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1. INTRODUCTION

1.1. Cancer

Cancer is one of the leading causes of death worldwide, with an estimated 20 million new
cases and 9.7 million deaths reported in 2022, and epidemiological projections predict.a 77%
increase in annual cases by 2050 [1]. This increasing burden reflects both population growth
and aging, but it is also driven by exposure to different lifestyle and environmental risk factors,
including tobacco use, unhealthy diet, physical inactivity, and alcohol consumption, as well as
air pollution and carcinogens [2]. Despite many advances_ineancer detection and treatment,
millions are still diagnosed with and die of cancer each year, indicating the complexity of this
disease and the existing limitations of current’ diagnostic technologies and treatment

accessibility.

Cancer develops and progresses as cells gradually acquire capabilities that enable their
malignant growth and the evasion of regulatory controls, known as the hallmarks of cancer
(Figure 1) [3]. These include sustained proliferative signaling, where cancer gells continuously
divide by producing their owngrowth factors,increasing the number of growth factor receptors
to amplify signaling, or.altering downstream signaling pathways, such as MAPK or PI3K, to
remain constitutively active [3]. In parallel, cancer cells evade growth suppresseors, including
the tumor suppressor protein p53; which normally halts the€ell cyclerand triggers apoptosis in
response to DNA damage; while also developing resistance to«cell death [3]. To sustain their
growth, cancer cellssinduce angiogenesis, the formation,of newsblood vessels, to secure the
oxygen and nutrients necessary for cancerproagression. Once established, many cancer cells
acquire the ability to Invade surrounding tissues and metastasize to,distant organs [3]. Metabolic
reprogramming is another important hallmark of‘cancer, allowing it to sustain the increasing
bioenergetic and biosynthetic demands. Cancer cells shift toward aerobic glycolysis, a
phenomenon known as the Warburg effect, which enables them to rapidly generate ATP while
simultaneously producing precursors needed for cell growth and division [3]. Furthermore,
accumulation of genomic instability'and mutations enhances genetic diversity within the tumor,
enabling adaptation to different microenvironments and therapeutic pressures [3]. Cancer cells
also evade the immune system by downregulating antigen presentation, and shape the
microenvironment through chronic tumor-promoting inflammation, releasing additional growth
factors, cytokines, and proangiogenic signals [3]. More recently, new hallmarks of cancer were
described, including cellular plasticity, which allows phenotype switches and adaptation that

enables therapy resistance; nonmutational epigenetic reprogramming, which alters gene



expression without changes in the DNA sequence; the presence of senescent cells, whose
secretory phenotype remodels the microenvironment; and the effect of the microbiome, which

modulates inflammation, immune function and therapy response [3]. These interconnected
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Figure 1. Schematic representation of the hallmarks of cancer, adapted from [3]

Hallmarks of cancer include sustaining proliferative signaling, evading growth suppressors,
nonmutational epigenetic reprogramming, evading immune destruction, enabling replicative
immortality, tumor-promoting inflammation, polymorphic microbiomes, senescent cells, invasion,
metastasis, angiogenesis, genome instability and mutation, cell death resistance, deregulating cellular
metabolism, and unlocking phenotypic plasticity.



1.1.1. Breast Cancer

Breast cancer is the most frequently diagnosed cancer and the leading cause of cancer-
related death among women worldwide [1]. Different genetic, hormonal, reproductive, and
lifestyle-related factors influence breast cancer risk. Non-modifiable risk factors, include
increasing age, reproductive and hormonal factors, for example, early’menarche, late age at first
pregnancy, fewer or no pregnancies, shorter or no breastfeeding, and the use of pastmengpausal
hormone replacement therapy, family history of breast cancer or BRCAL or BRCA2 gene
inherited mutations, and prior therapeutic chest radiation at a young age. Beyond these, different
modifiable exposures, including obesity, excessive alcohel consumption, tobacco use, and
physical inactivity, affect breast cancer development.risk [4]}¢ However, many breast cancers
occur in women with no identifiable risk factors.Ratient outcomedvaries widely depending on
the stage at diagnosis, tumor subtype, and access to effective therapy, ranging from surgery and
radiotherapy to systemic treatments such as chemotherapy, endocrine therapy, targeted therapy,

and immunotherapy [5].

Breast cancer is a genetically'and clinically heterogeneous disease, which,explains why
patients experience different progneses andrresponses to therapy< This heterogeneity isseflected
in different molecular alterations, but,also in tumor morphology and behavier. In clinical
practice, the pathohistelogical, report provides informationsforadiagnosis, prognosis, and
treatment plan; and<includes parameters as tumor size, lymph nede involvement, and
histological, grade. The first determinant of diseaseStage and outcome is tumor size. Small
localizeditumars, classified as T1 (< 2 cm), generally have amore favorable prognosis, whereas
intermediate-size tumors (T2, 2-5 cm) and larger tumors (T3;,> 5 c¢cm) are associated with
increasing risk of metastasis and recurrence, and tumors classified as T4 invade the chest wall
or skin and correlate with poorer outcomes [8]. Lymph'node involvement serves as a prognostic
indicator, distinguishing node-negative, cases from increasing numbers of positive axillary
nodes, which indicate a higher risk of recurrence and metastasis [8]. And third,
histopathological grade reflects* cell«@ifferentiation and proliferation. Low-grade, well-
differentiated tumors tend to be more slow-growing and less aggressive, while high-grade,
poorly differentiated tumors grow rapidly and are more aggressive, whereas intermediate

tumors fall between these two categories [8].

Histologically, the majority of breast cancers are adenocarcinomas, most often invasive
carcinoma of no special type (formerly known as invasive ductal carcinoma), followed by

invasive lobular carcinoma [6]. Less common histological subtypes of breast cancer are tubular,



mucinous, adenoid cystic, cribriform, medullary, apocrine, micropapillary, and metaplastic
carcinomas. Breast cancers are also classified as in situ or invasive. In situ carcinomas,
including ductal carcinoma in situ and lobular carcinoma in situ, are confined to ducts or lobules
without breaching the basement membrane. Carcinomas become invasive when tumor cells

infiltrate the surrounding stroma and gain metastatic potential (Figure.2).

Histological
classification

Ductal carcinoma Invasive carcinoma
in situ of no special type

Lobular carcinoma Invasive lobular
in situ carcinoma

Figure 2. Histological classification of breast cancer

Breast cancers are divided intoanon-invasive (in situ) carcinomas, which remain confined to ducts or
lobules and include ductal earcinoma in situ and lobular carcinema insitu, and invasive carcinomas,
whichdnfiltrate surrounding tissues and include invasiveicarcinoma of no special type (formerly invasive
ductal carcinoma) and invasive lobular carcinoma.

Beyond. histelogical categories, breast cancers, are most commonly classified into
molecular subtypes: luminal A, luminal B, HER2-pesitive, and basal-like, which give
prognostic and predictive information and determine treatment strategies. These are defined in
clinical practice through immunohistochemical assessment of estrogen receptor (ER),

progesterone receptor (PR), and,human epidermal growth factor receptor 2 (HER2).

Most breast cancers are ER-positive and are divided into the luminal A and luminal B
subtypes based on proliferative capacity, commonly assessed using the proliferation index
Ki67. Luminal A is the most common, accounting for about 50% of breast cancer cases, and is
characterized by ER and/or PR positivity, absence of HER2, and a low Ki-67 index; these
tumors are usually low grade, slow growing, associated with the most favorable prognosis, and
respond well to endocrine therapy [7, 8]. Luminal B, representing about 20% of breast cancer
cases, is also ER positive but often PR negative, shows higher Ki-67 expression, and may be



HER?2 positive or negative; these tumors are more proliferative and of higher grade, with a
worse prognosis than luminal A, and typically require endocrine therapy combined with
chemotherapy, with the addition of anti-HER2 therapy when amplification is present [7, 8].

Approximately 15% of breast cancers are HER2-positive and hormone receptor-negative.
These tumors grow faster, are frequently of higher grade, and often have TP53 mutations.
Historically, they were associated with poor outcomes, but their prognosis,has improved with
HER2-targeted therapies in combination with anthracycline-based chemotherapy [7, 8].

The basal-like subtype, which represents about 15% of breast cancers,s defined by high
expression of basal epithelial genes and overlaps substantially withtriple-negative breast cancer
(TNBC), clinically characterized by the absence of ER, PR, and HER2 [7]. These tumors
typically have a high Ki-67 index, frequent TP53 mutations, BRCA1 and BRCA2 dysfunction,
and genomic instability [7]. TNBC is heterogeneous‘and can be subdivided into molecular
groups, including basal-like (BL1, BL2), mesenchymal, luminal androgen receptor, and
immunomodulatory; each with distinct biological features and therapeutic,sensitivities, [8].
Clinically, TNBCs are aggressive, maore often diagnosed at advanced stages, prone to early
relapse, and overall associated with the“poorest prognosis, although they may respond to
platinum-based chemotherapy, poly."(ADP-ribose) polymerase (PARP) “inhibitors, and
emerging immunotherapies [7].

Molecular

classification
of invasive breast cancer

L

Hormone HER2-positive Triple-negative
positive (ER- PR- HER2+) (ER- PR- HER2-)
Luminal A Basal-like Mesenchymal

(ER+ PR+ HER2-)

Luminal B Luminal androgen

(ER+ PR+/- HER2+/-) receptor Immunomodulatory

Figure 3. Molecular classification of invasive breast cancer

Invasive breast cancers are classified based on estrogen receptor (ER), progesterone receptor (PR), and
human epidermal growth factor receptor 2 (HER2) status. Hormone receptor-positive cancer includes
luminal A (ER+ and/or PR+, HER2-) and luminal B (ER+, PR+/-, HER2+/-). HER2-positive cancers
have a high HER2 expression and are negative for ER and PR. Triple-negative breast cancers (TNBCs)



lack ER, PR, and HER2 expression and are further divided into basal-like, mesenchymal, luminal
androgen receptor, and immunomodulatory subtypes.

Despite major advances in diagnostic methods, prognostic assessment, and therapeutic
strategies, breast cancer remains a clinical challenge. Earlier detection and broader treatment
access lead to substantially higher survival, and modeling studies,suggest that{scaling up
imaging and treatment capacity could meaningfully improve outcomes,[9]. Until then, the
current high incidence and mortality rates make breast cancer a major public health challenge.
Improving outcomes will require not only wider access to current therapies but also the

identification of new biomarkers for earlier detection and discovery.of novel therapeutic targets.

1.2. Cellular Redox Homeostasis

Cellular redox homeostasis refers to the balance,between continuous reducing and
oxidizing reactions within the cell, including, the generation of reactive oxygen species (ROS)
and other reactive species, and their removal by antioxidant defense systems. This highly
dynamic system, shaped by_.engeing oxidative metabolism, is essential for maintaining cellular
integrity, regulating signaling pathways, proliferation, and differentiation, and enabling cells to
adapt to environmental andymetabolic changes. Importantly, ROS are not only detrimental
byproducts of cellular metabolism, as they were historically viewed. At physiological levels,
ROS serve as signaling malecules rather than damaging agentsy a state referred to as oxidative
eustress, whereas execessive ROS disrupts signaling and,damagessbiomolecules, resulting in
oxidative distress|[10]. The term oxidative stress is often usediin the literature to describe redox
imbalance and refers specifically to oxidative distress, highlighting the harmful effects of ROS.

ROS are constantly produced as natural bypraducts of cellular metabolism, primarily in
the mitochondria due to electronleakage from the respiratory chain during oxidative
phosphorylation, in peroxisomes through fatty acid -oxidation, and by nicotinamide adenine
dinucleotide phosphate (NADPH)\oxidases during immune response, wound healing, and
cellular signaling. Other intracellular sources include xanthine oxidase, nitric oxide synthase,
cytochrome P450 enzymes, and oxidative protein folding in the endoplasmic reticulum (ER),
while cyclooxygenases and lipoxygenases contribute during lipid metabolism [11]. Moreover,
immune cells such as neutrophils and macrophages generate ROS during the respiratory burst,
as part of the antimicrobial response [12]. In parallel, exogenous sources, including ionizing

radiation, air pollution, heavy metals, and certain drugs, further contribute to oxidative stress.



ROS include a broad range of chemically reactive molecules that can be divided into
radical and non-radical forms. Radical forms include superoxide anions (O2™), hydroxyl
radicals ("OH), and peroxyl radicals (ROQO"), whereas non-radical species, such as hydrogen

peroxide (H20), singlet oxygen (*02), and hypochlorous acid (HOCI).

Superoxide anions are generated by a one-electron reduction, of molecular oxygen,
primarily at complexes | and Il of the mitochondrial electron transpert chain [13], as‘well as
from NADPH oxidases at the plasma membrane [14]. Although short-lived, superoxide serves
as a precursor for other ROS and contributes to redox signaling, butiexcessive accumulation
can damage proteins containing iron-sulfur clusters, impairing their enzymatic activity. To
prevent this, superoxide dismutases (SODs) catalyze the dismutation of superoxide into less
reactive H2O2; SODL1 is localized in the cytosol and mitochondrial‘intermembrane space, SOD2

in the mitochondrial matrix, and SOD3 in the extracellular space [15].

H>0> has a central role in redex biology because it is not as reactive as radical ROS
species, it can diffuse across membranes, and acts as a signaling molecule. Its signaling function
depends on the reversible oxidation of gysteing residues, where the cysteing thiolate anion (Cys-
SY) is oxidized to a sulfenic acid form (Cys-SOH), inducing conformational changes that alter
protein function [16]. Key protein targets of H.O2-mediated signaling include protein tyrosine
phosphatases (PTPS), whese oxidative inactivation indirectly'enhances the activity of mitogen-
activated protein kinases (MAPKSs) and receptor tyrosine KinaseS, thereby upregulating
proliferativesand survival pathways [17]. H202-mediated, signaling also regulates transcription
factors such as nuclear factor erythroid 2-related factor 2 (NEE2L2, often referred to as NRF2),
nuclear factor kappa-=light-chain-enhancer af activated B:cells (NF-«B), and hypoxia-inducible
factor (HIF); thereby coordinating antioxidant defenses, inflammatory pathways, and cellular
response to hypoxia [18]. In the ER;,H20O: is both generated and consumed during oxidative
protein folding, where it modifies proteins that regulate protein folding capacity and ER stress
responses [19]. Importantly, the, effect 'of 'H.O. is concentration-dependent. For balanced
signaling, only first-degree oxidation of cysteine residues acts as a reversible signal
transduction mechanism that maintains redox homeostasis and supports adaptive responses,
whereas higher levels of H.O> further oxidize thiolate anions to sulfinic (Cys-SO2H) or sulfonic
(Cys-SOsH) forms, which are irreversible and cause permanent protein damage, their
inactivation and disruption of cellular signaling [15]. To prevent the build-up of intracellular
H202 and limit damage, cells rely on antioxidant enzymes such as peroxiredoxins (PRX),



glutathione peroxidases (GPx), and catalase (CAT), which catalyze the reduction of H20- into
H20 [15].

Nevertheless, when H>O, accumulates excessively or antioxidant systems are
overwhelmed, highly reactive hydroxyl radicals are generated through Fenton‘reactions in the
presence of transition metals such as Fe?* or Cu*. These radicals cause irreversiblé damage to
cellular macromolecules, including single- and double-DNA strand breaks,.and base oxidations
like 8-hydroxyguanine, which drive mutations and genomic instability; protein oxidation,
carbonylation, and cross-linking, which lead to altered folding, aggregation, and enzymatic
inactivation; and lipid peroxidation, which disrupts membrane Integrity and generates toxic
aldehydes like malondialdehyde and 4-hydroxynonenal that act as secondary messengers,
mutagenic and proinflammatory agents and amplify oxidative stress [20].
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Figure 4. Redox regulation

Reactive oxygen species (ROS) are generated by mitochondrial respiration, NADPH oxidases (NOX)
at the plasma membrane, and within the endoplasmic reticulum (ER) through protein-folding
oxidoreductases. Superoxide (O2") is converted into hydrogen peroxide (H:02) by superoxide
dismutases (SODL1 in the cytosol, SOD2 in mitochondria, and extracellular SOD3). H.O, can diffuse



through membranes via aquaporins. H,O; is detoxified by catalase (CAT) or glutathione peroxidase
(GPx), with glutathione (GSH) oxidized to glutathione disulfide (GSSG) and recycled by glutathione
reductase (GR) using NADPH. The thioredoxin (TRX) and peroxiredoxin (PRX) systems also
contribute to redox regulation. In the presence of Fe?*, H,O, undergoes the Fenton reaction to generate
hydroxy| radicals ("OH), which cause oxidative damage to biomolecules.

ROS are not only metabolic byproducts but key mediators of redox signaling; supporting
processes such as angiogenesis, stem cell renewal and differentiation; circadianrhythm
regulation, immune responses, and cellular adaptation to stress, thereby contributing to the
maintenance of cellular and tissue homeostasis. However, when present at damaging levels,
oxidative stress disrupts signaling pathways and damages macromolecules, contributing to
various pathologies, including atherosclerosis,«@diabeteS, neurodegeneration, chronic
inflammation, and cancer [18]. To maintain redox homeostasis, cells have a network of
signaling pathways and transcription factors that coordinate the cellular response to oxidative

stress in a concentration- and/or time-dependent manner.

1.2.1. NRF2

NRF2 is a redox-sensitive transcription factor that acts<as, the major regulator<of the
antioxidant and cytoprotective response. It induces over 200 different genesyincluding those
involved in glutathione (GSH) metabolism, NADPH regeneration, andithioredoxin (TRX)
systems, thereby bufferingfigh"ROS levels and maintaining redex homeostasis [21]. Beyond
redox control, NRF2 also reprograms cancer. metabolism, ‘drug transport, upregulates the
pentosesphosphate pathway, and glutaminolysis [22].

Underdbasal conditions, NRF2 activity IS suppressed to prevent unnecessary activation of
stress=response pathways. This is achieved through,continuouswbiquitination and proteasomal
degradation mediated by its repressor. Kelch-like ECH-associated protein 1 (Keapl), which acts
as a substrate adaptor for the Cullin 3 (CUL3)-based E3 ubiquitin ligase [23]. Keapl is a redox
sensor; its highly reactive cysteine residues undergo covalent modifications under oxidative or
electrophilic stress, inducing confarmational changes that impair NRF2 partial release and
degradation. As a result, newly synthesized NRF2 accumulates in the cytoplasm and
translocates to the nucleus, where it heterodimerizes with small Maf proteins and binds to
antioxidant-responsive elements (AREs, 5'-TGACNNNGC-3) within the regulatory regions of
its target genes [24-26]. NRF2 controls the transcription of a wide array of cytoprotective
genes, including the ones involved in antioxidant defense (e.g., heme oxygenase-1, HO-1) [27],
detoxification (e.g., NAD(P)H quinone oxidoreductase 1, NQO1) [28], and metabolic



adaptation (e.g., aldo-keto reductase family 1 member B10, AKR1B10) [29]. NRF2 activity is
also modulated by additional regulators, such as glycogen synthase kinase 33 (GSK-3p), which
phosphorylates NRF2, promoting its nuclear export and degradation [30], Bachl, a
transcriptional repressor that competes with NRF2 for ARE binding [31], and4p62/SQSTM1,
which can sequester Keapl into autophagosomes and lead to non-ganonical NRF2 activation
[32]. Crosstalk with other signaling pathways further shapes NRF2 activity; for example,
oncogenes such as KRAS, BRAF, and MYC upregulate NRF2 transcription,xwhile"P13K-Akt
signaling suppresses GSK-3p and thereby stabilizes NRF2 [21].

NRF2 plays a central role in redox regulation infboth physiological and pathological
conditions. Dysregulation of NRF2 activity has been linked to neurodegenerative diseases,
chronic inflammation, metabolic dysfunction, and cancer. Consequently, it has emerged as a
therapeutic target, with both NRF2 activators, intended for diseases driven by oxidative stress,
and inhibitors, designed to counteractseancer-promoting NRF2 signaling, currently under

investigation [33].

3
B-TrCPLg
KEAP1-INDEPENDENT -
CuUL1
M GSK-3 E—
ECHANIS RBX @

NRFE2.BEGRADATION

U PROTEASOMAL
® ? @ ?  DEGRADATION

KEAP1-CYSTEINS
MODIFICATION

7z
NUCLEAR
TRANSLOCATION @»
COMPETITIVE
INHIBITION
TRANSCRIPTION OF
TARGET GENES

i3

Figure 5. Regulation of NRF2

The transcription factor NRF2 is regulated through ubiquitination and proteasomal degradation under
non-stress conditions, but it can be activated in response to oxidative stress. In the canonical pathway,
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NRF2 binds to its repressor, Keapl, which acts as a substrate adaptor for the E3 ubiquitin ligase complex
composed of Cullin 3 (CUL3), RING-box protein (RBX1), and an E2 ubiquitin-conjugating enzyme.
This complex mediates the NRF2 ubiquitination and subsequent proteasomal degradation. Under
oxidative stress, redox-reactive cysteine residues in Keapl are modified, impairing its ability to release
NRF2, thereby disrupting its degradation. Newly synthesized NRF2 accumulates in the€ytoplasm, then
translocates to the nucleus, where it heterodimerizes with small Maf proteins and binds toantiexidant
response elements (ARE), activating the transcription of target genes. Alternatively, phosphorylation-of
Keapl by p62 disrupts the Keapl-NRF2 interaction, leading to NRF2 stabilization. A non-canonical
pathway of NRF2 degradation involves GSK-3B-mediated phosphorylation of NRF2, which enables its
recognition by B-TrCP and recruitment of the CUL1-RBX1-E2 ligase complex for ubiquitination and
proteasomal degradation. In the nucleus, Bachl competes with NRE2 for binding to ARE sequences,
thereby inhibiting NRF2-dependent gene transcription.

1.2.2. Redox Regulation in Cancer Cells

Cancer cells are characterized by chronically elevated ROS levels [34], which arise from
increased metabolic activity, mitochondrial dysfunction, peroxisomal activity, the activity of
enzymes such as oxidases, cyclooxygenases, and lipoxygenases, as well as interactions, with
infiltrating immune cells within the tumor microenvironment [35]. Cancer cells persist in"a
hypermetabolic state that sustains not only the increased energy and biosynthetic demands but
also contributes to the“regulation “of redox balance, thereby promoting tumer growth,

progression, anddtherapy.resistance, while further enhancing/ROS production [36].

ROS have a dual role in cancer, where they regulate cancer initiation and progression by
acting both-as,signalingimolecules and as sources of molecular damage, thereby contributing to
multiple hallmarks of cancer (Figure 6). ROS act as second messengers in signaling cascades,
such as PI3K/Akt, MAPK/ERK, and NF-«B, and stabilize transcription factors like HIF-1a,
which eancer cells exploit to sustain proliferation,<reprogram metabolism, and stimulate
angiogenesis [15, 37, 38]. Throughiinduction of epithelial-mesenchymal transition (EMT) and
activation of matrix metalloproteinases (MMPs), ROS enhance invasion and metastasis [42].
They also inactivate tumor suppressors, such as p53, facilitating uncontrolled growth and
survival [43]. ROS also shape the tumor microenvironment and mediate interactions with the
immune system. They impair the function of cytotoxic T cells, contribute to immune evasion,
and promote the recruitment of immunosuppressive populations such as regulatory T cells and
myeloid-derived suppressor cells [44], and promote inflammation through interactions with the
microbiome [45]. At the genomic level, ROS contribute to telomere dysfunction and modulate
telomerase activity, thereby supporting replicative immortality [46], while also inducing

cellular senescence, and senescent cells additionally modulate the tumor microenvironment
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through senescence-associated secretory phenotype (SASP) [47]. While moderate ROS levels
promote tumorigenesis, excessive ROS cause oxidative damage to DNA, proteins, and lipids.
Oxidative DNA lesions, such as 8-hydroxyguanine, and lipid peroxidation products like
malondialdehyde and 4-hydroxynonenal, further drive genomic instability @and malignant
transformation [39, 40], but also induce non-mutational epigenetic reprogramming and increase
cellular plasticity, further promoting cancer progression. Nevertheless, even in cancer cells,
uncontrolled ROS accumulation can ultimately trigger apoptosis, necrosis, enautophagy. This
is why many chemotherapeutics and radiotherapy rely on ROS generation to induce cytotoxicity
[38].

To survive in this pro-oxidant environment and resisttherapy-induced oxidative stress,
cancer cells upregulate antioxidant systems, including GSHyGPx, TRX, and PRX. This
adaptation is often reinforced by constitutive NRF2, activation, driven by mutations or
epigenetic modifications in Keapl, NFE2L2, or CUL3, or through oncogenic signaling cascades
that stabilize NRF2 activity, resulting in enhanced antioxidant capacity of cancer cells [50]. In
addition, NRF2 regulates the expression‘'of ATP-binding cassette (ABC) transporters, including
ABCB1 (multidrug resistance protein 1, MDR1, or P-glycoprotein, P-gp), and ABCG2{(breast
cancer resistance protein, BCRP), which contribute to drug efflux and ehemoresistance [41]. In
this context, NRF2is eonsidered a double-edged sword: insnormal cells;, it protects against
oxidative and [electraphilie stress, yet in cancerscells, NRF2 activation promotes survival,
metabolie’ wreprogramming, invasion, metastasis, «and resistance/to chemotherapy and

radiotherapy, often correlating with more aggressive phenotypes and poor prognosis [42].

Ultimately, this, finely tuned balance/between ROS generation and antioxidant defense
enables cancer cells to use ROS as drivers of proliferation, migration, invasion, angiogenesis,
and drug resistance, while simultaneously protecting cells from oxidative cytotoxicity [43].
This highlights the importance of redox hemeostasis in cancer and explains why targeting ROS

and redox-regulatory pathwayshas emerged as a promising therapeutic strategy.
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Figure 6: Reactive oxygen species as drivers of«cancer hallmarks

ROS promote proliferative sighaling, help evade growth, control, contributeto resistance to cell death,
and reprogram metabolism toward aerobic glycolysis. They also enable invasion and metastasis and
drive angiogenesis. “High ROS levels impair the immune\system and sustain tumor-promoting
inflammation, in part through interactions with the microbiome..In addition, ROS promote genome
instability, replicativesimmortality, cellular plasticity, drive non-mutational epigenetic reprogramming,
and induce senescence with its senescence-associated'secretory phenaotype (SASP).
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1.3. Aquaporins

Aquaporins are a family of small, highly conserved transmembrane proteins that function
as channels facilitating the selective transport of water across cell membranes. This transport is
passive and driven by a concentration gradient. The first aquaporin (AQP1) was discovered in
1992 by Peter Agre and colleagues, who isolated a 28-kDa membrane protein, referred to as
channel-forming integral protein of 28 kDa (CHIP28) [44]. This discovery provided the first
evidence for the existence of dedicated water channels and fundamentally changed our
understanding of cellular water transport. This contribution _was‘recognized with the 2003
Nobel Prize in Chemistry [45]. Since then, 13 aquaporindsoformsy(AQPO0—AQP12) have been
identified in humans, each with distinct tissue distribution, joermeability characteristics, and

physiological roles.

Aquaporins are ubiquitously expressed in most tissues and participate in a wide array of
physiological processes. They are essential for maintaining systemic water homeostasis,
particularly through their roles in urinary/concentration in the kidney, brain water regulation,
cerebrospinal fluid circulation, and edema formation in the central nervous system, secretory
functions in exocrine and @ndocrine glands, regulation of skin hydration, maintenance of lens
transparency in the eye, and contributions to male fertility and sperm maturation [46].
Collectively, these functions underscore the importance of aquaporins in physiology and
highlight why their dysregulation has been implicated in a variety ofgathological conditions,
from cataraet and nephrogenic diabetes insipidus to neurological disorders and cancer.

13.1. Strueture

Aquaporin menomers are composed of appreximately 250-300 amino acids, which fold
Into six transmembrane alpha helices connected by five interhelical loops (A-E), with both N-
and C-termini located in the cytoplasmi(Figure 7A) [47]. Each monomer forms a barrel-like
conformation surrounding the water-conducting pore. Two highly conserved NPA (asparagine,
proline, alanine) motifs, located in leep B (cytoplasmic side) and loop E (extracellular side),
are oppositely oriented and meet in the center of the pore, forming the characteristic hourglass-
shaped constriction that ensures water selectivity and prevents proton leakage (Figure 7B) [48,
49]. In addition, aquaporin selectivity is determined by the aromatic/arginine (ar/R) filter, a
conserved cluster of residues that narrows the pore to approximately 3 A in diameter (Figure
7C), thereby creating an electrostatic barrier that excludes ions and other solutes, while
permitting the rapid, single-file passage of water molecules [49, 50]. Subtle variations in the
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ar/R residues across the aquaporin isoforms alter pore size and hydrophobicity, explaining
differences in substrate specificity [51]. In the membrane, aquaporins assemble as tetramers,
with each monomer functioning as an independent water channel (Figure 7D, Figure 7E), while
the central pore formed in the tetramer may have additional functions, such

transport [52].
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different color (E). Panels C-E were generated in PyMOL (The PyMOL Molecular Graphics System,
Version 3.1, Schrodinger, LLC) using the human AQP5 structure (PDB ID: 3D9S).
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1.3.2. Permeability
Aquaporins were first described as water channels, but it is now recognized that they can
also transport other small molecules. Based on their permeability, they are classified into three

(Figure 8) [49, 53]. Other aquaporins are localized on th the intracellular

vesicles until stimulation.

eir permeability. Classical

The physiological role of aquaporins is
ter homeostasis, aquaglyceroporins
intain ER

aquaporins primarily regulate osmotic balance an

participate in metabolic regulation a ergy homeostasis, and S-aquaporins

homeostasis and intracellular vesicle func

S-aquaporins

Figure 8. Aquaporin classification

Human aquaporins are divided into three groups based on their selectivity. Classical aquaporins (AQPO,
AQP1, AQP2, AQP4, AQP5, AQP6, and AQPS8; shown in blue) are primarily selective for water,
aquaglyceroporins (AQP3, AQP7, AQP9, and AQP10; shown in yellow) transport glycerol as well, and
S-aquaporins (AQP11 and AQP12, shown in red) are less characterized and localized intracellularly.
The central scheme highlights the NPA motifs and the ar/R filter that form a selective channel.
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Beyond water and glycerol, aquaporins can transport other small molecules. For example,
AQP1 also acts as a cGMP-gated ion channel and conducts CO2 and NO [54-56], while AQP6
functions as a gated chloride channel that opens at low pH [57], and AQP7 and AQP9

participate in arsenite intake [58].

Importantly, several aquaporins function as peroxiporins, channels that facilitate H20>
transport across membranes. AQP8 was the first experimentally confirmed peroxiporin, with
studies in yeast demonstrating increased intracellular ROS accumulation upen\H20, exposure
[59]. AQP1 was later confirmed to conduct H202, with studies showing that mutations in its
selectivity filter altered H.O> flux [60]. AQP3 facilitates H.Oz intake that is required for
downstream redox signaling, including the NADPH«0Xxidase-dependent pathways activated by
growth factor stimulation [61]. AQP5 expression‘increases H2Ozdintake in yeast and pancreatic
cancer cell models, and this effect is reversed by aquaperin inhibitors or mutagenesis [62, 63].
AQP6 has been linked to oxidative stresssresistance and contributes to chemotherapy.resistance
in mesothelioma cells [64]. H20: intake was increased in AQP9-overexpressing hamster.ovary
cells and reduced after knockdown with small interfering RNA (siRNA).in human hepatoma
cells [65]. More recently,/AQP11,was shown to transport H.@zuinto the ER lumen; thereby
regulating ER redox homeostasis [66]. Collectively, these studies demonstrate. that AQP1,
AQP3, AQP5, AQP6; AQP8, AQP9, and AQP11 function®as, peroxiporins and shape
intracellular ROS dynamigs.and redox signaling.

1.3.3awRegulation
To ensure controlled transport, aquaporins are regulated at transcriptional, translational,

and post-translational levels.

At the transcriptional level, harmones and growth factors influence aquaporin expression.
For example, vasopressin upregulates’AQP2 transcription in renal collecting duct cells [67],
while estrogen regulates AQP1, AQP3, and AQPS5 in reproductive tissues by directly activating
the estrogen response element in“the promoter of the gene [68-70]. Cytokines and growth
factors such as TNF-o, EGF, and TGF-f can also alter aquaporin gene expression, linking them

to inflammation and cancer progression [71-73].

Post-translational modifications, especially phosphorylation, control aquaporin
trafficking and gating. In renal collecting duct cells, phosphorylation of AQP2 at Ser256 by
protein kinase A (PKA) promotes its translocation from intracellular vesicles to the apical

plasma membrane when body fluid osmolality rises and vasopressin is released, resulting in
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increased water reabsorption [67, 74]. In contrast, phosphorylation of AQP4 at Ser180 by

protein kinase C (PKC) reduces water permeability and cell migration in glioma models [75].

Trafficking also regulates aquaporin activity: for example, AQPS5 relocates to the apical
surface of salivary gland cells during parasympathetic stimulation to facilitate‘saliva secretion
[76]. Aquaporins are shuttled to and from the cell membrane in response to different stimuli,
and factors such as pH and calcium can modulate aquaporin activity. Besides the<already
mentioned chloride transport by AQP6 at low pH, acidification/ inhibits the,water/glycerol
permeability of AQP3 and AQP7 [77, 78], while AQP10 shows low, permeability at
physiological pH but high activity under acidic conditians [79]. Regulation of aquaporins is
often complex, as in AQPO, where site-specific phesphorylation modulates Ca?*/calmodulin-
mediated gating [80].

Complex regulatory mechanisms, including transcriptional induction, post-translational
modifications, and environmental modulation, allow aquaporins to modulate their activity to

physiological demands, thereby maintaining cellular and systemic homeostasis.

1.3.4. Physiology and Disease

Aquaporin isoforms are expressed in a tissue-specific manner,that aligns- with their
physiological roles. They,maintain water homeostasis, regulate glycerol metabolism, secretion,
and other organ-speCific functions, as summarized in Table 4, which also lists associated
pathologies and cancers.dn which specific aquaporin‘isoforms were.shown to have a potential

diagnostic or prognostic significance.
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Table 1. Tissue distribution, physiological roles, and associated pathologies of aquaporin isoforms

Tissue distribution Physiological Roles Associated Pathology Reference
Functions as a water channel and
Lens fiber cells adhesion molecule, essential for Autosomal dominant congenital
AQPO . L . [81-84]
in the eye maintaining lens transparency and cataracts, presbyopia
optical accommadation
Shortened red blood cell lifespan,
Red blood cells; renal proximal tubule Mediateswater permeability and nephrogenicdiabetes insipidus—like
epithelium; descending vasa recta reabsorption, urine concentration, phenotype, polyuria, impaired urine
AQP1 e . . . . L., [85-100]
endothelium; choroid plexus cerebrospinal fluidisecretion, and concentration; brain,lung, colorectal,
epithelium; microvascular endothelia transendothelial water exchange breast, ovarian, and endometrial
cancer, multiple myeloma
Nephrogenic diabetes insipidus
Collecting duct principal cells (apical Vasopressin-regulated water (hereditary and acquired), [67, 101
AQP2 ) : . : . . D
membrane and intracellular vesicles) reabsorption, urine concentration inability to concentrate urine; 103]
lung and endometrial cancer
Water and glycerol trangport: _ Nephrogenlc o!lab_etes !n5|p|dus
Basolateral membranes of.renal . s . (in mice), dry skin, impaired wound
. _ 4 : involved in skin hydration, wound AR : [91, 96,
collecting duct cells; epidermisi(basal . . healing; pituitary, salivary gland, lung,
AQP3 . y Lo healing, renal\water reabsorption, ) . 97, 104—
keratinocytes); epithelia of lung; L thymic, esophageal, pancreatic,
. ) | and glycerol metabelism; colerectal i 115]
urinary bladder, gastrointestinal tract colorectal, breast, ovarian, prostate,
cancer. . : !
testicular, urothelial, and skin cancer
?Zt;gcﬁzsl 22”; ‘_3 rbelr?;JIdi-r?rzglrnn?:(;Uﬁg' Regulates brain water homeostasis, Neuromyelitis optica (autoimmune
AQP4 pendy / ' glial migration, neural signaling, AQP4-1gG disease), brain edema; [116-122]

skeletal muscle; stomach parietal cells;
lung epithelium

and urine concentration

brain, thyroid, and colorectal cancer
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Apical membranes of salivary, . . Sjogren’s,syndrome, dry mouth, dry [84, 91,
. Important in saliva, tears, and sweat . .
lacrimal, submucosal, and sweat — ' eye, sweat disorders, cataracts; lung, 96, 97, 99,
AQP5 . . secretion; pulmonary fluid balance, ; .
glands; alveolar type I cells in the gastricpancreatic, colorectal, breast, 114, 123—
, . and lens transparency . .
lung; lens fiber cells ovarian, and cervical cancer 134]
Intracellular vesicles of Functions as a gated anion channel
AQP6 acid-secreting intercalated cell under acidic pH, mayassist in urine Ovarian cancer [135, 136]
s in renal collecting ducts acidification
Glycerol efflux during lipalysis;
Adipocyte plasma membranes; renal  glycerol and water reabsorption in the Adult-onset obesity with insulin
AQP7 . . Ny = : . - [137-139]
proximal tubules; pancreatic -cells kidney; links fat metabolism to resistance, glyceroluria; breast cancer
gluconeogenesis
Small intestine and colon epithelial Mediates water absorption and Altered pregnancy.outcomes in mice;
. _ " _ : _ ) . ¥ A AW [136,
AQP8 cells; hepatocytes; cholangiocytes; ammoniaitransport; contributes to bile implicated in iver injury and colon 140-144]
pancreatic acinar cells secretion‘and ammonia detoxification disorders;leukemia, ovarian cancer
Hepatocyte basolateral membranes; Transporttc, glyc_erol, urea, Ia_tctate, Diabetes (via altered
. N . water; crucial for.hepatic AN . [102, 145,
AQP9  male reproductive tract (epididymis, 1LCONEOaENESiS gluconeogenesis), lipid metabolism 146]
vas deferens); epidermis; leukocytes g g . disorders; lung, and prostate cancer
and sperm maturation
AQP10 Enterocytes in .the _duodenum and Intgstlrlal water and glycerol Breast cancer [147-149]
jejunum; adipocytes absorption; adipocyte glycerol efflux
eI N Qe gg#Plopla@iic Maintains endoplasmicireticulum Polycystic kidney disease
AQP11 reticulum of proximal tubule cells; P . yey YL [150-153]
e . homeostasis (in knockout mice)
testis, liver, and brain
AQP12 Pancreatic acinar cells (intracellular Supports digestive enzyme secretion Unknown [154]

compartments, zymogen granules)

by regulating vesicular water flux
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1.3.4.1. Aquaporins in Breast Cancer

Aquaporins are increasingly being recognized as contributors to breast cancer progression
and therapy outcomes. Numerous studies have shown correlations between aquaporin
expression and cancer type, histological grade, prognosis, and the development of
chemoresistance, but it is still unclear if they could be considered asdbiomarkers ortherapeutic
targets [155-157]. In breast cancer, AQP1, AQP3, and AQP5 are most frequently mentioned
as overexpressed and associated with prognostic and therapeutiC potential, [158=161]. All
correlate with larger tumor size, positive lymph node status, relapse,yand distant metastasis in
TNBC patients, and are associated with worse five-year disease-free and overall survival rates
[107, 169].

AQP1 is widely expressed in epithelial and endothelial ‘celis@and is frequently upregulated
in breast cancer. It correlates with high grade, poor prognosis, and characterizes an aggressive
basal-like subgroup, highlighting its potential as a prognostic marker [107]. In TNBE, AQP1 is
aberrantly localized in the cytoplasm and was shown to promote breast cancer progression
[171]. Functionally, AQP1 promoted TNBC progression by binding and suppressing RIPK1-
mediated necroptosis/apoptosis [172], ‘and contributed to local invasion [173], highlighting
AQP1 as a therapeutic target. In vivo, AQP1 was implicated in ‘angiogenesis,.and AQP1-
deficiency reduced breast cancer growth and lung metastasistin'mice, further supporting its
therapeutic relevance’ [174]. Despite its association with poorgprognosis, in anthracycline-
treated breast cancer patients, high AQP1 expressiondpredicted better’outcomes, where AQP1
inhibiteéd,B-catenin degradation, allowing,nucleat B-catenin, to activate topoisomerase Ilo and

thereby increasing anthracycline sensitivity [175].

AQP3is normally expressed in mammary epithelium but'is significantly upregulated in
breast cancer, where it correlates  with poor prognosis and larger tumor size [162]. The
regulation of AQP3 expressian is closely.linked to hormonal signaling, and its transcription is
directly regulated by estrogen‘through binding to ERE in the gene promoter, which explains
why ER-positive cancers often show poor differentiation and are more likely to metastasize to
lymph nodes [69]. In addition, ER-positive breast cancer tissue from premenopausal patients
shows higher AQP3 expression compared to that from postmenopausal patients [69]. AQP3 has
prognostic value in HER2-positive early breast cancer, associating with poorer recurrence-free
survival [170], and in TNBC, where higher expression correlates with worse survival and
suggests potential therapeutic relevance [169]. Functionally, AQP3 facilitates water and

glycerol transport, enhancing cell motility, glycolysis, and lipid biosynthesis. It also acts as a
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peroxiporin that activates EGFR/ERK/p38/MAPK, and NF-kB signaling pathways through
H20, signaling, thereby promoting proliferation, migration, invasion, and EMT [78, 165, 177],
and was shown to colocalize with NADPH oxidase 2, suggesting a spatially coordinated
mechanism for localized ROS signaling [113, 163]. Silencing AQP3 reduced cell proliferation,
migration, and invasion, and sensitized breast cancer cells to 5-fluerouracil [164],/suggesting

its therapeutic potential as well.

In contrast to AQP3, AQP5 is minimally expressed in normal breast epithelium, but
becomes upregulated in breast cancer, where its levels increase with tumor stage and correlate
with lymph node metastasis, higher histological grade, and poorer everall survival [180]. This
suggests the potential role of AQP5 as a marker offbreast cancer ‘aggressiveness, but also a
potential contributor to cancer progression. AQP5 expression predicts poorer survival in early
breast cancer [168, 181], and is associated with worsesurvival in TNBC [169]. Like AQP3,
AQP5 functions as a peroxiporin and shapes intracellularROS signaling to sustainsoncogenic
pathways while preventing oxidative damage..In cancer cell models, overexpression @bAQP5
enhances proliferation and migration through ‘activation of EGFR/ERK/p38/MAPK signaling
cascade [139, 177], while silencing,reducesboth [166]. AQP5 also.contributes to EMithrough
activation of the Wnt/p-catenin pathway in TNBC [183]. Beyond itsrole in €aneer.progression,
elevated AQP5 expression hasialso been linked to chemotherapy resistanee, and its silencing
restored chemasensitivity by downregulating P-gps[167].

Beyond thesej.other aquaporin isoforms were implicatedhin breast cancer. For example,
AQP4 downregulation inhibited breast caneer cell'proliferation, migration, and invasion [185].
Furthermore; AQP7 was identified as a novel regulator of breast.cancer and a key mediator of
metabolic and signaling responses to environmental,stress [148].

AQP1, AQP3, and AQPS5, along.with other isoforms, influence breast cancer progression
and therapeutic response, anditheir dysregulated expression highlights their potential as new
prognostic biomarkers and potential therapeutic targets for overcoming chemoresistance. This
study focuses on AQP3 and AQPS5, the most consistently overexpressed isoforms with strong

clinicopathologic associations and defined roles in invasion, EMT, and therapy resistance.
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1.4. Aim of the research

Considering aquaporins' overexpression in breast cancer and their association with poor
prognosis and chemoresistance, understanding their regulation and function is essential for

clarifying their potential as biomarkers or therapeutic targets.

While it is known that they transport H2O, it remains unclear. how: they respond-to
oxidative stress within the cell. Therefore, the first aim is to investigate the,role'of. AQP3 and
AQP5 in the cellular response to oxidative stress and determine whether this response differs
between breast cancer cell lines of different molecular subtypes and @non-tumorigenic breast

epithelial cell line.

Although NRF2 is well established as a master regulator of/cellular redox balance and
stress responses, it is not clear whether it can“directly or-indirectly regulate aquaporin
expression and activity. Thus, the second aim is to examine the influence of the transcription

factor NRF2 on both the expression and activity of aquaporins.

Finally, humans have 13 aquaporin isoforms-expressed in a tissue-specific manner,and it
is hypothesized that cells«may regulate their expression to imodulate substrate, transport.

Accordingly, the third aim Is to explore the potential interdependence,of aguaporin expression.
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2. MATERIALS AND METHODS

2.1. Cell Culture

This study was conducted on three human breast cancer cell lines (MCF7, SkBr3, and
SUM159PT) and one human non-tumorigenic breast epithelial cell line (MCE10A), purchased
from the European Collection of Authenticated Cell Cultures (ECACC; Porton Down, UK) or
Elabscience (Vienna, Austria). The MCF7 cell line, derived™from human’ breast
adenocarcinoma, represents the luminal A subtype and is ER and PR positive, and HER2
negative. SkBr3, also originating from breast adenocarcinomaybelongs. to the HER2-positive
subtype and is ER and PR negative. SUM159PT, derived from a breast carcinoma, is classified
as a basal-like/triple-negative subtype with ER, PR; and'HER?2 negative status. MCF10A is a
non-tumorigenic human mammary epithelial cell*line with a‘normal-like basal phenotype and
lacks expression of ER, PR, and HER2.

All cell culture procedures,<including cell maintenance, handling, seeding, and
treatments, were conducted under sterile‘conditions in a biosafety cabinet located in a Sterile
room. The methods applied.were identical for all cell lines. Cells were stored in cryotubes in
liquid nitrogen at -196 °C and thawed when needed for experiments.aThe cancer cell'lines were
cultivated in Dulbecco's Modified Eagle Medium (DMEM, Sigma Aldrich, St."Louis, MO,
USA) supplemented with 10% fetal bovine serum (FBS{ Sigma Aldrich), while the non-
tumorigenic cell line was cultured in DMEM:F12 1:1 (Sigma Aldrich) containing 10% FBS, 10
pg/mL insulin (Sigma-Aldrich), 20 ng/mL epidermal growth facter(EGF, PeproTech, London,
UK), and 100 ng/mL cholera toxin (SigmasAldrich). Cells were grown in a humidified
atmosphere with 5% \CO, at 37 °C. Upon reaching semiconfluency, cells were trypsinized,

counted;.and seeded for treatments.

2.1.1. Prolonged oxidative stress

To evaluate the effects of prolonged oxidative stress, 3 x 10° cells were seeded into T25
flasks (Techno Plastic Products (TPP), Trasadingen, Switzerland) and exposed to H,O, (Gram-
Mol, Zagreb, Croatia) at concentrations of 10 or 20 uM for 14 days. The culture medium with
or without H>O> was replaced every two days, and cells were trypsinized between treatments
before they reached full confluence. Control cells were maintained under the same conditions,
including seeding density and medium changes, but without H2O- treatment. Following 14 days
of H20. exposure, cell viability, proliferation, and migration were assessed. To examine

whether prolonged exposure to low H202 concentrations induced an adaptive cellular response,
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cells were challenged with H>O> at concentrations ranging from 0 to 100 pM, covering
physiological to pathological levels, and assessed after 24 hours using commercially available
kits, following the manufacturer’s instructions. Cell migration was assessed using a wound
healing assay over a 48-hour period, under both H2O-treated and untreated cenditions. Cells
were then collected for downstream analyses, including proteinhand mRNA expression
profiling, as well as the preparation of dry cell pellets for lipid andylipid hydroperoxide
quantification.

2.1.2. Modulation of NRF2 expression and activity
To investigate the role of the transcription_ factor NRF2 in, regulating aquaporin
expression and activity, NRF2 protein levels andsfunction were modulated using genetic and

pharmacological approaches.

Stable overexpression of NRF2.was achieved by transfecting cells withsa plasmid
encoding the NFE2L2 gene (RC204140, OriGene, Herford, Germany) using Lipofectamine
3000 reagent (Thermo Fisher Scientific/Waltham, MA, USA). Cells transfected with the empty
vector plasmid pCMV6-Entry (PS100001;5:OriGene) served as<ontrols. Cells wereiseeded in
6-well plates (TPP) and, after 24 hours, the culture medium was replacedswith_serum-free
medium containing'the transfection mixture composed of 1 pgplasmid DNA complexed with
Lipofeetamine 3000 according to the manufacturer’s protocol. After 24«hours, the medium was
replaced with fresh growth medium. Following an additional 24 houts of recovery, cells were
subjected, to selection with 500 pg/mL G418 (Roche, Basel, Switzerland) to establish stable
NRF2- or empty vector-expressing cell lines. The optimal G418 concentration was selected
aftera cytotoxicity assay with increasing concentrations of G418 over 10 days, followed by cell
viability assessment. Successful transfection was confirmed by the survival of transfected cells
and the death of untransfected control eells during antibiotic selection. Transient knockdown
of NRF2 was achieved using aspecific SIRNA targeting human NFE2L2 (s9491, Thermo Fisher
Scientific), with an On-Target Plus.«Non-targeting Control siRNA (Horizon Discovery,
Waterbeach, UK) serving as a negative control. Cells were seeded in 12-well plates (TPP), and
24 hours later, transfections were performed using 10 pmol of siRNA complexed with
Lipofectamine RNAIMAX (Thermo Fisher Scientific) diluted in Opti-MEM reduced serum
medium (Thermo Fisher Scientific). The complexes were added to cells in serum-free medium
with a final volume of 500 pL per well, achieving a final siRNA concentration of 20 nM. Cells

were incubated for 24 or 48 hours before harvesting for downstream analyses.

25



In addition to genetic modulation, NRF2 activity was pharmacologically regulated using
the well-established NRF2 activator sulforaphane (S4441, Sigma Aldrich), a naturally
occurring isothiocyanate that induces NRF2 by modifying its negative regulator Keapl [168].
To inhibit NRF2, the selective inhibitor ML385 (HY-100523, MedChemExpress, Monmouth
Junction, NJ, USA), which suppresses its activity by interfering, with the DNA-binding
capability, was used. For further analysis, a non-toxic sulforaphane and ML 385 ¢oncentrations
were selected after cell viability assays with tested concentrations ranging from 0to 10 uM.
Dimethyl sulfoxide (DMSO, Carl Roth, Karlsruhe, Germany) was,included as the vehicle

control.

NRF2 activity was estimated by measuring the‘proteindevels in‘the nuclear fraction two
hours post-treatment with sulforaphane and ML385, representingits transcriptional activation.
Additionally, the expression of the downstream target protein HO-1 was quantified 6 and 24
hours after treatment to confirm its transcriptional activity. The efficiency of NRF2 genetic
modulation was confirmed by Western blot analysis, performed either after stable transfection
or 48 hours post-siRNA knockdowny by measuring the protein levels of NRF2 and its
downstream target. Upon/confirming suecessful NRF2 modulation, further analyses were
performed to measure aquaporin geng:and protein expression, as well,as aquaporin-mediated

H20, transport.

2.1.3. Modulation of Aquaporin expression
To,study, the functional roles of AQP3 @and AQPS in the cell, overexpression and
knockdown of AQP3 and AQP5 were performed using plasmid=based transfection and ShRNA-

mediated silencing, respectively.

Stable overexpression of AQP3.and AQP5 was achieved using plasmids encoding human
AQP3 (RC201856, OriGene) and AQP5(RC206069, OriGene), respectively. The transfection
protocol, selection procedure ‘using G418, and use of the empty vector pPCMV6-Entry as a
control were identical to those described in the previous paragraph for NRF2 overexpression
(2.1.2).

For gene silencing, short hairpin RNA (shRNA) constructs targeting AQP3 and AQP5
were designed using the VectorBuilder shRNA design tool (https://en.vectorbuilder.com), and
oligonucleotides were synthesized accordingly and shown in Table 2.
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Table 2. Oligo sequences used for AQP3 and AQP5 silencing

5'-GATCCCC TTZEIA-3'
AQP3 RN RN RN RN R AR NN RN A RN ARR AR AR AREY
3'-GGGCTTGGCCTTAAACCCAGTTAT ATAACTGGGTTTAAGGCCAAGHAAAATNCEA -5
5'-GATCCCC o TR 3
AQP5 R R R R R R R R R R R NN
3'-GGGTGCGCGAGTTGTTGTTGTGTT AACACAACAACAACTCGCECAAABARTAEN -5

The shRNA oligos were designed with a BglIl overhang (purple) at the 5/ end, followed by the sense
target sequence (green), a hairpin loop (orange), the antisense sequence (green), and a Hindlll overhang
(blue) at the 3 end to enable directional cloning into the pPSUPER vector.

Oligos were annealed in a buffer containinge200°mM NaCl (Gram-Mol) and 50 mM
HEPES (pH 7.5, Carl Roth) by heating to 90 °C for 4 min, followed by gradual cooling in 5 °C
increments from 70 °C to 37 °C to ensure duplex formation. Annealed oligos were then ligated
into the pSUPER vector with a_gpuromycin resistance gene (VEC-PBS-0007/0008,
OligoEngine, Seattle, WA, USA), which was previously linearized using Hindlll (FD0505) and
Bglll (FD0084) FastDigest restriction/enzymes (Thermo Fisher Scientific). The linearized
plasmid was gel-extracted and purified using the QIAquick Gel Extraction Kit (QiagenyHilden,
Germany). Ligation reactions were performed using T4 DNA ligase (ELO0X2yFhermo Fisher
Scientific) at a 1:1 oligo:plasmid ratio. Plasmids were transformed into electrocompetent
Escherichia coli DHSa ¢by clectroporation using the' Gene Pulser Xcell™ (Bio-Rad
Laboratories, Hercules, CA, USA) at 2.5 kVFollowing a 1-hour recovery in Super Optimal
brothwith Catabolite repression medium (I herma Eisher'Seientific) at 37 °C, E. coli was plated
on LB-agar(Carl Roth) containing ampicillin (100 wg/mL; Fhermo Fisher Scientific) and
incubated oyvernight. Colonies were picked into LB broth containing ampicillin and grown
overnightat 37 °C. Plasmid DNA was purified usinga QlAprep® Spin Miniprep Kit (Qiagen),
and positive clones were identified hysrestriction enzyme digestion with FastDigest EcoRI
(FD0274, Thermo Fisher Scientific) and Hindl1l. Successful integration of ShRNA inserts was
confirmed after agarose (Sigma Aldrich) gel electrophoresis, and the expected fragment sizes
of positive clones (Figure 9).
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Figure 9. Confirmation of AQP3 and AQP5 shRNA oligo insert successful integration

Successful integration of AQP3 (red box) and AQP5 (green box) shRNA insertsiwas confirmed by
agarose gel electrophoresis, showing DNA fragments of larger sizes in positive clones. The DNA ladder
on the left was used as a molecular size reference.

shRNA plasmids and empty pSUPER as a control were transfected into breast cancer cell
lines following the same protocol as for overexpression. Selection of stably transfected clones
was carried out using 1 pg/mL puromycin (Carl Roth),following determination of the optimal
concentration by a cytotoxicity assay. Upon confirming successful AQP3 _.or AQP5
overexpression or knockdown on mRNA and, protein levels, further analyses were performed

to measure all aquaporin isoforms gene expression and aquaporin-mediated H20> transport:

2.2. Cell Viability Assay

Cell viabilityswas measured using the EZ4U Cell Proliferation Assay and Cytotoxicity
Test (Biomedica, Vienna, Austria), which measures metabalic activity through the reduction of
a tetrazolium salt into a water-soluble yellow formazan,dye. 2 10* cells per well were seeded
into 96-well plates (TPP) and allowed to attach for,24 hours, followed by treatment according
to' the experimental, setup. After 24 hours, the culture, medium was replaced with colorless
medium and the assay dye. Absorbance was measured at 450 nm with a reference wavelength

of\.620 nm-using a microplate reader. (EZ Read 2000, Biochrom, Cambridge, UK).

2.3. Cell Proliferation Assay
Cell proliferation was measured.using the BrdU Cell Proliferation ELISA Kit (Roche),

which quantifies the incorporation of 5-bromo-2'-deoxyuridine (BrdU) into newly synthesized
DNA. As with the viability assay, 1 x 10* cells per well were seeded into 96-well plates (TPP)
and allowed to attach for 24 hours before treatment. After an additional 24-hour incubation with
treatments, BrdU was added and incubated for 1 hour. Cells were then fixed, and DNA was
denatured to permit binding of an anti-BrdU-POD antibody. Colorimetric detection was

performed using a substrate solution, and the reaction was terminated with a stop solution.
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Absorbance, corresponding to DNA synthesis and cell proliferation, was measured at 450 nm

using the same microplate reader as in the viability assay.

2.4. Wound Healing Assay

Cell migration was evaluated using a wound healing assay over 48 haurs. 3(x 10%cells
were seeded per well in a 96-well plate (TPP) and cultured until a confluent monolayer was
achieved. Cells were then treated with 5 pg/mL mitomycin C (Roche) for‘2:hours to inhibit
proliferation [187]. A scratch was made in the monolayer using a sterile pipette tip, and the
medium was replaced with either fresh control medium‘or medium containing a treatment.
Images of the scratch area were taken immediately_after scratching (0-h), and at 24- and 48-
hours post-scratch. Wound closure was quantified using ImageJdsoftware (version 1.53t) by

measuring the remaining scratch area over time.

2.5. Total Lipid Extraction, GC Analysis,and Measurement of LOOH Concentration

Total lipids were extracted from dry cell pellets using a modified Folehnmethod [169].
Briefly, 5 mL of chloroform (Gram-Mol).was added to each sample and thoroughly.mixed,
followed by the addition of 1.5 mL of,an aqueous MgCl> solution*(0.034%;w/v, Carl Roth).
After vortexing andseentrifugation, the upper aqueous layer wassremoved,and 2.5 mL of 2 M
KCI (Gram-Mal) in methanol (4:1, v/v, Gram-Mol) was added to.the remaining organic phase.
The mixture was then vortexed and centrifuged again, after which the aqueous layer was
discarded, Subsequently, 2.5 mL of a chloroform/methanel mixture (2:1, v/v) was added to
further purifysthe lipid fraction. The hydrophobic phasewas transferred to a new glass tube and
evaporated under a nitrogen stream. For fatty acid.methyl ester (FAME) preparation, the dried
lipid extracts were treated with 0.5M KOH (Gram-Mol) in methanol for 10 minutes at room
temperature. FAMESs were then extracted with n-hexane and analyzed by gas chromatography
(GC) using a Varian 450-GC'system equipped with a flame ionization detector and a Stabilwax
capillary column (60 m x 0.25 mm, polyethylene glycol stationary phase, Restek Corporation,
Bellefonte, PA, USA). Helium was used as the carrier gas. The temperature program was set
from 150 °C to 250 °C with an increment of 5 °C/min. FAMES were identified by comparison
of retention times with those of a standard mixture (marine oil FAME mix, Restek Corporation),
and their relative abundance was determined by measuring the area under each chromatographic
peak and expressing it as a percentage of the total fatty acid content. For lipid hydroperoxide

(LOOH) quantification, the extracted lipid layer was transferred to glass tubes, evaporated,
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weighed, and stored at -20 °C until analysis. LOOH concentration was determined by a
spectrophotometric ferric thiocyanate assay. Lipids were diluted in a deaerated CH.Cl,/MeOH
solvent mixture (2:1, v/v, Gram-Mol), and the absorbance of the resulting [FeNCS]** complex
was measured at 500 nm. The concentration of LOOH was calculated using a molarabsorptivity

of 58,440 dm®mol-tcm™ [170].

2.6. Protein Isolation and Western Blot Analyses

Total cellular proteins were extracted using RIPA buffer (Sigma Aldrich)supplemented
with protease and phosphatase inhibitors (Thermo Fisher Seientific). Following cell lysis on ice
and centrifugation at 13,400 rpm for 10 minutes, supernatants, containing proteins were
collected. Subcellular fractionation was performediin parallel to.iselate cytoplasmic and nuclear
proteins. For a subset of samples, fractionation was carried out using the NE-PER™ Nuclear
and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific), according to the
manufacturer’s instructions. Brieflyj cells were harvested and centrifuged, then incubated with
Cytoplasmic Extraction Reagent | with protease and phosphatase inhibitors, followed\by
Cytoplasmic Extraction Reagent |l to selectively lyse the cytoplasmic membrane and release
cytoplasmic proteins. After centrifugation, the supernatant was collectedsas.the cytoplasmic
fraction, and the resulting pellet was treated with Nuclear Extraction Reagent with protease and
phosphatase inhibitors‘to lyse the nuclear membrane and extract.nuclear proteins. In parallel,
an in-house method was applied to another subset of samples to I1solate eytoplasmic and nuclear
proteins. Trypsinized-cells were washed with phosphate-buffered saline (PBS, 137 mM NacCl,
2.7 mM KCl,10:mM Na2HPO4 (Gram-Mal)yand 1.8 mM KH2PO4 (Gram-Mol), pH 7.4) and
incubated on'ice for/5 minutes in a hypotonic buffer (100mM HEPES, pH 7.5; 10 mM NaCl; 1
mM dithiothreitol (DTT, Carl Roth), 1 mM ethylenediaminetetraacetic acid (EDTA, Gram-
Mol), 2 mM MgCl, x 6H.O (Carl Roth)) supplemented with protease and phosphatase
inhibitors. NP-40 (MilliporeSigma, Burlington, MA, USA) was added to a final concentration
of 0.7%, followed by an additional, 10-minute incubation on ice with intermittent vortexing.
The lysates were centrifuged at 13,400 x g for 10 minutes to pellet the nuclei. The supernatant
(cytoplasmic fraction) was collected and kept on ice. The nuclear pellet was washed once with
hypotonic buffer without detergent, centrifuged again, and then lysed in RIPA buffer containing
protease and phosphatase inhibitors for subsequent protein analysis. Protein concentrations
were determined using the Bradford assay [171], using bovine serum albumin (BSA, Sigma
Aldrich) standards prepared either in 20% RIPA buffer or PBS, depending on the lysate type.

Samples and standards were appropriately diluted, incubated with Bio-Rad protein dye reagent
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(Bio-Rad Laboratories) for 5 minutes, and absorbance was measured at 595 nm. Equal amounts
of protein (10-20 pg per sample) were mixed with loading buffer (125 mM Tris (Gram-Mol),
4% sodium dodecyl sulfate (SDS, Carl Roth), 150 mM DTT, 20% glycerol (Carl Roth), 0.01%
bromophenol blue (Michrome, London, UK)) to a final volume of 20 pLgvortexed, and
denatured at 95 °C for 5 minutes. Proteins were separated byasodium dodecyl  sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) using a discontinuous gel system consisting
of a stacking gel (125 mM Tris (Carl Roth), 0.1 % SDS, pH 6.8; 5 % acrylamide/bisacrylamide
(Carl Roth), 0.1 % ammonium persulfate (APS, Bio-Rad \Laboratories), 0.13 %
tetramethylethylenediamine (TEMED, Carl Roth) and adresolving gel (375 mM Tris, 0.1 %
SDS, pH 8.8; 8% acrylamide/bisacrylamide, 0.1% APS, 0.13% TEMED), with running buffer
(25 mM Tris, 192 mM glycine (Carl Roth), 0.1% SDS). Electrophoresis was performed initially
at 90 V and then increased to 105 V until completion. Proteins were transferred onto
nitrocellulose membranes (Roti-NC 0.2 um; Carl Roth) by wet transfer in transfer buffer (25
mM Tris, 192 mM glycine, 20% methanol) at300 mA for 65 minutes on ice. Transferefficiency
was confirmed by Ponceau S staining (Sigma Aldrich). Membranes were blocked in 5% non-
fat dry milk (Carl Roth) indTBST. (50 mM Tris, 150 mM NaCl#0.1% Tween 20 (Carl Roth))
for 1 hour at room temperature, followed by overnight incubation at 4._°C with primary
antibodies diluted_in.blocking, buffer. Primary antibodies used.included: anti-Nrf2 (D1Z9C),
anti-HO-1 (E3F4S), anti-NQO1 (D6H3A), anti-GSK-3f3 (D5C5Z); anti-Keapl (D6B12), anti-
ABCB1 (E1Y7B)santi-ABCG2 (D5V2K), anti-PI3K, (C73F8), anti-PTEN (D4.3), anti-pAkt
(D9E), anti-Akt (C67ET), anti-Ras (27H5), anti-phospho-mTOR (D9C2), anti-Raptor (24C12),
anti-Rictor (53A2), anti-p-Actin (D6A8), anti-GAPDH (D16H11) and anti-LSD1 (2139)
(132000, Cell Signaling Technology, CST, Danvers, MA)USA); anti-AQP3 (sc-518001) and
anti-AQPS5 (sc-514022) (1:200, Santa Cruz Biotechnology, Dallas, TX, USA); and anti-
AKR1B10 (ab96417) (1:10,000, Abcam, Cambridge, UK). After washing, membranes were
incubated for 1 hour at room4emperature with the appropriate secondary antibodies: anti-rabbit
IgG HRP-linked (1:2000, CST, 7074) or anti-mouse 1gG HRP-linked (1:4000, CST, 96714).
Protein bands were visualized using the SuperSignal™ West Pico PLUS Chemiluminescent
Substrate (Thermo Fisher Scientific) and imaged on the Alliance 4.7 Digital Imaging System
(Uvitec, Cambridge, UK). Band intensities were quantified using Nine Alliance software Q9
(Uvitec), and protein expression levels were normalized to housekeeping proteins (B-Actin,

GAPDH, or LSD1) and further validated by Ponceau S staining.
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2.7. RNA Isolation, cDNA Synthesis, and RT-gPCR

Total RNA was extracted using TRIzol reagent (Thermo Fisher Scientific) according to
the manufacturer’s instructions. Briefly, cells were lysed in TRIzol reagent, followed by the
addition of chloroform and centrifugation to separate phases. The aqueous phase was collected,
and RNA was precipitated with isopropanol (Gram-Mol). The RNA,pelletiwas washed with
75% ethanol (Gram-Mol), air-dried, and resuspended in RNase-free water. RNA purity and
concentration were measured spectrophotometrically using a NangPhotometer® N60 (Implen
GmbH, Minchen, Germany). RNA quality was additionally “assessed /by agarose gel
electrophoresis to verify the integrity of ribosomal RNA bands. One microgram of RNA from
each sample was reverse-transcribed into cDNA using the' High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific), following the manufacturer’s protocol, on an
Eppendorf 5331 MasterCycler Gradient Thermal Cycler,(Eppendorf, Hamburg, Germany). The
reaction mix was incubated at 25 °C for. 10 minutes, followed by 37 °C for 120 minutes, and
then 85 °C for 5 minutes to inactivate the enzyme. Quantitative real-time polymerase chain
reaction (RT-qPCR) was performed using 2 uL of'cDNA per reaction on a CFX,Opus 96 Real-
Time PCR System (Bio-Rad Laboratories).with TagMan Universal PCR Master Mix_(Thermo
Fisher Scientific) and predesigned TagMan gene expression = assays for AQP3
(Hs01105469 g1)#AQP5 " (Hs00387048 m1), NFE2L2 (Hs00975961 g1), and ACTB
(Hs01060665_g1) (Thermae Fisher Scientific). Cycling conditions were ‘as follows: initial
activationat 95°C for 10 minutes, followed by.40 cycles 0f'95 °C for 15 seconds and 60 °C for
1 minute. For the quantification of AQP1, AQP2£AQP3, AQP4,"AQP5, AQP6, AQP7, AQPS,
AQP9, AQP10, AQP11, AQP12 and housekeeping genes B2M, and HPRT-1, SYBR Green
chemistry was employed. Primer sequences are listed in Table 3. Each reaction contained 10
ML SsoAdvanced Universal SYBR_ Green Supermix (Bio-Rad Laboratories), 8 uL nuclease-
free water, 0.5 pL of mixed forward and reverse primers (5 uM each), and 1.5 pL of cDNA
template. Amplification was‘carried out omia CFX Opus 96 Real-Time PCR System (Bio-Rad
Laboratories) with the following eyeling/conditions: initial denaturation at 95 °C for 2 minutes,
followed by 40 cycles of 95 °C for 15 seconds and 62 °C for 30 seconds. A melting curve
analysis was conducted to verify PCR product specificity. Relative gene expression was
calculated using the 2"(-AACt) method [172] and expressed as fold change relative to control

conditions.
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Table 3. Primer sequences used for quantitative reverse transcription PCR analysis

Forward AATGACCTGGCTGATGGTGT
AQPL Reverse CAGGAGGTGTCCAAGGGCTA
Forward TGGCTGTCAATGCTCTCAGC
AQP2 Reverse GCCACAGAGAAGCCTATGGA
Forward GGGCTGTATTATGATGCAATCTGG
AQPS Reverse GTCCAGAGGGGTAGGTAGCA
Endogenous Forward AGACAGGECCTTCAGGATTT
AQP3 Reverse TCCCTTGCCQTGAATATCTG
Forward CTTCTACATCGCAGCCCAGT
AQP Reverse TGAACCATGGTGACTCCCAG
Forward CCCGCTCACTGGGTTTTCT
AQPS Reverse GTCCTCGTCAGGCTCATACG
Forward TTGGGATCCACTTCACTGGC
AQPS Reverse CGGGGAACAGGACGAAGTTG
Forward GAACGCAGCTGTGACCTTTG
AQPT Reverse AAAGTGGAGAATGGCCGTGT
Forward CGCTGGGGAATATCAGTGGT
4 ¥ Reverse GAGACCCAGTACGGGAGGAG
Forward TCTCAGICGAGGACGTTTTGG
O Reverse GTGACCACCECAGAGACACCG
Forward TGGGTGGTAACGTCTCAGGG
AQP10
Reverse TGTAAATGGGGAGCTTGACCC
Forward TGCAGGAGGAAGTCTAACAGG
AQPLL Reverse AGCCATGGAAGGAAAAAGCTG
Forward GAGGCGATGAGGACGCTG
AQP12
Reverse GAAGAGCAGGAAGAGCAGGG
Forward TGTCTTTCAGCAAGGACTGGT
B2M Reverse ACATGTCTCGATCCCACTTAAC
Forward CCCTGGCGTCGTGATTAGTG
HPRT-1

Reverse

TCGAGCAAGACGTTCAGTCC
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2.8. Aquaporin Activity Assays

Aquaporin activity was assessed by measuring H>O> transport into cells using the
chemical probe H>-DCFDA (Sigma Aldrich), which detects a broad range of intracellular ROS,
including H20>. To evaluate aquaporin-mediated H,O, permeability, 3 x 10* cells were seeded
onto 22 mm glass coverslips (Carl Roth) in 200 uL of medium and allowed to‘adhere, for
24 hours, after which they were treated according to the experimental plan. Cells were incubated
with 10 uM H>-DCFDA for 30 minutes at 37 °C in a humidified'atmosphere with 5% CO..
Before imaging, cells were washed with 25 mM HEPES buffer and mounted in"a chamber on
an inverted Eclipse Ti2 microscope (Nikon Europe B.V. Amstelveen, Netherlands) combined
with a Dragonfly high-speed confocal platform (Ander Technology Ltd, Belfast, UK). After a
1-minute equilibration in HEPES buffer, 100 uM»H>O> was added, and fluorescence images
were recorded every 5 seconds with excitation at 495/10 nm with a Sona SCMOS camera
(Andor Technology Ltd). Changes in fluorescence intensity over time were used to determine
H20> transport, and H>O> permeability was, calculated from the slope of the fluorescence
intensity over time using a custom /Microsoft Excel Visual Basic script, (availableyat

https://github.com/nijelic/slope-residualsfor<multivariate-time-series).

2.9. Insilico predietion of NRF2 binding sites

WCSC Genome' Browser (https://genome.ucsc.eduf) [192] was used to analyze the
regulatoryregions of AQP3 and AQP5 on the hg38 human genome assembly. Predicted
regulatory elements, mcluding promoters and enhancers, were obtained from the GeneHancer
database (https:/mvw.genecards.org/Guide/GeneHaneer) [193] integrated into the UCSC
Genome Browser. Experimental transcription facter binding data were obtained from ChlP-seq
targeting NRF2 (experiments ENCSR197WGI, ENCSR488EES, ENCSR7071UN, produced by
the Snyder lab, Stanford) from the ENCODE4 Project (https://www.encodeproject.org/) [194],
and visualized as part of the transcription factor representative peak clusters. Additional binding
data were obtained from the ReMap.2022 atlas of regulatory regions [195] in the UCSC
Genome Browser. Predicted NRF2 binding motifs were obtained from the JASPAR 2024
CORE collection [196], and visualized in the UCSC Genome Browser transcription factor
binding sites track using a minimum motif score threshold of 400 (corresponding to p <0.0001).
Additionally, promoter and enhancer sequences defined by GeneHancer were extracted and
analyzed using FIMO (Find Individual Motif Occurrences, MEME Suite v5.5.8, https://meme-
suite.org/meme/tools/fimo) [197] with the JASPAR MAO0150.2 NFE2L2 position weight
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matrix. A threshold of p < 0.0001 was applied, and predicted motif events were uploaded as
UCSC custom tracks for visualization.

2.10. Statistical Analysis
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3. RESULTS

3.1. Effect of Prolonged Exposure to Hydrogen Peroxide

Aquaporins are known to facilitate the transport of H2O2 across cellular_membranes,
implying a role in regulating oxidative stress within the cell. Since they are Qverexpressed in
breast cancer, and cancer is characterized by elevated oxidative stress, we investigated whether
prolonged exposure to H,O> affects their expression and related cellular responses.

3.1.1. Cell Viability and Proliferation

To evaluate the effect of prolonged oxidative stress, cells were pretreated with low
concentrations of H202 (10 or 20 pM) every two days for 14 days and subsequently acutely
challenged with a range of H>O, concentrations. Cell viability'was assessed with the EZ4U
assay, and proliferation with BrdU incorporation 24 h, post-treatment. Prolonged exposure
influenced breast cancer and non-tumarigenic breast epithelial cells in a cell-type-specific
manner. In SUM159PT cells, pretreatment with 10 or 20 uM H.O; for 14 days resulted in
significantly higher viability upon ‘acute 100,pM H20. compared to untreatedicontrols (p'<
0.0001 and p < 0.001), while no-significant differences were detected at lower concentrations
(Figure 10a). Pretreatment with 20 tM»H20- also resulted in significantly higherproliferation
upon acute exposure to 5, 10,and 25 pM H20: (p = 0.0138, p=0.0113, and p.= 0.0118) (Figure
10e). dn,SkBr3 cells dncreased viability was observed at 25 uM Hz20.,where pretreatment with
10 uM (p'<0.001) and 20'uM (p = 0.0485) H20, had‘aprotective effect (Figure 10b), whereas
proliferation remained unchanged (Figure 10f). InMCF7 cells, pretreatment enhanced survival
fallowing actte exposure to 50 UM (both p.<0.0001)and 75uM (p = 0.0073 and p < 0.0001)
H>Ozin cells pretreated with 10 and 20 uM H202 (Figure 10c). Rroliferation was also increased,
but only in a 20 uM pretreatment group, with significant differences detected at 5 and 10 uM
H20, (p = 0.0016, p < 0.001) (Figure 20g). In contrast, the non-tumorigenic MCF10A cells
showed no evidence of adaptation in viability, which was even reduced at 75 uM H20-
following pretreatment with 20 M H202 (p = 0.0071) (Figure 10d). However, they showed an
increased proliferation at 100 uM H20- following pretreatment with either 10 or 20 uM H20>
(p =0.018, p =0.0266) (Figure 10h). Because prolonged exposure to 20 uM H20: altered both
cell viability and proliferation, this concentration was selected for all subsequent assays.
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Figure 10. Effect of prolonged exposure to hydrogen peroxide
on cell viability and proliferation

SUM159PT (a, €), SkBr3 (b, f), MCF7 (c, g), and MCF10A (d, h) cells were treated with 10 or 20 uM
H.O, every two days for 14 days, after which they were treated with a range of H>O concentrations.
Cell viability was assessed by EZ4U assay (a-d) and cell proliferation by BrdU incorporation (e-h) 24 h
post-treatment. Experiments were performed in biological and technical triplicates. Cell viability and
proliferation were calculated as the ratio between the treated cells and the untreated control, and are
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shown as a percentage of the control. Statistical analysis was performed using two-way ANOVA
followed by Sidak's multiple comparisons test. The results are presented as mean + SEM. Significance
is indicated as follows: */+ p < 0.05, **/++ p < 0.01, ***/+++ p < 0.001, ****/++++ p < 0.0001. The
asterisk (*) indicates the p-value for the 10 pM-treated cells compared to the control, and the plus (+)
indicates the p-value for the 20 M H2O.-treated cells compared to the control.

3.1.2. Cell Migration

To investigate whether prolonged oxidative stress affected cell migration, a wound-
healing assay was performed with the addition of mitomycin ‘C, to inhibit proliferation.
Prolonged exposure did not significantly affect cell migration in any of the'tested cell lines. In
SUM159PT and MCF10A cells, wound closure occurred faster’compared to the other cell lines,
but remained unaffected by either acute or prolonged H20, treatment (Figure 11a, d). In
contrast, SkBr3 cells showed improved migration‘after acute 20 pM H20. exposure, with
significant differences at 24 h (p = 0.0406) and 48 h (p = 0.0110) in untreated cells (Figure
11b). In MCFT7 cells, acute treatmentwith 20,uM H20> enhanced wound closure at 48 h.in both
untreated (p = 0.0205) and pretreated cells (p < 0:001) (Figure 11c).
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Figure 11. Effect of prolonged exposure to hydrogen peroxide on cell migration
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SUM159PT (a), SkBr3 (b), MCF7 (c), and MCF10A (d) cells were treated with 20 uM H;O; every two
days for 14 days, after which they were scratched and treated with 20 UM H2O.. Cell migration was
observed by photographing the scratch area at 0, 24, and 48 hours. Cell migration was calculated as the
reduction in wound area over time, shown as a percentage of the initial wound area. Experiments were
performed in biological and technical triplicates, and results are presented as mean +.SEM2 Statistical
analysis was performed using two-way ANOVA followed by Tukey's multiplecomparisons test.
Significance is indicated as follows: * p < 0.05 compared to untreated control;+++ p < 0,001 compared
to 20 pM HO,-treated cells.

3.1.3. Fatty Acid Content and LOOH Formation

To determine whether prolonged oxidative stress influenced,lipid metabolism, the fatty
acid content was determined in cells pretreated with 20 uM H,O> for, 14'days, and no significant
differences were observed (Figure 12). To assess whether prolonged oxidative stress induced
lipid peroxidation, LOOH formation was measured.\LOOH formation was unaffected by

prolonged oxidative stress (Figure 13).
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Figure 12. Effect of prolonged exposure to hydrogen peroxide on fatty acid content

SUM159PT (a), SkBr3 (b), MCF7 (c), and MCF10A (d) cells were treated with 20 uM H,0O; every two
days for 14 days, after which they were collected for the analysis of fatty acid content. Experiments
were performed in biological and technical triplicates, and results are presented as mean + SEM.
Statistical analysis was performed using two-way ANOVA followed by Sidak's multiple comparisons
test. Significance is indicated as follows: */+ p < 0.05, ++p < 0.01, +++p < 0.001.
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Statistical analysis was performed using an unpaired two-tailed Student’s t-test. A p-value < 0.05 was

considered statistically significant.
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on AQP3 and AQPS5 protein expression
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SUM159PT (a), SkBr3 (b), MCF7 (c), and MCF10A (d) cells were treated with 20 uM H20O; every two
days for 14 days, after which the proteins were harvested and assayed by Western blot for AQP3 and
AQP5 protein expression. Experiments were performed in biological and technical triplicates. The
protein level is shown as a relative value compared to the untreated control, and results are presented as
mean + SEM. Statistical analysis was performed using an unpaired two-tailed Student’s t-test.
Significance is indicated as follows: * p <0.05 and ** p < 0.01.

To further assess the effect of prolonged oxidative stress on therapy resistance, the
expression of the ATP-binding cassette transporters ABCB1 and' ABCG2 was\examined. In
SkBr3 cells, both ABCBL1 (p = 0.0281) and ABCG2 (p =.0.0450) were,significantly reduced
compared to untreated controls (Figure 15b), while no significant differences were observed in
SUM159PT, MCF7, or MCF10A cells.
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Figure 15. Effect of prolonged exposure to hydrogen peroxide
on drug.efflux transporters ABCB1 and ABCGZ2 protein expression

SUM159P T (a), SkBr3 (b), MCF7 (c), and MCF10A (d) cells were treated with 20 uM H,0O; every two
days for 14 days, after which the proteins were harvested and assayed by Western blot for ABCB1 and
ABCG2 protein expression. Experiments were performed in biological and technical triplicates. The
protein level is shown as a relative value compared to the untreated control, and results are presented as
mean = SEM. Statistical analysis was performed using an unpaired two-tailed Student’s t-test.
Significance is indicated as follows: *p <0.05.

Oxidative stress can impact different signaling pathways, and the PI3K/Akt/mTOR
pathway is a possible regulator of aquaporin expression. Therefore, the involvement of the
PI3K/Akt/mTOR signaling pathway was investigated. Prolonged treatment with 20 pM H20>
did not affect the expression of PI3K, PTEN, or Akt activity, expressed as the pAkt/Akt ratio.

Similarly, no significant differences were detected in the expression of mMTORC1 and mTORC?2
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subunits (Raptor and Rictor, respectively) or in phosphorylated mTOR. The only significant
change observed was in SkBr3 cells, where Ras expression was increased (p = 0.0431) (Figure
16Db).
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In addition, the NRF2 signaling pathway was examined under the same prolonged

oxidative stress conditions. In SUM159PT cells, NRF2 expression was significantly reduced (p
= 0.0489), accompanied by a decrease in its regulator Keapl (p = 0.0027) (Figure 17a). In
SkBr3 cells, Keapl expression was also reduced (p = 0.0436), while NRF2 remained unchanged
(Figure 17b). In contrast, in MCF7 cells, Keapl levels were increased (p = 0.0359), while NRF2

expression remained unchanged (Figure 17c). In the non-tumorigenic MCF10A cells, neither
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NRF2 nor Keapl expression was affected (Figure 17d). GSK3p, another regulator of NRF2
activity, as well as the NRF2 downstream targets HO-1, NQO1, and AKR1B10, showed no
significant differences in any of the tested cell lines.
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Since whole-cell NRF2 protein levels may not fully reflect its activity due to rapid
turnover, NRF2 localization was examined in cytoplasmic and nuclear fractions. In SUM159PT
(p = 0.0233), SkBr3 (p = 0.0357), and MCF7 (p = 0.0261) cells, prolonged oxidative stress led
to a significant increase in nuclear NRF2 compared to untreated controls (Figure 18). NRF2
localization was unchanged in the non-tumorigenic MCF10A cells. Fractionation quality was
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verified using LSD1 as a nuclear marker and B-Actin as a cytoplasmic marker, and

representative immunoreactive bands are shown in Figure 19.

NRF2 localization Figure 18. Effect of the prolonged exposure to hydrogen

peroxide on the NRF2 protein localization
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Figure 19. Representative immunoreactive bands for nuclear and€ytoplasmic fractions in
chronig,oxidative, stress
Representative immunoreactive bands showing LSD1, NRF2, and B-Actin protein expression in the
nuclear and cytoplasmic fraction of SUM159PT, SkBr3, MCF7;and MCF10A cells in control (C) and
oxidativestress (OS) conditions. LSD1 was used as a nuclearmarker, while B-Actin served as a marker
for the cytoplasmic fraction.
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Representative immunoreactive bands for all analyzed whole-cell proteins under control
and prolonged oxidative stress conditions are shown in Figure 20.

SUM159PT SkBr3 MCF7 MCF10A
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Figure 20. Representative immunoreactive bands for chronic stress
Representative immunoreactive bands showing AQP3, AQP5, ABCB1, ABCG2, PI3K, PTEN, pAkt,
Akt, Raptor, Rictor, p-mTOR, Ras, NRF2, Keapl, GSK3p, AKR1B10, NQO1, HO-1, and B-Actin
protein expression in SUM159PT, SkBr3, MCF7, and MCF10A cells in control (C) and oxidative stress
(OS) conditions.
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3.1.5. Gene Expression

To assess whether prolonged oxidative stress influenced aquaporin expression at the
transcriptional level, peroxiporins AQP1, AQP3, AQP5, AQP9, and AQP11 mRNA levels were
analyzed by RT-qPCR after 14 days of treatment with 20 uM H2O2. In SUM159PT cells,
expression of both AQP3 (p = 0.0300) and AQP5 (p = 0.0486) was significantly increased,
along with an upregulation of AQP11 (p = 0.0410) (Figure 21a). In SKBr3 cells, AQP3 (p =
0.0061) and AQP5 (p = 0.0441) expression was also elevated (Figure 21b).In MCF7 cells,
AQP3 increased (p = 0.0025), while AQP5 expression decreased (p =0.0114) (Figure 21c). The
non-tumorigenic MCF10A cells showed reduced AQP3 expressiony(p =0.0131), whereas AQP5
(p <0.001), AQP1 (p = 0.0315), and AQP9 (p = 0.0127) weredincreased (Figure 21d).
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Figure 21. Effect of prolonged.exposure to hydrogen peroxide
on the aquaporin gene expression

SUM159PT (@), SkBf3 (b), MCF7 (c), and MCF10A(d).cells were treated with 20 uM H,O; every two
days for 14 days, after which the total RNA was isolated; transcribed into cDNA, and analyzed by RT-
gPCR for AQP1, AQP3, AQP5, AQP9; and AQP11 gene expression. Experiments were performed in
biological and technical triplicates. Gene expression was quantified by the 2*(-AACt) method, relative
to control (dotted line), and is presented as mean + SEM. Statistical analysis was performed using an
unpaired two-tailed Student’s t-test."Significance is indicated as follows: * p < 0.05, ** p < 0.01, and
**% p <0.001.
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Finally, to determine if prolonged oxidative stress affected NRF2 at the transcriptional
level, NFE2L2 mRNA expression was analyzed by RT-gPCR following 14 days of treatment
with 20 uM H20:. A significant decrease was observed only in SkBr3 cells (p < 0.001), while
no changes were detected in SUM159PT, MCF7, or MCF10A cells (Figure 22):

NFE2L2 Figure 22. Effect of the/fprolonged,exposure to
gene expression hydrogen peroxide on NFE2L2 genesexpression
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3.2. Effect of NRF2 Modulation

Since prolonged oxidative stress resulted invincreased aquaporin expression along with
enhanced NRF2nuclear localization, indicating its activation; we examined whether NRF2

modulation influences aquaporin regulation.

3:2.1. Cell Viability

The effect of NRF2 pharmacelogical modulation was assessed after determining the non-toxic
concentration using the cell viability,assay. The NRF2 activator sulforaphane and the inhibitor
ML385 were tested across concentrations ranging from 0 to 10 uM for 24 h. In SUM159PT
cells, sulforaphane significantly reduced viability at 7.5 and 10 uM (both p < 0.0001), while
ML385 had no significant effect (Figure 23a). In SkBr3 cells, both sulforaphane and ML385
decreased cell viability at 5 (p = 0.0115, p = 0.0223), 7.5 (p < 0.0001, p = 0.0209), and 10 puM
(p <0.0001, p = 0.0042) (Figure 23b). In MCF7 cells, sulforaphane significantly decreased
viability at 7.5 and 10 uM (both p < 0.0001), while it increased viability at 1 uM (p = 0.021)
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(Figure 23c). In the non-tumorigenic MCF10A cells, sulforaphane reduced viability at 7.5 and
10 uM (p = 0.0025, p <0.0001) (Figure 23d). Based on these results, 2.5 puM sulforaphane was
selected as the highest concentration that did not affect viability in any of the cell lines, while
ML385 was used at 10 uM to ensure sufficient NRF2 inhibition, despite its effect on,viability
in SkBr3 cells.
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Figure 23. Effect of sulforaphane and ML385 on cell viability

SUM159PT (a), SkBr3 (b), MCF7 (c),"and MCF10A (d) cells were treated with increasing
concentrations (0-10 puM) of sulforaphane or/ML385 for 24 h, and cell viability was assessed by EZ4U
assay 24 h post-treatment. Experimentsrwere performed in biological and technical triplicates. Cell
viability was calculated as the ratio of treated cells to untreated control cells and is expressed as a
percentage of the control. The results are presented as mean £ SEM. Statistical analysis was performed
using two-way ANOVA followed by Tukey's multiple comparisons test. Significance is indicated as
follows: */+ p < 0.05, **/++ p < 0.01, **** p < 0.0001. The asterisk (*) indicates the p-value for the
cells treated with sulforaphane, and the plus (+) indicates the p-value for the cells treated with ML385,
compared to the control.
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3.2.2. Protein Expression and Localization

The success of NRF2 modulation was evaluated by measuring NRF2 protein levels, the
expression of its regulator Keapl, and a downstream target HO-1 6 and 24 h post-treatment,
and by confirming its nuclear translocation 2 h post-treatment. Once successful modulation was

confirmed, AQP3 and AQP5 expression were analyzed.

In SUM159PT cells, sulforaphane increased NRF2 expression-after 6 and 24<h (p =
0.0143, p = 0.0016), which was accompanied by an increase in Keapl expression at 24 h (p <
0.001) and HO-1 expression after 24 h (p < 0.001), while ML385 did, not significantly affect
NRF2 expression or activity (Figure 24a). Since HO-14s a downstream target of NRF2, its
upregulation indicates NRF2 activity. This was further confirmed by increased NRF2 nuclear
translocation observed 2 h after sulforaphane treatment (p < 0:001) (Figure 24b). Following
successful NRF2 activation, AQP3 and AQP5 protein expression were evaluated. AQP3
expression increased upon sulforaphanestreatment after 6 and 24 h (p = 0.0243, ps= 0.0235),
while AQPS5 expression remained unchanged (Figure 24c).
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Figure 24. Effect of sulforaphane and ML385 on protein expression in SUM159PT cells

SUM159PT cells were treated with'2:5 uM sulforaphane (SFN) or 10 uM ML385 for 6 h and 24 h, and
NRF2, Keapl, and HO-1 expression was analyzed (a). NRF2 nuclear translocation was assessed 2 h
after treatment (b), and AQP3/AQP5 expression following successful NRF2 modulation (c).
Experiments were performed in biological and technical triplicates. Protein levels are shown relative to
the untreated control (indicated by a dotted line) and presented as mean £ SEM. Statistical analysis was
performed using one-way ANOVA (a, c) or two-way ANOVA (b) with Dunnett's multiple comparisons
test. Significance is indicated as follows: * p <0.05, ** p <0.01, *** p <0.001.

49



In the SkBr3 cell line, NRF2 protein expression did not change following sulforaphane
or ML385 treatment, but an increase in Keapl expression was observed 6 h after sulforaphane
treatment (p = 0.0077). Even though NRF2 expression remained unchanged, HO-1 expression
increased at both 6 and 24 h of sulforaphane treatment (p = 0.0191, p = 0.0021), indicating
NRF2 activity (Figure 25a). However, unlike in SUM159PT, this gpregulation of' HO-1,was
not accompanied by a significant increase in NRF2 nuclear translocation (Figure 25b). The
effect on aquaporin expression was measured regardless, and although a trend toward higher
AQP3 levels was observed, no significant changes were detected, with both AQP3 and AQP5

remaining unchanged (Figure 25c).
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Figure 25. Effect of sulforaphane and ML 385 on,protein expression in SkBr3 cells

SkBr3cells were treated with 2.5 pM sulforaphane (SEN) or 10.uM ML385 for 6 h and 24 h, and NRF2,
Keapl, and HO-1 expression was analyzed (a)»NRF2 nuclear translocation was assessed 2 h after
treatment (b), and AQP3/AQP5 expression following successful NRF2 modulation (¢). Experiments
were performed in biglogical and technical triplicates. Protein levels are shown relative to the untreated
control (indicated by a dotted line) and presented as mean'= SEM. Statistical analysis was performed
using one-way ANOVA (a, ¢) or two-way ANOVA (b) with Dunnett's multiple comparisons test.
Significance is indicated as follows: * p <0.05, ** p <0.01, *** p <0.001.
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In the MCF7 cell line, NRF2 protein expression increased after sulforaphane treatment at
both 6 and 24 h (p = 0.0018, p = 0.0442), while ML385 did not significantly affect NRF2 levels.
HO-1 expression was upregulated after 6 and 24 h of sulforaphane treatment (p = 0.0358, p <
0.001), indicating NRF2 activity (Figure 26a). However, as in SkBr3, this wasot confirmed
by a significant increase in NRF2 nuclear translocation (Figure 26b), and AQP3/and AQP5
expression remained unchanged (Figure 26¢). Although ML385 treatment.did not successfully
inhibit NRF2 activity, it led to a reduction in Keapl protein levels at both 6 and24 h (p =
0.0049, p <0.001) (Figure 26a).
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Figure 26. Effect of sulforaphane and ML 385 on protein‘expression in MCF7 cells

MCE7wcells weretreated with 2.5 uM sulforaphane (SEN) or 10 pM ML385 for 6 h and 24 h, and NRF2,
Keapl, and HO-1 expression was analyzed (@)»4NRF2 nuclear translocation was assessed 2 h after
treatment (b), and AQR3/AQP5 expression following successful NRE2 modulation (c). Experiments
were performed in biological and technical triplicates. Protein levels are shown relative to the untreated
control (indicated by a dotted line) and presented as mean = SEM. Statistical analysis was performed
using one-way ANOVA (a, c) or two-way ANOVA (b) with Dunnett's multiple comparisons test.
Significance is indicated as follows: * p <'0.05, ** p <0.01, *** p < 0.001.
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In the non-tumorigenic MCF10A cell line, NRF2 protein expression increased after 24 h
of sulforaphane treatment (p = 0.011), accompanied by an upregulation of Keapl (p = 0.0354)
and HO-1 (p = 0.0244), indicating NRF2 activity (Figure 27a). However, nuclear translocation
of NRF2 was not significantly altered following sulforaphane treatment (Figure27h);and both

AQP3 and AQPS5 expression remained unchanged (Figure 27c).
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Figure 27. Effect ofssulforaphane and ML385 on protein expression in MCF10A cells

MCF10A cells were treated with,2.5 uM sulforaphane (SFN) or 10.wM ML385, for 6 h and 24 h, and
NRF2, Keapl, and HO-1 expression was analyzed (a). NRF2 nuclear translocation was assessed 2 h
after treatment| (b), @and AQP3/AQP5 expressiond fellowing successful NRF2 modulation (c).
Experiments,were performed in biological and technical triplicates. Protein levels are shown relative to
the untreated-control*(indicated by a dotted line) and presented as mean £ SEM. Statistical analysis was
performed using one-way ANOVA (a, ) or two-way ANOVA (h) with Dunnett's multiple comparisons
test. Significance is‘indicated as follows: * p <.0.05, ** p <0:01, ***p < 0.001.

Sulforaphane treatment successfully activated NRF2 in all tested cell lines, but this did
not lead to aquaporin upregulation in allof them. In contrast, ML385 did not achieve effective
NRF2 inhibition.

Representative immunoreactive bands for total protein expression of NRF2, Keapl, HO-

1, and B-Actin, which was used as a housekeeping protein, are shown in Figure 28.

Nuclear and cytoplasmic fractions of NRF2, with LSD1 and GAPDH serving as nuclear
and cytoplasmic markers, respectively, are presented in Figure 29.

Representative bands for total protein expression of AQP3 and AQPS5, together with -

Actin as a housekeeping protein, are shown in Figure 30.
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Figure 28. Representative immunoreactive bands modulation of NRF2 activity
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Figure 29. Representative immunoreactive bands of nuclear and cytoplasmic fractions
after modulation of NRF2 activity

Representative immunoreactive bands showing LSD1, NRF2, and GAPDH protein expression in the
nuclear and cytoplasmic fraction of SUM159PT (a), SkBr3 (b), MCF7 (c), and MCF10A (d) cells in
control (CTRL), DMSO vehicle control, and 2.5 uM sulforaphane (SFN) treatment for 2 h. LSD1 was
used as a nuclear marker, while GAPDH served as a marker for the cytoplasmic fraction.
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Figure 30. Representative immunoreactive bands of aquaporins after activation of NRF2

Representative immunoreactive bands showing AQP3, AQPS5, and B-Actin protein expression in
SUM159PT (a), SkBr3 (b), MCF7 (c), and MCF10A (d).cells in contral (CTRL), DMSO vehicle control,
2.5 uM sulforaphane (SFN) treatment for 6 h or 24 h.

Since pharmacological modulation of NRF2 activity achieved its suecessful activation
but showed limitations in inhibition, we, applied a genetic appreach to further investigate its
effect on aquaporin regulation. NRE2 was either silenced or stably, overexpressed in breast
cancer and non-tumorigenic breast epithelial cells. Stable overexpression was achieved through
antibiotic selection and considered successful when non-transfected control cells did not
survive the treatment, while transfected cells remained viable and were used for subsequent
experiments, MCF10A cells, however, could not.be suceessfully'stably transfected and were
excluded from this,part of the analysis. To verify the efficiency of genetic modulation, NRF2
and its downstream target HO-1 were analyzed at the protein level. However, neither siRNA-
mediatedsilencing nor stable overexpression resulted in consistent or significant changes in
NRF2 or HO-1 expression across thestested cell lines, indicating that genetic modulation of
NRF2 was not successful (Figure 31a,"b). Representative immunoreactive bands for NRF2,
HO-1, and B-Actin protein expression following NRF2 silencing and overexpression are shown
in Figure 32. Since NRF2 modulation'could not be reliably achieved at the genetic level, further

analysis of aquaporins was not performed.
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Figure 32. Representative immunoreactive bands after NRF2 silencing and overexpression

Representative immunoreactive bands showing NRF2, HO-1, and B-Actin protein expression in
SUM159PT (a), SkBr3 (b), MCF7 (c), and MCF10A (d) cells in control (CTRL) condition, in cells
transfected with scramble RNA or siRNA-NFE2L2, and with pCMV6-Entry or pPCMV6-NRF2.
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3.2.3. Gene Expression

Since sulforaphane treatment successfully activated NRF2, its effect on peroxiporin gene
expression was evaluated. In SUM159PT cells, 24 h of sulforaphane treatment resulted in a
significant decrease in AQP3, AQP5, and AQP11 expression (p =0.0043, p =0.313,p=0.0155)
(Figure 33a). In SkBr3 cells, sulforaphane treatment for 24 h significantly increased, the
expression of AQP1, AQP4, and AQP9 (p<0.001, p = 0.0017, p<0.0001), while a_shorter
exposure of 6 h increased only AQP9 expression (p = 0.016) (Figure 33b). In MCF7 cells, a
decrease in AQP11 (p<0.001) expression was observed after 6 h of sulforaphane treatment
(Figure 33c). In the non-tumorigenic MCF10A cells, sulforaphane treatment did not lead to

significant changes in peroxiporin expression (Figure.33d).
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Figure 33. Effect of sulforaphane on peroxiporin gene expression

SUMI159PT (a), SkBr3 (b), MCF7 (c¢), and MCF10A (d) cells were treated with 2.5 uM sulforaphane
for 6 h and 24 h, after which total RNA was isolated, reverse transcribed into cDNA, and analyzed by
RT-gPCR to assess the expression of peroxiporin genes (AQP1, AQP3, AQP4, AQP5, AQP9, and
AQP11). Experiments were conducted in biological and technical triplicates. Gene expression was
quantified by the 2*(-AACt) method, relative to control (dotted line), and is presented as mean + SEM.
Statistical analysis was performed using two-way ANOVA with Dunnett's multiple comparisons test.
Significance is indicated as follows: * p<0.05, ** p<0.01, *** p<0.001 and **** p <(0.0001.
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3.2.4. Agquaporin Activity

Since sulforaphane treatment differently affected aquaporin protein and gene expression,
its functional consequences on aquaporin activity were evaluated by measuring the rate of H.O»
intake using the DCFH-DA fluorescent probe. After 24 h of sulforaphane treatment,
SUM159PT and SkBr3 cells showed a significant increase in @aguaporin-mediated H>O-
transport (p <0.001, p <0.0001) (Figure 34). In contrast, no significant ehanges In aquaporin
activity were observed in MCF7 cells or in the non-tumorigenic MCF10A celis.
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Figlre 34. Effect of sulforaphane on aquaporin activity

SUMI159PT, SkBr3, MCFE7, and MCF10A cells were treated with@2.5'uM, sulferaphane for 24 h, after
which the cells were loadedawith 10 uM DCFH-DA for 30 minutes,/AQP.activity was assessed by
measuring the rate of H.O; intake after a 100 uM H>O, challenge. Experiments were conducted in
biological duplicates,yand«10 cells were analyzed per experiment. Data.is presented as mean + SEM.
Statisticalyanalysis was performed using one-way ANOVA with,Dunnett's multiple comparisons test.
Significance is,indicated as follows: *** p <0.001 and ***% p < 0.0001
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3.2.5. Predicted NRF2 binding in AQP3 and AQPS5 regulatory regions

Besides the experimental approach, the potential connection between aquaporins and
NRF2 was further assessed using in silico analysis. To investigate whether NRF2 may directly
regulate AQP3 and AQP5, publicly available datasets were analyzed for<predicted and

experimentally validated NRF2 binding motifs within aquaporins' regulatory regions.

For AQP3 (Figure 35), which is located on the short arm of ehromosome .9 (9p13.3),
GeneHancer identified several regulatory elements within ~10 kb of the locus.:T hese included
one high-confidence promoter (GH09J033442), one low-confidence promoter(GH09J033436),
and several enhancers: high-confidence (GH09J033430, GHO09J033434, GH09J033452),
medium-confidence (GHO09J033435, GH09J033438), and /low-confidence (GH09J033437,
GH09J033450). Evidence for NRF2 binding wasfound in multiple datasets. ENCODE4 ChlIP-
seq clusters showed binding signals in this region, which,were also supported by ReMap ChlP-
seq peaks. In addition, sequence-basedspredictions (JASPAR) highlighted several binding
motifs, and FIMO scanning confirmed some of them within the regulatory elements. Among
these, the enhancer GH09J033430 stood out because it was supported by both experimental and
predicted data, making At the 'strongest candidate for NRFE2 binding. The wpromoter

GH09J033442 also showed some evidence, but less consistently.
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Figure 35. Predicted and experimental NRF2 binding motifs in AQP3 regulatory regions

The AQP3 gene is shown on chromosome,9p13.3 (blue), transcribed from right to left. GeneHancer
regulatory elements (GH Reg Elems) are displayed in a 10-20 kb window around the locus, with the
high-confidence GH09J033442 (red);.and low-confidence promoter GH09J033436 (pink), and several
predicted enhancers: high-confidence"GH09J033430, GH09J033434, and GH09J033452 (dark grey),
medium-confidence GH09J033435, and GHO09J033438 (medium grey), and low-confidence
GH09J033437, and GH09J033450 (light grey). Evidence for transcription factor binding sites (TFBS)
is shown in four independent tracks. The transcription factor representative peak (TF rPeak) clusters
(grey boxes) represent ChIP-seq binding events for NRF2 (NFE2L2), identified across multiple
experiments in the ENCODE4 project, with highlighted TF motif site (green). The ReMap ChIP-seq
peaks (green boxes) display experimentally observed NRF2 binding sites from individual ChlIP-seq
datasets. The JASPAR 2024 TFBS predictions (black ticks) mark genomic positions that match the
NRF2 consensus motif, and the FIMO track (purple ticks) shows predicted motif within GeneHancer-
defined promoters and enhancers, based on direct sequence scanning using the JASPAR MA0150.2.
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For AQP5 (Figure 36), located on the long arm of chromosome 12 (12q13.12),
GeneHancer identified two medium-confidence promoters (GH12J049959, GH12J049966),
one low-confidence promoter (GH12J049950), one high-confidence enhancer (GH12J049945),
and one low-confidence enhancer (GH12J049952), also spanning ~10 kb around theylocus. In
this case, the enhancer GH12J049945 is the best candidate, supported by everlapping
ENCODE4 clusters, ReMap peaks, and motif predictions from JASPAR and FIMO. The
promoter GH12J049959 also appeared as a candidate, though the evidence .came only from
predictions and ReMap, without support from ENCODEA4 clusters.
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Figure 36. Predicted and experimental NRF2 binding motifs in AQP5 regulatory regions

The AQP5 gene is shown /on chromosomes12q13.12 (blue), transeribed from left towright. The
neighboring AQP2 gene iSylacated upstream, and AQP6 is downstream (not shewn) within the same
region. GeneHancer regulatoryselements (GH Reg Elems) are displayed ina 20-20 kbwindow around
the locus, with medium-confidence GH12J049959 and GH12J049966 (light red),and low-confidence
promoter GH12J049950 (pink), high-confidence GH12J049945 (dark grey), and low-confidence
enhancer GH12J049952 (light grey). Evidence for transcription facter binding sites (TFBS) is shown in
four independent tracks..Fhe transcription factor representative peaki(LE«Peak) clusters (grey boxes)
represent ChIP-seq binding events for NRF2 (NFE2L2), identified across multiple experiments in the
ENCODEA4 prgject, with highlighted TF motifsite (green)..The ReMap ChIP-seq peaks (green boxes)
display experimentally observed NRF2 binding sites,from individual ChlP-seq datasets. The JASPAR
2024 TEBS predictions (black ticks) mark genomic positions.that match the NRF2 consensus motif, and
the FIMO track (green ticks) shows predicted NRF2 motif within GeneHancer-defined promoters and
enhancers, based on direct sequence scanning using the JASPAR MA0150.2.

Overall, the overlap of experimental datasets (ENCODE4 clusters, ReMap) with motif
predictions (JASPAR, FIMO) suggests that NRF2 could directly bind to AQP3 and AQP5
regulatory regions. However, these predictions are based on publicly available datasets and

require experimental validation in breast epithelial cells and related tumors.

Table 4 lists the predicted elements, positions, and motif sequences identified within
AQP3 and AQPS5 loci in the FIMO analysis.
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Table 4. Predicted NRF2 binding motifs in AQP3 and AQP5 regulatory regions

Gene GeneHancer ID Element type Start Matched Sequence
GHO09J033430 Enhancer 33431065 AGGGATGACTAAGCA
GH09J033434 Enhancer 33433206 CTGGGTGACAGAGCA
GHO09J033435 Enhancer 33433206 CTGGGTGACAGAGCA
GHO09J033436 Promoter

AQP3 GH09J033437 Enhancer 33439017 1,99e-05 AGGGGTGACACAGCT
GHO09J033438 Enhancer 33439017 1,99e-05 AGGGGTGACACAGCT

33447163 AAGTGACTCAGCC

GH09J033442 Promoter

TGGAGTGAGTCATCA

GH09J033450 Enha 33449955

GH09J033452
GH12J049945 49945646 49945660 ATTTGTGACTCAGCT
GHl‘QQSO
,05e-05 0,129 GAGGATGAGAAAGCA
,21e-05 0,129 CCAAATGACTTTGCA
4e-05 0,129 AGCTGTGAGTCAGCC
Promoter
FIMO (ME s used to scan GeneHancer-defined p ters and enhancers from the UCSC Genome Browser for AQP3 and AQP5 with the
JASPAR MAC position weight matrix. Ge ement type, genomic coordinates (hg38), statistical significance, and matched

sequences with ma ioxidant-responsive elements (red, NGC-3’) are shown. Reported hits met the p <0.0001 threshold, and entries with no

motif occurrences passing this threshold are blank.
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3.3. Cross-Regulation of Aquaporins

Since both prolonged oxidative stress and NRF2 modulation affected the expression of
multiple aquaporins rather than a single isoform, the possibility of interdependence among
aquaporins was considered. This raised the question of whether altering one aguaporin could
influence the expression or activity of others, and whether such compensatory regulation might
contribute to maintaining cellular homeostasis. To test this, both silencing.and overexpression
of AQP3 and AQP5 were performed using gene expression vectors, followed by antibiotic
selection to establish stable cell lines. Attempts to establish stable silencing in MCF7 and SkBr3
cells were unsuccessful, and MCF10A cells could not be stably transfected at all. Therefore,
subsequent analyses of aquaporin modulation were_focused on SUM159PT cells, where both

stable silencing and overexpression were achieved:

3.3.1. Protein Expression

The efficiency of AQP3 and/AQP5 modulation was evaluated at the protein level in
SUM159PT cells. Stable knockdown of either AQP3 or AQP5 did not lead to a significant
reduction in the targeted protein, indicating.that silencing was ngt.effective. In contrast,/AQP5
levels were significantly increased in eells transfected with pPCMV6-AQPSx(p.< 0.0001), while
AQP3 expression remainedunchanged in pCMV6-AQP3-transfected cells, (Figure 37).
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Figure 37. Effect of silencing or overexpression of AQP3 or AQP5
on protein expression in the SUM159PT cell line

SUM159PT cells were transfected with pSUPER-AQP3, pPSUPER-AQP5, pCMV6-AQP3, or pPCMV6-
AQP5, with empty pSUPER and pCMV6-Entry as controls. Proteins were extracted and analyzed for
AQP3, AQP5, and GAPDH expression. Experiments were performed in biological and technical
triplicates. The protein level is expressed as a relative value compared to the control (indicated by a
dotted line), and results are presented as the mean + SEM. Statistical analysis was performed using two-
way ANOVA with Dunnett's multiple comparisons test. Significance is as follows: **** p <0.0001.
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Representative immunoreactive bands for AQP3, AQP5, and GAPDH expression

following silencing or overexpression are shown in Figure 38.
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Figure 38. Representative immunoreactive bands Of silencing or overexpression
of AQP3 or AQP5 in the SUM159PT.cell line

Representative immunoreactive bands showing AQP3, AQP5, and GAPDH protein expression in
SUM159PT cells in the control (CTRL) condition, in cellsistably transfected with pSUPER, pSUPER-
AQP3, pSUPER-AQPS5, pCMV6-Entry, pPCMV6-AQP3, or pCMV6-AQP5.

3.3.2. Gene Expression

The efficiency of AQP3.and AQPR5 modulation was evaluated at theimRNAlevel as'well.
AQP3 expression was significantly reduced following pSUPER-AQP3 transfection (p =
0.0109), indicating successful silencing, and was increased with pPCMV6-AQP3 (p'< 0.0001),
indicating successful overexpression (Figure 39c). Endogenous AQP3 mRNA, which could be
distinguished from«the plasmid-driven transcript in larger size, showed a decrease in the
pCMV6-AQP3 group.(p = 0.0079) (Figure 39d). ‘AQP5 “expression decreased following
pSWUPER-AQPS transfection (p = 0.0231) and in pPCMV6-AQP3 cells (p = 0.0382), while it was
strongly upregulated after pPCMV6-AQP5 (p <0.0001), eonfirming successful overexpression
(Figure, 39f).

Changes were observed in other, AQP isoforms as well. AQP1 expression decreased in
both pSUPER-AQPS5 (p = 00055) and pPCMV6-AQP3 cells (p = 0.0487) (Figure 39a). AQP4
was significantly reduced after- pPCMV6-AQP3 transfection (p = 0.0492) but increased in
pCMV6-AQP5 cells (p = 0.0044) (Figure 39e). AQP9 expression was increased in both
pSUPER-AQP3 (p =0.0012) and pPSUPER-AQPS5 (p <0.001) groups but decreased in pCMV6-
AQP3 cells (p = 0.0034) (Figure 39i). AQP10 expression was elevated in pCMV6-AQPS5 cells
(p <0.0001) (Figure 39j), while AQP11 was significantly increased in pPCMV6-AQP3 cells (p
=0.0079) (Figure 39k). AQP2, AQP6, AQP7, and AQP12 showed no significant changes under
any condition (Figure 39b, g, h, I), and AQP8 was not detected.
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Figure 39. Screening of AQP1 to AQP12 gene expression after AQP3 or AQP5

silencing/overexpression in SUM159PT

PSUPER-AQP5, pCMV6-AQP3, or

SUM159PT cells were stably transfected with pSUPER-AQP3,

pCMV6-AQP5, with empty pSUPER and pCMV6-Entry as controls. Total RNA was isolated, reverse
transcribed into cDNA, and analyzed by RT-gPCR to assess the expression of AQP genes (AQP1, AQP2,
AQP3, endogenous AQP3, AQP4, AQP5, AQP6, AQP7, AQP9, AQP10, AQP11, and AQP12).
Experiments were conducted in biological and technical triplicates. Gene expression was quantified by
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the 27(-AACt) method, relative to control (dotted line), and is presented as mean + SEM. Statistical
analysis was performed on ACt values using one-way ANOVA with Dunnett's multiple comparisons
test. Significance is indicated as follows: * p<0.05, ** p<0.01, *** p<0.001, and **** p <0.0001.

3.3.3. Aquaporin Activity

Since stable overexpression was successful only for AQP5 at the protein level, functional
assays were performed to evaluate its impact on aquaporin activity., SUM159PT cells
overexpressing AQP5 had a significantly higher rate of H.O intake compared to control cells,
as evidenced by the steeper slope in the DCFH-DA _fluorescence trace (Figure 40a).
Quantification confirmed that AQP5 overexpression led to a significant increase in aquaporin-
mediated H20> transport (p = 0.018) (Figure 40Db).
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Figure 40. Effect of AQP5 0verexpression on aquaporin activity

SUM159PT cells were stably transfected with pCMV6-AQP5 and were loaded with 10 uM DCFH-DA
for 30 minutes before measurement. Representative trace.is'shown on panel a), and AQP activity was
assessed by measuring the rate of H.Oj intake after a 100 uM H2O- challenge (b). Experiments were
conducted in biological duplicates, analyzing 10 individual cells per replicate. Data is presented as
mean + SEM. Statistical analysis,was performed using one-way ANOVA with Dunnett's multiple
comparisons test. Significance is indicated as follows: * p <0.05.
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4. DISCUSSION

Breast cancer is a heterogeneous disease and remains a public-health challenge despite
advances. The need for new diagnostic and prognostic biomarkers, as well as novel therapeutic
targets, remains constant, and aquaporins have emerged as promising candidates. Dysregulated
aquaporin expression has been reported in breast cancer and in othér cancer types; where they
are associated with tumor grade, nodal status, outcome, and chemoresistance. In‘breast‘cancer,
AQP1, AQP3, and AQP5 are of particular interest as all are frequently, described as
overexpressed and linked to worse prognosis and therapy resistance:, AQP3 is expressed in
healthy mammary tissue and increases in cancer, whereas AQPS5 expression is normally low
but rises with cancer progression [176, 180]. Because of this, both have been suggested as
prognostic markers for breast cancer, but are also being considered as contributors to cancer
progression and potential therapeutic targets.

Agquaporins are transmembrange«hannels that facilitate the transport of water,glycerol,
H202, and other small substratesS across the, membrane. This transport, is passive, and
concentration-dependent, but.s,regulated at multiple levels, allowing cell$ to cantrol substrate
transport. By mediating H20- transport, aquaporins contribute to'the regulation of the cellular
redox state and the activation of redox-dependent signaling pathways. It'is known that chronic
inflammation and persistent oxidative stress promote all stages of tumorigenesis, and cancer
cells enhance their survival by modulating these processes [198]. Cancer cells also frequently
have overexpressedsaquaporins, which may“support cancer pregression through aquaporin-
mediated transport. By directing H20. toward degradation;, aquaporins may limit oxidative
damage; in ‘contrast, they may regulate the spatial ‘distribution of H>O, and promote the
activation of redox<sensitive pathways that enhanceproliferation, survival, and migration. This
raises the question of whether caneer cells adapt to high ROS conditions by increasing
aguaporin expression. To investigate this,hormone-positive MCF7, HER2-positive SkBr3, and
triple-negative SUM159PT breast, cancer cell lines, along with the non-tumorigenic MCF10A
cell line, were exposed to low-dose H2O.. After 14 days, cellular adaptation, aquaporin
involvement, and differences in adaptation mechanisms between cancer and non-tumorigenic
cells were evaluated. Concentrations of 10 and 20 uM H2O, were used to induce sublethal
oxidative stress, as these mimic physiological conditions and do not damage redox-sensitive
targets, but instead activate signaling pathways and promote adaptive responses. Prolonged
exposure to H2O> induced cell-type-specific adaptive responses in breast cancer versus non-

tumorigenic breast epithelial cells, where all three cancer cell lines had an adaptive response,

65



either in the form of increased viability or proliferation upon acute H,O> challenge, whereas
MCF10A cells behaved differently. In SUM159PT cells, prolonged exposure to 10 or 20 uM
H202 enhanced viability under acute challenge with 100 uM H202, while 20 uM pretreatment
stimulated proliferation. A similar pattern was observed in MCF7 cells, wheré pretreatment
improved survival at higher concentration challenges, and 20 M. pretreatment promoted
proliferation at low concentrations. In SkBr3 cells, proliferation remained unaffected, but
viability increased in 10 or 20 uM H2O> pretreated cells following low-dose HzO> exposure. In
contrast, non-tumorigenic cells did not show protective adaptation in, viability and were more
sensitive to 75 uM challenge after 20 UM H20: pretreatment. However, compared with cancer
cells, MCF10A cells were overall less susceptible to.H20z, showing minimal cell death and a
smaller reduction in proliferation. Consistent with,the results of this study, MCF7 and MDA-
MB-231 cells were more sensitive to H20> exposure than MCF10A and exhibited both higher
extracellular ROS production and antioxidant capacity [199]. On the other hand, MCF10A cells
have been reported to be more sensitive to H20> than breast cancer cell lines, undergoing cell
death under conditions in which cancercells remained resistant [200, 201].<These differences
could be a result of variations in experimental‘design, including the concentrations and duration
of H20, treatment. Overall, results of prolonged exposure to low-dose:H202.demonstrate cancer
cell adaptation, whereby adjusting to persistent oxidative stress,.cancer cells not only become
more resistant to H>Oz-Induced cell death but also use H20z as aqroliferative signal. Similar
adaptive behaviorhas been reported previously, where chroni¢ H.O2-induced oxidative stress
in MCE?7 breast cancer cells promoted growth, survival, tumorigenicity, metastatic potential,
and cancer stem-cell-like adaptation, and was,proposed.to contribute to resistance against ROS-
inducing chemotherapeutics [202]. Consideringpits effects on cancer cell adaptation in both
viabilityand proliferation, 20 uM H>O> was selected for all subsequent experiments as a
representative sublethal oxidative stress condition. To maintain low oxidative stress conditions
that trigger adaptive responses, it was necessary to confirm that 20 uM H»O> did not cause
damage. Fatty acid content was measured as an indicator of the available substrate for lipid
peroxidation, and lipid hydroperoxides were assessed as markers of oxidative damage to lipids.
There were no differences observed compared to control cells, indicating that 20 uM H202 was
sufficient to induce adaptive responses without causing oxidative damage. As cell migration is
a key feature of cancer progression, which enables their invasion and metastasis, the next step
was to analyze whether prolonged oxidative stress influenced migratory capacity. A wound-
healing assay was performed over 48 h with the addition of mitomycin C to exclude

proliferation. No changes in migration were detected after prolonged exposure to H2O> in any
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of the tested cell lines, but acute treatment resulted in enhanced wound closure in MCF7 and
SkBr3 cells. Interestingly, SUM159PT and MCF10A cells closed the wound more rapidly than
MCF7 and SkBr3. This is consistent with a previous report showing faster migration of
MCF10A compared to cancer cell lines [203]. The lack of effect in SUM159PF and MCF10A
may reflect their higher baseline migratory capacity, masking the influence of H20> seen in
MCF7 and SkBr3. Previously, ROS have been reported to stimulate migration through/redox-
sensitive pathways [204], and aquaporins are involved in this process through actin
cytoskeleton reorganization initiated by estrogen-activated AQP3 [78]. Moreover, AQP3 has
been shown to support migration via H>O.-dependent activation of the Akt signaling pathway
[122]. This is supported by reduced migration and invasion/f breast,cancer cells following
aquaporin silencing [122, 179]. In addition toheir involvement in migration, aquaporins
contribute to various processes, including cell proliferation, differentiation, angiogenesis, and
tumorigenesis. To investigate whether they participate in‘cellular adaptation to oxidative stress,
the protein and gene expression of these cells\were analyzed after prolonged exposure to H20o.
AQP3 was consistently upregulated across all cancer cell lines, whereas it‘was significantly
downregulated in the non-tumarigenic'MCEL0A cells. This suggests that AQP3 contributes to
the adaptive response incancer cells'by facilitating H-O> transport and petentially enhancing
redox-dependent signaling, while in non-tumorigenic cells, its.expression may be suppressed
to limit ROS entry. AQP5 expression was increased in SUM159PT and SkBr3, but unchanged
in MCF7 and MCF10A. Considering that AQP5 has been associated with an increase in cancer
aggressiveness, thisresult may reflect subtype-specific regulation in‘HER2-positive and triple-
negative cell linesaThese were partially confirmed at the transcriptional level. Both AQP3 and
AQP5 mRNA were increased in SUM159PT and SkBr3 cells; while only AQP3 mRNA
increased’in MCF7 and decreased in MCF10A. While there were no differences on protein
level, AQP5 gene expression decreased in MCF7 and increased in MCF10A cells, suggesting
possible post-transcriptionaldregulation.” Additionally, gene expression of other peroxiporins
was analyzed, showing increased AQP11 mRNA in SUM159PT, and AQP1 and AQP9 mRNA
in MCF10A. Changes in protein and gene expression observed in the non-tumorigenic cell line
differ from those in cancer cells, possibly pointing to a shift in overall aquaporin function,
although its role is unclear, and it remains unknown whether these changes translate to the
protein level. Overall, these findings support aquaporin's role in cellular adaptation to oxidative
stress, with cancer cells enhancing aquaporin expression under persistent ROS. Previous results
already showed subtype-specific adaptation to acute 100 uM H20O- challenge, where SkBr3 and
MCF7 both increased AQP3 mRNA expression in response to H.O2, while SUM159PT
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decreased it [205]. The SkBr3 and MCF7 responses are in line with this study, but SUM159PT
reacted differently, which may be explained by differences in the experimental setup. Compared
to the acute high-dose setting, prolonged low ROS induced broader adaptation. AQP3 was
upregulated in all cancer cell lines, while AQP5 increased in SUM159PT and SkBr3. In
colorectal cancer cells, AQP3 and AQP5 mRNA expression increased in response to H20-,
suggesting they may act as an alternative to classical antioxidant defenses during oxidative
stress [206]. Additionally, AQP5 has been reported to induce initial sensitivity under acute
oxidative stress, but to promote improved survival and resistance during chronic stress [71].
These studies highlight the role of aquaporins in cellular response to oXxidative stress, a
mechanism that cancer cells exploit to sustain tumorigenesis and that may explain their frequent
upregulation. In this way, aquaporins promote redox-sensitive oneogenic signaling. The most
frequently activated signaling pathway in cancer, PISK/Akt/mTOR, promotes cell survival,
growth, and cell cycle progression, and its dysregulation through PI3K hyperactivity, PTEN
loss, or Akt activation is often involved in tumorigenesis and therapy resistance [207]..Several
studies have directly linked this pathwayto aquaperins, and PI3K/Akt signalinghas been shown
to induce AQP3 expression in keratinocytes [208], while knackdown or siRNA-mediated
suppression of AQP3 reduced Akt phesphorylation in multiple models [122,209-212]. AQP3-
mediated H.O> was.shown‘to,modulate Akt signaling during migration in breast cancer cells
[122], while in other models,;” AQP3 enhanced invasion and metastasis through the
H20,/Syk/PI13K/AKt axis during chronic inflammation [210),sand regulated MMP expression
through the PI3K/AKkt signaling pathway [209]. In,this study, prolonged exposure to low-dose
H30, did not alter, PI3K, PTEN, or mTQR<complex protein expression, nor Akt activity,
suggesting that the observed AQP3 upregulation is not mediated by sustained PI3K/Akt/mTOR
activation: The only detected change was increased Ras expression in SkBr3 cells, consistent
with previous studies linking AQP5 te Ras activation and downstream EGFR/ERK or Racl
sighaling [213], and highlighting a possible HER2-specific adaptation. Absence of change in
PI3K/Akt/mTOR signaling pathway. suggests AQP3 upregulation in sustained low-grade stress
is likely regulated in another way, although transient activation or responses to higher oxidative
stress cannot be excluded. Therefore, additional research is needed to clarify which signaling
pathways regulate aquaporin expression. Considering that aquaporins transport H20-, a central
signaling molecule in redox regulation, the involvement of NRF2, a major regulator of the
antioxidant and cytoprotective response, was examined. Under basal conditions, NRF2 is
continuously synthesized and rapidly degraded via the Keapl-CUL3-ubiquitin-proteasome

pathway. In response to oxidative stress, Keapl cysteine modifications impair NRF2
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degradation, allowing newly synthesized NRF2 to accumulate, translocate to the nucleus,
dimerize with small Maf proteins, and bind to AREs to activate the transcription of over 200
genes involved in redox balance, detoxification, and metabolism. In this way, NRF2 provides
a controlled response to oxidative stress, ensuring protection is activated only‘when, needed.
However, cancer cells frequently exploit NRF2 hyperactivation to counteract elevated ROS and
support survival, which makes this pathway relevant in the context of‘adaptation to oxidative
stress. In this study, NRF2 protein expression did not change in SkBr3, MCE7, or MCF10A
cells and was slightly reduced in SUM159PT. At the gene level, NEE2L2 decreased only in
SkBr3, while the other lines showed no change. Keapl expression was decreased in SUM159PT
and SkBr3 but increased in MCF7, whereas GSK3f3 remained‘unaltered across all lines. Well-
established NRF2 downstream targets HO-1 [30]pNQO1 [29], and AKR1B10 [32], which are
typically upregulated upon NRF2 activation, remained unaffected, suggesting no activation had
occurred. However, analysis of nuclear and cytoplasmig¢ fractions revealed increased NRF2
accumulation in the nucleus of all three cancer cell lines following prolonged H>O2 exposure,
indicating that NRF2 activation may /ave ‘oceurred. Consistently, previous studies have
demonstrated H20»-induced NRE2 nuclear translocation and its, activation through different
targets [214, 215]. Theréfore, even'without changes in total NRF2 protein,or mRNA levels or
induction of classical downstream targets, translocation to the.nucleus could point to NRF2
activation. The/changes th Keapl expression in SUM159PT and SkBr3 possibly contribute to
NRF2 activity, asireduced Keapl levels would limit NRF2 degradation. In contrast, MCF7 cells
had increased Keapl expression, which would suppress'NRF2,yet its nuclear localization was
still elevated, suggesting that mechanisms othér than Keap1 or. GSK3 may regulate NRF2 in
these conditions. Additionally, it is important to, note that NRF2 activation is often cancer-
specific, and in different models, cancer tissue showed higher NRF2 expression than adjacent
healthy tissue [216-219]. Accordinglys.in this study, NRF2 activation was not seen in the non-
tumorigenic MCF10A cells, which showedno changes in NRF2, Keapl, or nuclear localization,
pointing to a cancer-specific response to‘prolonged oxidative stress. Since the classical NRF2
targets were unaffected, ABC transporters were analyzed as non-canonical NRF2 targets
relevant for therapy resistance [220]. ABCB1 and ABCG2 are efflux pumps that reduce
intracellular drug accumulation and contribute to multidrug resistance [221]. In breast cancer,
their overexpression has been linked to poor therapeutic response and disease progression, as
they limit the effectiveness of chemotherapeutic agents by actively exporting them from the
cells. Although several studies link NRF2 activity and ABC transporters upregulation [220-
223], in this study, both ABCB1 and ABCG2 expression were reduced in SkBr3 cells, while no
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changes were detected in SUM159PT, MCF7, or MCF10A cells, after prolonged oxidative
stress. Overall, these results show that cancer cells adapt to prolonged low oxidative stress
through coordinated changes in aquaporin expression and NRF2 activity. While AQP3 was
consistently upregulated in cancer cells and AQP5 increased in specific subtypesy NRF2 nuclear
localization also increased, despite no induction of its classical antioxidant targets.4n contrast,
non-tumorigenic MCF10A cells showed no NRF2 activation and downregulated /AQP3,
pointing to different strategies in adaptation to persistent ROS/between cancer-and non-
tumorigenic cells. There is a potential connection between aquaparin responses to oxidative
stress and their reported upregulation by chemotherapy. Understanding the mechanisms of this
adaptation could clarify their role in therapy resistance and{determine whether aquaporins,
beyond their prognostic value, may also serve as indicators of therapy effectiveness or as targets
to overcome resistance. Finally, as both aquaporinsand NRF2 contribute to redox balance and
therapy resistance, their interaction may represent a mechanism by which cancer cells adapt to

oxidative stress and sustain tumorigenesis.

NRF2 acts as a cellular protector but also has a dual role, and in caneer, it is ' often
persistently active, contributing to.metabolic rewiring, adaptationito elevated oxidative stress,
and therapy resistance. Both aquaporins and NRF2 can be upregulatedhand expleited in cancer,
and in this study,both were found to increase with prolonged.exposure to Hz20-. This raised the
question of whether/NRF2 can affect aquaporin expression .or activity. Although NRF2
regulates@widearray of genes, its ability to directly orindirectly regulate aquaporin expression
remainsiunclear, To address this, NRF2 was pharmacologically activated with sulforaphane and
inhibited withhML.385, and genetically modulated through overexpression and siRNA-mediated
silencing in/breast.cancer cell lines and in a non-tumorigenic breast epithelial cell line.
Sulforaphane is a naturally occurring isothiocyanate'known for its ability to activate NRF2 by
covalently modifying reactive cysteine,residues on its repressor Keapl, thereby disrupting
NRF2 ubiquitination and proteasomal degradation [186]. As a result, NRF2 accumulates,
translocates to the nucleus, and activates target genes. ML385 is a small-molecule inhibitor of
NRF2 that blocks its heterodimerization with small Maf proteins and prevents binding to ARE
sequences, thereby suppressing NRF2-driven transcription [224]. To determine the non-toxic
concentration of NRF2 modulators, cell viability was assessed after 24-hour treatment with
sulforaphane or ML385 across a 0-10 uM range. Both compounds showed dose-dependent
effects. Sulforaphane significantly reduced viability in SUM159PT, MCF7, and MCF10A at
7.5 and 10 uM, while in SkBr3, the decrease was evident from 5 uM onward. ML385 had no
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effect in SUM159PT, MCF7, or MCF10A, but reduced viability in SkBr3 at 5-10 puM.
Interestingly, 1 uM sulforaphane treatment resulted in increased viability of MCF7 cells, while
higher concentrations were inhibitory. Previous studies reported similar cytotoxic effects of
sulforaphane at higher concentrations in breast cancer cell lines [225], while MI£385 decreased
viability in a dose-dependent manner in head and neck squamous, cell carcinoma ™ [226].
Research on sulforaphane is extensive, and it shows that low micromolar. concentrations (1-5
HMM) primarily activate cytoprotective pathways such as NRF2, while higher.deses shift its role
toward anticancer activity by inducing apoptosis, cell cycle arrest, and inhibition of metastasis
[227]. Sulforaphane has also been tested in clinical trials, which demonstrated that it is
relatively safe and free of adverse effects at low doses and mintmally harmful at higher doses
[228-230]. Based on dose-response curves, 2.50iM sulforaphane was selected for further
experiments as the highest concentration that did netaffect viability in any of the tested cell
lines. For ML385, a 10 uM concentration was selected despite partial toxicity in SkBr3, as the
reduction in viability was modest and no effect was observed in the other lines. Additionally,
this concentration has previously ‘been‘demaonstrated to inhibit NRF2 [281]. Sulforaphane
treatment successfully activated NRF2 in allested cell lines, asevidenced by the induction of
the downstream target HO-1 at 6 or 24 h after treatment, or both. NRF2.activation was also
reflected at the protein levelin SUM159PT and MCF7 cells, NRF2 expression increased at
both 6 and 24 h, while in MCF10A, the effect was apparent after 24 h, and’in SkBr3, NRF2
expression remained unchanged. In SUM159PT cells,,NRF2 activity was further supported by
increased nuclear translocation detected two hours post-treatment, while in the other cell lines,
only a trend toward increased nuclear localization was»observed, without significant
differences. However, NRF2 can also be activated without,detectable changes in expression or
nuclear translocation. For example, nuclear accumulation of NRF2 was not necessary for HO-
1iinduction, as Bachl inactivation‘enabled already present nuclear NRF2 to induce HO-1
expression [232]. Nevertheless, independent of changes in NRF2 protein expression or
translocation to the nucleus, HO-1 was upregulated in all cell lines, indicating that NRF2
activity was achieved. This is consistent with numerous previous studies demonstrating that
sulforaphane promotes NRF2 nuclear translocation and activation of target genes such as HO-
1, of which only a few are cited here as examples [233-235]. In addition to HO-1 induction,
increased Keapl expression was also observed following sulforaphane treatment in
SUM159PT, SkBr3, and MCF10A, suggesting compensatory regulation of the NRF2-Keapl
axis. This is in line with previous reports showing that NRF2 can directly drive Keapl

expression at the transcriptional level as part of a negative feedback loop [236], as well as
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findings that tert-butylhydroquinone enhances NRF2 nuclear translocation and increases the
expression of p62 and Keapl [237]. On the other hand, ML385 treatment did not achieve
effective NRF2 inhibition. Although ML385 reduced Keapl protein levels in MCF7 cells at
both 6 and 24 h, this did not translate into inhibition of NRF2 activity, as HO-1 remained
unchanged. The reduction of Keapl in this context may again point te‘a compensatory respense.
Similarly, in SUM159PT, SkBr3, and MCF10A cells, ML385 failed to.downregulate' NRF2
activity. Previous studies have shown that 10 uM ML385 effectively inhibited,NRF2 signaling
in head and neck squamous cell carcinoma cells, suppressing NRE2-ARE binding, nuclear
localization, and target gene expression, including HO-1 [224, 238, 239]. In‘this study, ML385
did not exhibit the same effects, as NRF2 inhibition was not observed at;the concentration used.
Another study also reported that NRF2 levels,'remained unmodified by ML385, while
increasing concentrations of ML385 reduced Keapl protein levels [240]. This kind of
compensatory regulation within the NRF2-Keapl axis may have contributed to unsuccessful
NRF2 inhibition in this study. In addition,there are cell-type-specific differences between
breast cancer (and non-tumorigenic breast epithelial) models used in this study, and head and
neck squamous cell carcinoma,»where ML385 has effectively,inhibited NRF2.,Therefore,
ML385 was not used in‘further experiments. In this study, genetic modulation of NRF2 was
also attempted through overexpression and siRNA-mediated silencing in breast cancer and non-
tumorigenic breast epithelial cells. Stable overexpression was performed by antibiotic selection,
and success was eonsidered achieved when non-transfected control cells did not survive the
treatment, while transfected cells remained viable,and were used for subsequent experiments.
However, stable transfection could not be established in MEF10A cells despite the use of
multiple transfection reagents and protocols, and, these were therefore excluded from further
analysis."Confirmation of modulation efficacy was'€arried out by analyzing NRF2 and its
downstream target HO-1 at the protein level. Neither siRNA-mediated silencing nor stable
overexpression resulted in consistent or significant changes in NRF2 or HO-1 expression across
the tested cell lines, indicating that,genetic modulation of NRF2 was not achieved. Therefore,
further evaluation of aquaporin expression under these conditions was not performed.
Considering these limitations, subsequent analyses focused on the pharmacological modulation
by sulforaphane, which consistently activated NRF2 and enabled evaluation of its impact on
aquaporin expression, gene regulation, and functional activity. In SUMI159PT cells,
sulforaphane treatment led to a consistent upregulation of AQP3 at both 6 and 24 h, while AQP5
remained unchanged. In SkBr3 and MCF7 cells, neither AQP3 nor AQP5 showed significant
changes despite NRF2 activation. In the non-tumorigenic MCF10A line, AQP3 and AQP5 were
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also unaffected by NRF2 activation. Although a slight trend toward increased AQP3 expression
was observed across all cell lines, these differences did not reach statistical significance.
Overall, these results indicate that NRF2 activation by sulforaphane was successful in all
models, but its effect on aquaporin regulation is cell-type-specific, with a clearapregulation of
AQP3 observed only in SUM159PT cells. To extend this analysis, peroxiporin gene‘expression
was measured, but the results did not align with protein-level changes. in SUM159PT cells,
AQP3 protein was consistently upregulated by sulforaphane, yet/its mRNA, expression was
reduced after 24 h, along with decreased AQP5 and AQP11. In'SkBr3 cells, sulforaphane
increased AQP1, AQP4, and AQP9 mRNA expression, although corresponding protein levels
were not assessed and thus remain uncertain. In MCE7 cells,@ significant decrease in AQP11
MRNA was detected, while in MCF10A cells, no significant changes were observed.
Furthermore, to test whether sulforaphane-induced, NRF2 activation altered functional
aquaporin activity, H>O> transport was measured. After 24 h of sulforaphane treatment,
aquaporin-mediated H>O: intake was significantly increased in SUM159PT and SkBr3 cells,
whereas no changes were detected In MCF7 or MEF10A cells. In SUM159PT this increase. in
H20> transport is consistent with, the observed upregulation of/AQP3 protein, supporting its
role in facilitating H20>¢ln SkBr3, the.increase in H20> transport maybe linked to the increased
MRNA expression of AQP1, AQP4, and AQP9, suggesting that sulforaphane mightalso activate
these channels/at the protein level, although this was not/tested.<In contrast, the absence of
significant, changes in aquaporin protein or gene expression in MCE7 and MCF10A cells
possibly explains why H>O, transport remained unaffected in‘these models. These findings
provide no evidence that sulforaphane-activated NRF2 transcriptionally targets a specific
aquaporin isoform.  Instead, its effect appears,to be" cell-type-specific or involves post-
transcriptional or post-translational mechanisms.. Moreover, the differential responses of
distinct aquaporins across cell lines may point to a coordinated regulation of peroxiporin
function, ensuring that overalhtransport capacity remains balanced and redox homeostasis is
maintained. Several studies showed,NRFE2-aquaporin interplay, but it seems to be dependent on
cell type and aquaporin isoform. For example, sulforaphane treatment was shown to increase
AQP3 expression at both mRNA and protein levels in keratinocytes [241], and in a traumatic
brain injury model, it elevated AQP4 expression in astrocytes [242]. However, silencing NRF2
in keratinocytes did not reduce AQP3 expression [243], suggesting that AQP3 upregulation in
response to sulforaphane may not be directly mediated by NRF2. The same study also showed
aquaporins influencing NRF2 activity, as AQP3 knockdown downregulated NRF2 and its target

NQO1, whereas AQP3-overexpression enhanced their expression. Similarly, AQP5-transfected
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MCF7 cells exhibited elevated NRF2 and AKR1B10 expression [244], suggesting that
aquaporin gain-of-function enhances NRF2 signaling. On the other hand, impaired NRF2/HO-
1 signaling, characterized by increased cytosolic but reduced nuclear NRF2, was associated
with AQP1 downregulation in hypertensive injury [245]. While sulforaphane-driven NRF2
activation can elevate aquaporin expression, evidence also suggests that aquaporinsthemselves
can modulate NRF2 signaling. However, it is unclear whether sulforaphane activation reflects
direct transcriptional regulation by NRF2. To investigate this possibility, in‘silico analysis was
performed to identify potential NRF2 binding motifs in the regulatory regions of AQP3 and
AQPS5. Multiple candidate sites were first identified using JASPAR.sequence-based predictions
in the UCSC genome browser, which scan for consensus motifs. Predicted motifs were cross-
referenced with ENCODE4 and ReMap ChlP-segudatasets, and only a subset of predicted sites
overlapped. To improve these predictions, FIMO was\used, providing statistical estimates of
the likelihood that predicted sites represent biologically relevant binding events. This
highlighted the AQP3 enhancer GH09J033430 as a strong and statistically reliable, NRF2
binding motif, supported by both motif predictions and experimental ChiP-seg, evidence. The
AQP3 promoter GH09J033442 showed weaker statistical suppeort and’ limited experimental
confirmation. For AQP5; the enhancernGH12J049945 emerged as the strongest candidate, while
the promoter GH12J049959, lacked experimental validation.. Considering the statistical
confidence of predicted motifs, potential NRF2 regulation of AQPS5 appears-less confident than
that of AQP3. In.SUM159PT cells, where sulforaphane cansistently increased AQP3 protein
expression, ‘the presence of an NRF2 binding_site near the AQP3 locus may provide a
mechanistic explanation, even though transcriptional changes did not align with protein
expression. In both regulatory regions, the most promising sites were high-confidence
enhancers, with consistent overlap between computational predictions and experimental
datasets. Since enhancers are context-dependent and often require co-activators or permissive
chromatin states, their activity,could explain the cell-type-specific responses to sulforaphane
observed in this study. It is also important to note that the ENCODE4 and ReMap datasets used
in this analysis are derived from diverse cell types, not necessarily breast cancer or breast
epithelial cells. Therefore, while the in silico predictions suggest that NRF2 may directly
regulate AQP3 and AQPS5, direct experimental validation in the relevant cellular models is
required. In line with these results, analysis of the murine AQP3 promoter using Tfsitescan
identified two NRF2/ARE consensus sites, and this was supported experimentally, as
sulforaphane-activated NRF2 increased AQP3 gene and protein expression [241]. Beyond this

single report for AQP3, the literature provides minimal evidence of NRF2 regulation of other
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aquaporins. Taken together, these results highlight that the NRF2-aquaporin association is
highly context-dependent. Both were elevated after prolonged oxidative stress and showed
complex, cell-type-specific changes during NRF2 activation with sulforaphane, while in silico
predictions suggest possible NRF2 binding at aquaporin regulatory regions. Fhis poeints to a
potential association, but direct transcriptional control remains to betexperimentally validated.
Beyond transcription, post-transcriptional or post-translational mechanisms, as well as
sulforaphane off-target effects, cannot be excluded. Importantly, in both prolonged oxidative
stress and pharmacological NRF2 activation, aquaporin mRNA profiles shifted'in a cell-type-
specific manner. This suggests that instead of a single isofarm being directly regulated, multiple

aquaporins may contribute together to flux regulation.and maintenance,of redox balance.

Aquaporins are expressed in a tissue-specific manner andshave different roles depending
on their localization. Overall, they maintain cellular and tissue water homeostasis, participate
in glycerol metabolism, and in the regulation of redox homeostasis. They are important in
physiology and are often dysregulated in/pathology, including cancer. Because of this, their
expression and activity are tightly‘regulated by transcription, trafficking, and\gating. These
regulatory mechanisms enable” on-demand transport and spatial control, whichystrongly
influence redox-sensitive signaling. Furthermore, the 13 human iseferms differ.in substrate
specificity and intracellular focation, and ensure isoform-spegific functions. Considering all of
this, the question arises whether cells can coordinate aquaporindbundance, localization, and
gating to tune transport, suggesting that aquaperin-mediated transport is dynamically controlled
ratherthan purely passive. Therefore, AQP3 and{AQP5 overexpression and shRNA-mediated
silencing were usedto test whether altering one isoform changes the expression of others and
to assess effects on gverall function. For MCF10A; similarto the case of NRF2 overexpression
discussed earlier, stable overexpression or silencing of AQP3 and AQPS5 could not be achieved,
as transfection was unsuccessful despite repeated attempts with different reagents and
protocols. In MCF7 and SkBr3 eells, sShRNA-mediated silencing failed as well, since the cells
did not survive antibiotic selection, even‘after adjusting the puromycin concentration according
to dose-response curves, lowering the dose, and modifying the protocol. SUM159PT cells were
the only model in which both silencing and overexpression of AQP3 and AQP5 were
successful, and were therefore used for all subsequent experiments. Stable modulation of AQP3
and AQP5 in SUM159PT cells showed different outcomes at the protein and gene levels. On
the protein level, only AQP5 overexpression was successful, resulting in a significant increase,

whereas AQPS5 silencing did not reduce protein expression. Similarly, AQP3 overexpression or
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silencing did not cause changes in protein expression. At the gene level, modulation of both
AQP3 and AQP5 was successful. Both increased after plasmid-driven overexpression and
decreased following shRNA-mediated silencing. In the case of AQP3 overexpression, plasmid-
derived transcripts could be distinguished from endogenous mRNA, revealing a‘compensatory
reduction in endogenous expression when plasmid mRNA was present. Because the plasmid
transcript includes only coding sequences and lacks the regulatory 5’ and 3’ UTRS contained in
the endogenous mRNA, it avoids normal post-transcriptional /control “and 1S eXxpressed,
prompting the cell to counteract by suppressing endogenous transcription. This mechanism
likely explains why total AQP3 protein remained unchanged despite overexpression, suggesting
that cells actively maintain AQP3 at a constant level to preserve transport capacity. For AQP5
overexpression, plasmid and endogenous transcripts could not be distinguished in this way, and
therefore, only total expression was measured. Nevertheless, the strong increase in protein
indicates that plasmid mRNA translated efficiently” and overcame any compensatory
suppression. The difference in modulation success may reflect baseline expression ef these
proteins. AQP3 is constitutively expressed’ inynormal mammary epithelium and further
increases in cancer, so in SUMI59PT cells,its higher endogenous level may cause plasmid-
driven AQP3 to be counterbalanced by suppression of the native transcript..AQP5, in contrast,
is normally low and.rises with progression, and in these cells,.the endogenous protein was
barely detectable on western blots compared to the strong signal after overexpression. This
lower baseline 'makes AQP5 more permissive to overexpression, allowing plasmid-derived
transcripts to translate efficiently into protein. In,the case of AQP3 or AQPS5 silencing, the
absence of protein-level changes despite confirmed, reductions in mRNA points to post-
transcriptional or post-translational mechanisms that stabilize aquaporin proteins. This suggests
that aquaporin levels are tightly regulated and that'even when mRNA is reduced, protein
expression is maintained to avoid changes in transport activity. In addition to changes in AQP3
and AQP5, modulation of one isoform influenced the expression of other aquaporins, indicating
the presence of cross-regulation. AQPL1/expression decreased after AQP5 silencing and also
following AQP3 overexpression, while AQP4 decreased after AQP3 overexpression but
increased following AQP5 overexpression, suggesting isoform-specific interactions rather than
uniform regulation. AQP9 was induced after silencing of either AQP3 or AQPS5, but was
reduced when AQP3 was overexpressed, suggesting that glycerol-transporting isoforms may
compensate for each other. Furthermore, AQP10 was increased in AQP5-overexpressing cells,
while AQP11 was increased in AQP3-overexpressing cells. In contrast, AQP2, AQP6, AQP7,
and AQP12 remained unchanged, and AQP8 was not detected. Overall, these findings suggest
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that modulation of AQP3 and AQP5 not only affects their own expression but also triggers
adjustments across other isoforms, potentially to preserve transport capacity. At the functional
level, only AQP5 overexpression was tested, as it was the only condition that produced a
significant protein increase. In SUMI159PT cells overexpressing AQPS5,  significant
enhancement of H-O: intake was observed, confirming its role as a peroxipotin andlinking the
observed molecular changes to functional consequences. The increase in AQP4 and AQP10
expression may have also contributed to the higher intake, but protein levels of these isoforms
were not measured. Nevertheless, the effect of AQP5 overexpression highlights its contribution
to redox regulation, where increased transport capacity could promote localized signaling and
potentially enhance cancer cell adaptation to oxidative stress. ‘agquaporins' compensatory
mechanisms were already described in plants anddauman cells; suggesting that this is a general
principle of aquaporin biology. They are also shown to be regulated at multiple levels.
Regulation can occur between different variants of the same isoform, where their abundance
shapes overall channel properties. In‘plants, aquaporins or plasma membrane intrinsic proteins
(PIPs) form heterotetramers in which inactive maize PIP1 isoforms gain functionality through
interactions with PIP2, showing that individual channel activity can be madified by the presence
of adjacent isoforms [246]. Similar isoform-selective interactions were reported in cotton fibers,
where different PIP2s regulate each other’s activity to meet the demands of rapid tissue growth
[247]. It has also been.shown that'interactions between plasma membrane aquaporins modulate
their water channel activity [248]. Additionally, interactions within tetramers can further
modify transport activity. In epithelial cells, the Md-AQP4.and M23-AQP4 form tetramers that
assemble into large, stable structures that.<ncrease, water ypermeability, and the relative
abundance of the twao isoforms regulates this organization [249]. Regulation may also take place
between different isoforms, where changes in one affect the expression or function of another.
Cooperative regulation extends to tissues such as the lens, with regulated spatial distribution
patterns of AQPO and AQP5#where AQPS compensates for changes in the AQPO functionality,
ensuring stable water transport [250]. Furthermore, retinoic acid treatment shifts the balance
between aquaglyceroporins in human keratinocytes, upregulating AQP3 while downregulating
AQP9 [251], and pharmacological aquaporin inhibition in breast cancer models triggers
compensatory expression of other isoforms [252]. In the fetal membranes and placenta, AQP1
knockdown reduced AQP9 but induced AQPS8, highlighting that changes in one isoform may
induce adjustments across others to maintain transport homeostasis [253]. Notably, AQP3
MRNA was also suppressed in AQP1-silenced cells, yet protein levels remained unchanged,

showing that expression is regulated at several levels, including post-transcriptional,
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translational, and post-translational [253]. Overall, the results of this study, along with literature
data, suggest that aquaporins act within a regulatory network, where changing one isoform can
influence others at the transcriptional, translational, or functional level. Such regulation

preserves transport capacity under both normal and pathological conditions.

Cancer-specific adaptation to prolonged low-dose oxidative Stress induced<coordinated
changes in aquaporin expression and NRF2 activity, and modulation experiments tegether with
in silico predictions partly supported a role of NRF2 in regulating aquaporin, expression or
function, although this appeared cell-type specific. What is clear is‘that aquaporins are tightly
regulated, with compensatory changes across isoforms ensuring that overall transport remains
balanced. In cancer, aquaporins strengthen redox signaling and, along with NRF2, enable cells
to adapt to persistent oxidative stress. By upregulating certain aguaporins, cancer cells can fine-
tune transport to support tumorigenesis while at the'same time limiting damage from ROS-
inducing therapies. This may explain theirfrequent association with poor prognosis.and therapy
resistance, and highlight them as potential.therapeutic targets in addition to their propased role
as prognostic biomarkers.
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5. CONCLUSIONS

1.

Cancer-specific adaptations were observed after adaptation to prolonged low-dose H20:..
SUM159PT, SkBr3, and MCF7 cells adapted by increasing their viability and proliferation
after exposure to prolonged low-dose H202, while MCF10A showed no difference. These
changes were accompanied by increased AQP3 and AQP5protein expressionyin
SUM159PT and SkBr3, and AQP3 expression in MCFZggalong with increased
accumulation of NRF2 in the cancer cell nucleus. In contrast, MCF10A had no changes in
aquaporin expression or NRF2 activity.

Genetic modulation of NRF2 did not produce a consistent change in NRF2 activity, and
inhibition with ML385 was ineffective. Sulforaphane /activated NRF2 in all tested cell
lines. In SUM159PT, sulforaphane increased AQP3 expression and H,O> transport, while
in SKBr3, it only increased H20> transport. No effectwas observed in MCF7 or MCF10A.
In silico analysis identified NRF2®binding motifs near AQP3/AQP5 regulatory regions.

AQP3 overexpression/silencing and/AQPS silencing did not yield stable protein changes
but did shift multiple other aguaporin isoforms, indicating compensatory regulation. Stable
AQPS5 overexpression increased H20- transport in SUM159PT cells.
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8. SUMMARY

Breast cancer is one of the most frequently diagnosed cancers and a leading cause of
mortality in women, and despite advances in diagnosis and treatment, it remains a major health
challenge. Cancer, including breast cancer, arises as a consequence of loss‘of control over
proliferation, differentiation, and cell death. Cancer cells adapt through changes4n signaling
pathways and metabolism, and by reshaping the microenvironment. Because of these numerous
changes, the cancer cells are heterogeneous both within a single tumor and between different
tumors, which further highlights the biological diversity_ef, the disease. /Oxidative stress
participates in all stages of cancer initiation and progression and.can.cause oxidative damage to
DNA, proteins, and lipids, but it can also participatedn cell signaling. The outcome depends on
the amount of reactive oxygen species (ROS) and on the cell’s antioxidant capacity. Hydrogen
peroxide (H20y) is of particular interest because, evenunder physiological conditions, it serves
as an important second messenger invelved in many redox-dependent signalingspathways,
whereas its excessive accumulation‘leads to damage. To limit such effects, the cell activates an
antioxidant system regulated by the transcription factor NRF2, which coordinates antioxidant
and detoxification responges. In-cancer cells, ROS levels are often elevated, whichysuggests
damage and cell death. However, the antioxidant capacity is also elevated in'caneer, including
increased NRF2 activity, thereby preventing such damage. Aguaporins aresmembrane proteins
originally described aswatér channels, but later shown to conduct other small molecules such
as glycerohand Hz20.. In‘this way, they participatedin the regulation of water homeostasis,
cellularmetabolism, and cellular redox status. Under physielogical conditions, aquaporins are
tightly regulated at the transcriptional and post-transcriptionallevels, by trafficking and gating.
Their, expression is also tissue-specific and organ-dependent. However, in cancer, some
aquaporins are often overexpressedsand have been discussed as potential prognostic markers.
In breast cancer, AQP3 and AQP5 are most frequently overexpressed. Although they are
overexpressed in cancer cells,wtheir role, especially in adaptation to oxidative stress and

potential influence on therapeutic Qutceme, remains unclear.

The role of AQP3 and AQPS5 in the cellular response to low, physiological oxidative
stress, which is a characteristic of cancer cells, was examined in three breast cancer cell lines,
hormone receptor-positive MCF7, HER2-positive SkBr3, and triple-negative SUM159PT, and
in the non-tumorigenic breast epithelial cell line MCF10A. Oxidative stress was induced by 14-
day exposure to low H202 concentrations (10 and 20 uM), after which adaptation was assessed.
Prolonged exposure to H20: led to adaptation of cancer cells, confirmed by improved viability
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and/or accelerated proliferation at increasing H202 concentrations. Increased AQP3 expression
was measured in all three cancer cell lines, and increased AQP5 was measured in SUM159PT
and SkBr3. At the same time, enhanced translocation of NRF2 to the nucleus was observed in
cancer cell lines, indicating its activation. The non-tumorigenic cell line did notishow an
increase in viability or proliferation, nor an increase in aquaperin expression or  NRF2
activation, confirming a distinct response of cancer cells. Considering the,change in aquaporin
expression and NRF2 activity, the potential influence of NRF2 on aguaporin expresston and/or
function was investigated. Pharmacological activation of NRF2 with sulforaphane increased
AQP3 expression and H20- transport into cells in SUM159PT; whereas in SkBr3, it only
accelerated H2O. transport. No effects were observed in MCF7 and MCF10A. In silico
prediction of NRF2 binding sites in the regulatoryegions of AQP3and AQP5 further supported
the possible direct regulation, although additional studies are required for confirmation. During
analysis of aquaporin genes after prolonged oxidative stress and after NRF2 modulation,
changes were observed in multiple aguaporin isoforms, prompting the question of
compensatory regulation of aquaporn isoforms. Therefore, AQP3 and. AQP5" were
overexpressed or stably silenced to assess. the effect on other isoforms and on overall function.
During these modulations, changes in. the expression of individual aguaperins were recorded
regardless, indicating, interdependence of isoforms in maintaining transport. The only
modulation stably confirmed at'the protein level was AQPS overexpression, which resulted in

increased H2O2 intake.

The association of elevated aquaparin expression and cancer aggressiveness, and the
differences between.cancer cells and non-tumorigenic cells, were confirmed and are in line with
the literature. Furthermore, the NRF2 effect on aquaporin _expression and function was
supported, with the note that this effect is cell-type-specific and context-dependent. Strong
regulation of aquaporins was also demonstrated, whereby the expression of different isoforms
adjusts to preserve overall transport. The'role of aquaporins in cancer is therefore likely linked
to the regulation of oxidative stressywhich may explain their increased expression in breast
cancer. Overall, these results indicate aquaporins as potential therapeutic targets, not merely

prognostic biomarkers.
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9. SAZETAK

Tumor dojke jedan je od najces¢e dijagnosticiranih zloudnih tumora i vode¢ih uzroka
smrtnosti u zena te, unato¢ napretku u dijagnostici i lijecenju, i dalje predstavlja velik
zdravstveni problem. Tumor, ukljucuju¢i i karcinom dojke, nastaje kao pesljedica gubitka
kontrole stanice nad proliferacijom, diferencijacijom i stani¢cnom smréu. Tumorske se stanice
pritom prilagodavaju novim uvjetima promjenama u signalnim putevima i metabolizmu te
preoblikovanjem mikrookolisa. Upravo zbog svih promjena, populacija tumorskih stanica
heterogena je i unutar pojedinog tumora i izmedu razli¢itihstumoray Sto dodatno naglasava
biolosku raznolikost bolesti. Oksidacijski stres sudjeluje/u svim fazama inicijacije i progresije
tumora te moze uzrokovati oksidacijska ostecenja DNA, proteina i lipida, ali i sudjelovati u
stani¢noj signalizaciji. Ishod ovisi o koli¢ini “reaktivnih “kisikovih vrsta (ROS) kao i o
antioksidacijskom kapacitetu stanice. Vodikov peroksid (H202) posebno je zanimljiv jer i u
fizioloskim uvjetima sluzi kao vazangsekundarni glasnik ukljucen u brojne redeks-ovisne
signalne putove, dok njegovo pretjerano nakupljanje dovodi do oSte¢enja. Radi ograni€avanja
takvih ucinaka, stanica aktivira antioksidacijski sustav kojim upravlja transkripeijski cimbenik
NRF2, odgovoran za koordinaciju antioksidacijskog i detoksikacijskog odgovora. U tumorskim
stanicama razine ROS-a'su ¢esto povisene, $to bi upucivalo na vece ostecenjenisstanicnu smrt,
no istovremeno staniceypovisuju i antioksidacijski kapacitetyukljuc¢ujuéirpojacanu aktivnost
NRF2¢¢ime izbjegavaju @stecenja. Akvaporini su, membranskidproteini prvotno opisani kao
kanali zawodu, ali naknadno je pokazano da provode ihdruge male molekule, poput glicerola i
H20z0'Na taj macin sudjeluju u regulaciji homeostaze vode, stanicnog metabolizma 1 redoks-
statusa u stanici. Unfizioloskim uvjetima akvaporini su regulirani na transkripcijskoj i post-
transkripcijskoj razini, lokalizacijom u stanicl iy otvaranjem/zatvaranjem kanala. Takoder,
njihova je ekspresija tkivno specifi€éna i ovisna o organu. Medutim, u tumoru su akvaporini
¢esto prekomjerno eksprimirani te ‘seyspominju i kao potencijalni prognosticki markeri.
Primjerice, u karcinomu dojke najéesce se isticu AQP3 i AQP5. lako znamo da su prekomjerno
eksprimirani u tumorskim stanicamay.i«dalje nije poznata njihova uloga, posebice u kontekstu

prilagodbe na oksidacijski stres te potencijalni utjecaj na terapijski ishod.

U tri tumorske stani¢ne linije raka dojke, hormonski pozitivnoj MCF7, HER2-pozitivnoj
SkBr3 i trostruko negativnoj SUM159PT, te u ne-tumorigenoj stanic¢noj liniji epitela dojke
MCF10A, ispitana je uloga AQP3 i AQP5 u stani¢nom odgovoru na blagi, fizioloski
oksidacijski stres karakteristican za tumorske stanice. Oksidacijski stres induciran je 14-

dnevnim izlaganjem niskim koncentracijama H202 (10 i 20 uM), nakon ¢ega je procijenjena
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adaptacija. Produljena izlozenost H>O> dovela je do adaptacije tumorskih stanica, potvrdene
boljim prezivljenjem i/ili ubrzanom proliferacijom pri rastu¢im koncentracijama H2Ox.
Zabiljezena je poviSena ekspresija AQP3 u sve tri tumorske linije te poviSenje AQPS5 u
SUM159PT i SkBr3. U tumorskim linijama istovremeno je uoéena i pojac¢ana translokacija
NRF2 u jezgru, §to upucuje na njegovu aktivaciju. Ne-tumorogena linija na nije imala porast u
vijabilnosti i proliferaciji, niti porast ekspresije akvaporina ili aktivacije:NRF2,/sto potvrduje
razli¢it odgovor tumorskih stanica. S obzirom na istovremenu promjenu ekspresije akvaporina
i aktivnosti NRF2, ispitano je utjeCe li NRF2 na ekspresijutifili funkeciju akvaporina.
Farmakoloskom aktivacijom NRF2 sulforafanom pokazano je da u " SUMI59PT dolazi do
porasta ekspresije AQP3 i brzeg ulaska H20: u stanice, dokg4e u SkBr3 zabiljezeno ubrzanje
ulaska H20. bez znacajne promjene razine akvaporina, dok u MCF7 i MCF10A ucinci nisu
uoceni. In silico predvidanjem mjesta vezanja NRF2 (ARE motivi) u regulatornim regijama
AQP3 i AQP5 dodatno je potvrdena pretpostavka o moegucoj izravnoj regulaciji, iako su za
kona¢nu potvrdu potrebna dodatnadistrazivanja. Tijekom analize gena za akvaporine, nakon
produljenog oksidacijskog stresa i nakon modulacije NRF2 uocene su promjene vise izoformi,
Sto je potaknulo pitanje meédusobne kompenzacije unutar mreze akvaporina. Zbog toga su
AQP3 i AQP5 prekomjerno eksprimirani ili stabilno utiSani kako bi, se procijenio uéinak na
ostale izoforme i syeukupnu funkciju. Tijekom modulacija zabiljezene su promjene u ekspresiji
pojedinih akvaporina neovisno @ tome je li ciljna promjena na proteinskoj razini bila potpuna,
Sto upucuje na medusobnu'ovisnost izoformi u odrzavanju transporta. Jedina stabilno potvrdena
modulacija ‘na, proteinskoj razini bila je prekomjerna ekspresija AQP5, koja je rezultirala

povecanim ulaskom H>O> u stanice.

U skladu s literaturom potvrdena je povezanost povisene ekspresije akvaporina s
agresivnoscu tumora te razlika izmedu tumorskih i ne-tumorskih stanica. Nadalje, potvrdena je
pretpostavka o ucinku NRF2 na ekspresiju i/ili funkciju akvaporina, uz napomenu da je taj
ucinak ovisan o stani¢nom tipuhi kontekstus Zabiljezena je i ¢vrsta regulacija akvaporina, pri
¢emu se ekspresija razlicitih izoformiprilagodava kako bi se ocuvao sveukupni transport. Uloga
akvaporina u tumoru vjerojatno je povezana s regulacijom oksidacijskog stresa, $to moze
objasniti njihovu povisenu ekspresiju. Sveukupno, ovi rezultati ukazuju na akvaporine kao

potencijalne terapijske mete, a ne samo prognosticke biomarkere.
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