, and mitochondrial dysfunction [88,89], but these effects are largely nonspecific and
not directly linked to defined ion channel targets relevant to EAC.

Overall, these transporters highlight important metabolic and homeostatic adaptations in EAC.
However, their therapeutic exploitability remains uncertain, and future studies should clarify
whether they represent actionable vulnerabilities or adaptive bystanders in EAC progression.

Concluding remarks

Despite the growing number of venom-derived peptides reported to display anticancer activity,
their translation toward clinical applications, particularly in solid tumors such as EAC, remains
limited. Traditional discovery pipelines have largely prioritized in vitro target engagement or cyto-
toxicity, often overlooking critical in vivo constraints, including rapid proteolysis, short systemic
half-life, and limited bioavailability [90]. Consequently, many peptides with compelling pharmaco-
logical profiles fail to progress beyond early validation. Bridging this gap will require a shift toward
developability-driven prioritization, in which biological activity is evaluated alongside stability,
selectivity, and translational feasibility from the earliest stages of discovery [91].

Artificial intelligence and bioinformatics now provide powerful tools to support this transition [92].
Omics-scale venom resources can be leveraged to improve toxin annotation, identify conserved
scaffolds, and rank candidates by integrating predicted potency with sequence features associ-
ated with stability and toxicity. Importantly, interpretable computational models can highlight key
residues and structural motifs governing target selectivity, enabling rational peptide redesign
rather than empirical optimization [93]. When combined with structural biology and functional
assays, these approaches offer a coherent framework to transform venom peptides from natural
products into engineered therapeutic leads [94].

Beyond discovery challenges, major biological barriers must be addressed in the context of EAC.
A central limitation is balancing pharmacological potency with acceptable safety profiles, partic-
ularly regarding nonspecific cytotoxicity [18]. Many venom peptides are evolutionarily optimized
for rapid immobilization or tissue damage and may induce off-target effects through memibrane
disruption or excessive ion flux [95]. This is especially relevant in EAC, where the esophageal epi-
thelium is intrinsically fragile and chronically exposed to inflammation and acid reflux. However,
emerging evidence suggests that tumor-specific remodeling of ion channel expression may con-
fer selective vulnerability to certain venom-derived peptides, providing a rationale for functional
selectivity [34].
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Outstanding questions

Which ion channels constitute true
functional dependencies in esophageal
adenocarcinoma, rather than
correlative expression changes, and
how do they mechanistically drive
carcinogenesis and chemoresistance
in patients?

To what extent does ion channel
remodeling predict treatment response,
and can channel activity serve as a
stratification biomarker in esophageal
adenocarcinoma?

Which venom-derived peptides could
be discovered through targeted
screening of ion channels functionally
dysregulated in esophageal
adenocarcinoma?

How can venom-derived peptides
selectively target tumor-specific chan-
nel states while minimizing systemic
on-target toxicity in normal tissues?

What delivery and engineering
strategies (e.g., stabilization, tumor-
targeted transport, and half-life exten-
sion) are required to translate venom
peptides into clinically viable agents
for solid tumors?

Could venom-derived peptides be
integrated into rational combination
regimens with chemotherapy, targeted
therapy, or immunotherapy, or even
serve as selective carriers for cytotoxic
payloads?

Beyond ion channels, are there
additional venom peptide targets that
converge on key esophageal
adenocarcinoma hallmarks such as
invasion, metastasis, immune escape,
or microenvironmental adaptation?
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Addressing these limitations will require systematic integration of chemical and structural
optimization strategies [96]. Sequence minimization, structure-guided residue substitution, incor-
poration of noncanonical amino acids, cyclization, and disulfide bond surrogates can attenuate
nonspecific cytotoxicity while improving stability and pharmacokinetic profiles [97]. In parallel,
delivery technologies such as nanocarriers and peptide-mediated targeting can enhance biodis-
tribution and intracellular access [98,99].

Importantly, venom-derived peptides should not be considered as standalone alternatives to
existing treatments. Given the intrinsic limitations of chemotherapy, radiotherapy, targeted ther-
apy, and immunotherapy as monotherapies, venom peptides are best envisioned as comple-
mentary agents within combination strategies, capable of enhancing therapeutic efficacy or
reducing dose-limiting toxicity [100]. By embracing venom peptides as evolutionarily optimized
starting points rather than fixed end products, the field can move toward clinically meaningful
innovation for EAC. The conceptual and translational priorities that will shape this evolution are
summarized (see Outstanding questions).
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