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CELL BIOLOGY

BiolD-based intact cell interactome of the Kv1.3
potassium channel identifies a Kv1.3-STAT3-p53 cellular
signaling pathway

Elena Prosdocimi't, Veronica Carpanese't, Luca Matteo Todesca’, Tatiana Varanita',

Magdalena Bachmann't, Margherita Festa'§, Daniele Bonesso', Mireia Perez-Verdaguer’,
Andrea Carrer'?, Angelo Velle', Roberta Peruzzo', Silvia Muccioli'#, Davide Doni', Luigi Leanza’,
Paola Costantini’, Frank Stein®, Mandy Rettel®, Antonio Felipe?, Michael J. Edwards®,

Erich Gulbins®, Laura Cendron’, Chiara Romualdi', Vanessa Checchetto'+**, lldiko Szabo'***

Kv1.3 is a multifunctional potassium channel implicated in multiple pathologies, including cancer. However, how it is
involved in disease progression is not fully clear. We interrogated the interactome of Kv1.3 in intact cells using BiolD
proximity labeling, revealing that Kv1.3 interacts with STAT3- and p53-linked pathways. To prove the relevance of
Kv1.3 and of its interactome in the context of tumorigenesis, we generated stable melanoma clones, in which ablation
of Kv1.3 remodeled gene expression, reduced proliferation and colony formation, yielded fourfold smaller tumors,
and decreased metastasis in vivo in comparison to WT cells. Kv1.3 deletion or pharmacological inhibition of mitochon-
drial Kv1.3 increased mitochondrial Reactive Oxygen Species release, decreased STAT3 phosphorylation, stabilized
the p53 tumor suppressor, promoted metabolic switch, and altered the expression of several BiolD-identified Kv1.3-
networking proteins in tumor tissues. Collectively, our work revealed the tumor-promoting Kv1.3-interactome land-
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scape, thus opening the way to target Kv1.3 not only as an ion-conducting entity but also as a signaling hub.

INTRODUCTION
Voltage-gated potassium (Kv) channels are a large group of ion
channels with wide expression in excitable and nonexcitable cells.
Kv channels participate in modulating Ca** signaling, cell volume,
cell cycle progression, adhesion, and apoptosis (1). Kv1.3, a mem-
ber of the Shaker Kv1 channel family, harbors six transmembrane
segments and the pore region between S5 and S6. Cytoplasmic N-
and C-terminal domains play a role in the regulation of K* fluxes,
but also participate in cellular signaling through protein-protein
interactions (2) that are only partially elucidated. Kv1.3 is expressed
in neurons and in nonexcitable cells, such as immune cells, kidney
and colon epithelia, osteoclasts, smooth muscle, testes, and adipo-
cytes (3). The channel is emerging as crucial in the context of many
severe pathologies ranging from autoimmune to neurodegenera-
tive diseases (4-6) and cancer (7, 8). The way that the channel links
to these pathologies at the molecular level has not yet been fully
elucidated (9).

Ion channels can take part in large macromolecular complexes
that affect their function as well as downstream signaling. These
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complexes have been characterized mostly by standard biochemi-
cal techniques, including pull-down assays. Recently, proximity-
dependent labeling techniques have been developed with the aim
of overcoming the limitations imposed by antibody-based tech-
niques and the use of detergents. BioID exploits the promiscuous
biotin ligase BirA* (10, 11) and does not require detergents. In
addition, BioID can detect even weak and transient interactions
with proteins proximal to a protein of interest fused in the frame
to BirA* [i.e., within a small radius (10 nm)]. After the addition
of biotin, BirA* catalyzes covalent biotinylation of proximal proteins.
This posttranslational modification is then exploited for subsequent
streptavidin-mediated purification and mass spectrometry (MS) to
identify interacting proteins. Even if this method represents a cutting-
edge tool to study the function of this class of proteins, BioID has only
recently been used to identify ion channels interactors just in a few
cases (12-14).

Our objective was to gain in-depth insight into the interactome
of Kv1.3 in intact cells. Second, we aimed to decipher the cancer-
related pathways regulated by the channel during tumor growth.
Several studies have addressed Kv1.3-linked signaling in autoim-
mune diseases, but possible signaling pathways linking Kv1.3 to
cancer just begin to emerge in vitro (15, 16). Kv1.3 is functionally
active not only in the plasma membrane but also in mitochondria
(17-19), where it associates with complex I of the respiratory chain
(20) and mediates apoptosis (21). An altered expression and func-
tion of Kv1.3 is found in many types of cancer cells (7, 22). A posi-
tive correlation was observed between Kv1.3 expression and tumor
progression in most cases. KCNA3 encoding Kv1.3 is the most abun-
dantly expressed KCNA gene in skin cutaneous melanoma (SKCM),
stomach adenocarcinoma, lung adenocarcinoma, and lung squamous
cell carcinoma (23). Whether cancer progression is linked to Kv1.3
expression in the cancer cells or in the immune cells of the tumor
microenvironment awaits clarification (23).
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In our study, in addition to defining the Kv1.3 interactome using
BioID, we performed validation of functional interactions with some
of the identified partners. To this end, we generated two stably
depleted Kv1.3 melanoma cell lines, revealing substantial differenc-
es between Kv1.3 KD and wild-type (WT) melanoma cells in gene
expression and cell behavior in vitro, as well as tumor growth and sig-
naling cascades in vivo. Thus, our study uncovers a previously uniden-
tified Kv1.3 channel integrative network and a crucial role of Kv1.3 for
in vivo tumorigenesis. These results may prompt the development of
potential cutting-edge therapeutics.

RESULTS

Expression of Kv1.3 in combination with BirA* does not alter
channel localization and functionality

The cytoplasmic N and C termini of Kv1.3 can adopt different
conformations and possibly interact with different partners; there-
fore, BirA* was fused either to the N or to the C terminus of the
channel yielding BirA*-tagged baits. BirA* sequence corresponds
to BirAR118G, a promiscuous mutant biotin ligase that can be ex-
ploited for BioID (24). Human embryonic kidney (HEK) 293 cells are
widely used as a model to define Kv partners and for application of
BioID to ion channels, such as Kir2.1 (14). The BioID experimental
workflow is illustrated in fig. S1.

To map the Kv1.3 interactome, we first generated two indepen-
dent HEK293 cell lines stably expressing Myc-BirA*-Kv1.3 (Fig. 1A)
and a cell clone expressing only Myc-BirA* without the channel
protein (BioID-only), as a control. Furthermore, we used parental
HEK293 cells as a negative control, as reported in (25) (Fig. 1B).
Next, we confirmed the expected prevalent localization of Myc-
BirA*-Kv1.3 to the plasma membrane (Fig. 1C) by immunofluores-
cence staining using specific antibodies against Myc and PMCA as
a PM marker. Similar results were obtained with a second, inde-
pendent clone (fig. S2A). A part of Kv1.3 is targeted to mitochondria
in HEK293 cells, as shown by colocalization of Kv1.3-yellow fluo-
rescent protein (YFP) with Mitotracker Red (fig. S2B). Given that
BirA*, which is an enzyme with a molecular weight of 33 kDa, a
priori could alter the biophysical properties of Kv1.3, we performed
whole-cell patch-clamp experiments and revealed a channel activity
with the classical biophysical properties of Kv1.3, namely, voltage de-
pendence and inactivation kinetics (Fig. 1D; for comparison, see en-
dogenous Kv1.3 current in fig. S2C). Thus, BirA*-Kv1.3 was correctly
localized and functional in the plasma membrane. Subsequently, we
obtained evidence that upon the addition of exogenous biotin,
biotinylation occurred in the proximity of Kv1.3, observing a
nearly complete overlap of streptavidin-Alexa Fluor 488 conjugate
that strongly binds all biotinylated proteins and anti-Myc antibody,
indicating the presence of Kv1.3 (Fig. 1E). The specificity of biotinyl-
ation as well as its efficiency was confirmed by Western blot: In the
BioID-only control (Myc-BirA*), we visualized proteins that showed
affinity for BirA* and were biotinylated as revealed by horseradish
peroxidase (HRP)-coupled streptavidin. The addition of biotin trig-
gered instead a strong biotinylation of several proteins in the sample
expressing the Myc-BirA*-Kv1.3 construct (Fig. 1F). Next, we de-
termined a suitable labeling time that yielded sufficient biotinylated
material, without inducing toxicity due to chronic biotinylation of
endogenous proteins and saturation of proximal labeling sites. As
shown in Fig. 1G, a time-dependent biotinylation occurred, reach-
ing an elevated level after 24 hours. In the absence of exogenously
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added biotin, no increase in biotinylation was observed as a func-
tion of time (fig. S2D).

The same experiments were also performed with cells express-
ing BirA* in fusion at the C terminus of the channel (Kv1.3-BirA*-HA)
(fig. S3A). The fusion protein, when stably expressed in HEK293
cells, reached the plasma membrane (fig. S3, B and C) and gave
rise to voltage-dependent Kv1.3 activity (fig. S3D). In this case,
inactivation kinetics were slightly slower but compatible with other
reports showing Kvl.3 activity expressed in HEK293 cells (26).
Biotinylation was observed in correspondence to channel loca-
tion within cells as detected by immunofluorescence labeling
(fig. S3E) and Western blot (fig. S3F). Biotinylation occurred in a
time-dependent manner in intact cells (fig. S3G). As a control,
BirA*-HA was used in the above experiments (BioID-only control)
(fig. S3F).

BiolD detects Kv1.3-interacting proteins

We first analyzed the interactome of independent clones of BirA*
fused to either the N terminus or the C terminus of the channel. In
each clone, expressing Kv1.3 in fusion with the tagged biotin ligase
(named Myc-BirA*-Kv1.3 #1 and Myc-BirA*-Kv1.3 #2 for the two
clones where the biotinylating enzyme BirA* fused to the N termi-
nus of the channel protein, and Kv1.3-BirA*-HA for the clone where
BirA* fused to the C terminus of the channel), a strong biotinylation
was observed after incubation of cells with biotin (see Fig. 1, F and
G, and fig. S3, F and G). In parallel, analysis of BirA*-only tagged
controls that express the biotin ligase only (named Myc-BirA* and
BirA*-HA, BioID-only samples) (Fig. 1F and fig. S3F) allowed us to
identify endogenously biotinylated proteins. An additional control
was performed in cells lacking the expression of any BioID ligase
(named parental HEK293).

Whole-cell extracts expressing various bait proteins were pre-
pared from cells cultured in the absence or presence of biotin (indi-
cated as “minus” and “plus” in Fig. 1F and fig. S3F). After cell lysis,
the biotinylated proteins were purified using streptavidin beads and
analyzed by MS.

We used multiplexed quantitative MS using tandem mass tag
(TMT) labeling to assess proximity-dependent biotinylation in a
proteome-wide fashion. After digestion of the proteins into pep-
tides, we chemically tagged the peptides with isotopically distinct
TMT labels. This enabled us to quantify the relative abundance of
each protein across the samples as previously described (27, 28). An
overview of the normalized TMT reporter ion intensities (see Mate-
rials and Methods for details) for each condition and replicate is
shown in fig. S4A.

To evaluate the enrichment of biotinylated proteins following bio-
tin treatment (plus versus minus conditions), we tested normalized
raw TMT reporter ion intensities for differential abundance using a
moderated ¢ test. Hit proteins (table S1) had a ratio greater than 2
[log2 fold change (FC) > 1] and a false discovery rate (FDR) less than
0.05. We identified 465, and 507 and 398 proteins for the C-terminal
and the two N-terminal clones, respectively (see volcano plots in
fig. S4B). A substantial part of the BioID-identified Kv1.3 partners were
also identified by classical coimmunoprecipitation assay exploiting the
Myc-Trap system using Myc-tagged Kv1.3 (fig. S4C and table S2).
Sixty-three proteins identified in our assays were located in mito-
chondria (highlighted in yellow in tables S1 and S2), as identified
using Mitocarta2.0 (29), in accordance with the previously reported
location of Kv1.3 in this organelle (21).
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Fig. 1. Characterization of cells stably expressing myc-BirA*-Kv1.3 fusion proteins. (A) Cartoon of myc-BirA*-Kv1.3. BirA* is shown fused to the Kv1.3 N-terminal end.
BirA* converts exogenously added biotin to highly reactive labile biotinyl-5'-AMP, allowing it to react with primary amines on vicinal/interacting proteins. The labeling
radius is around 10 nm. (B) HEK293 cells were stably transfected with myc-BirA*-Kv1.3 or myc-BirA*. Following SDS-PAGE of cell lysates, myc-BirA*-Kv1.3 or myc-BirA*
proteins were detected with anti-BirA. Fifty micrograms of protein per lane was loaded as indicated: parental HEK293 cells (control, untransfected cells); HEK293 cells
transfected with the empty vector (myc-BirA* vector); two independent clones expressing myc-BirA*-Kv1.3. Vinculin: loading control. (C) Immunofluorescence analyses
of HEK293 cells stably expressing myc-BirA*-Kv1.3. Localization of BirA*-fusion proteins detected at the PM with fluorescently labeled anti-myc (green). The PM PMCA
(red) colocalize with the Kv1.3 fusion protein (see merge). DNA is labeled with DAPI (blue). Scale bar, 25 pm. A representative image of three independent experiments is
shown. (D) Kv1.3 currents elicited by applying a train of depolarizing potentials in 20 mV stepwise increases up to +70 mV from a —70 mV holding potential (n = 3 for
each). (E) Confocal images of HEK293 cells stably expressing myc-BirA*-Kv1.3 (clone #1) after 24 hours of incubation with exogenous biotin (50 pM). Myc-BirA*-Kv1.3 was
detected with anti-myc (red) and biotinylated proteins with fluorescently labeled streptavidin (green). Scale bar, 25 pm. (F) HEK293 cells stably expressing myc-BirA*-
Kv1.3, or parental and empty vector controls, were analyzed 24 hours after biotinylation induction with (+) or without (—) exogenous biotin supplementation. Biotinyl-
ated proteins were detected with streptavidin-HRP. Middle: the Kv1.3 fusion protein detected with anti-BirA. Bottom: Anti-actin was protein loading control (n = 3
independent experiments). (G) As in (F) in the presence of 50 pM biotin at different time points (n = 3). Loading control of the same blot is shown.
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Bioinformatic analysis reveals previously unidentified
Kv1.3-linked signaling pathways

A total of 378 proteins were identified in BioID as hits (compared
to the respective nonbiotin controls) in all three clones (referring
to both the C and N termini), 87 proteins in two clones and 62
proteins in a single clone only. Overlap of the set of proteins from
the three clones is shown in fig. S4D. None of these 527 hits were
enriched in the biotin conditions of the BioID-only samples or
the nontransfected HEK293 cells (fig. S4E), indicating that all 527
proteins were biotinylated due to proximity to Kv1.3 in fusion
with BirA*. Figure S4E shows the log2 ratios of the biotin versus
nonbiotin (plus/minus) conditions in the N terminus and C ter-
minus compared to the control and in the N terminus versus the
C terminus. These graphs indicate a number of hits (red) that are
well distinguishable when considering the enriched biotinylated
proteins found in cells expressing BirA* in fusion with Kv1.3 com-
pared to those found in controls (BioID-only, HEK293), where
some endogenously biotinylated proteins are present, as expected.
There were no differences between the two N-terminal clones,
while a dozen of proteins were different between the N-terminal
and C-terminal clones (myc-BirA*-Kvl.3 and Kv1.3-BirA*-HA,
respectively).

More specific bioinformatic analyses identified molecular path-
ways linked to the Kv1.3 interactome, at both the N terminus and
the C terminus (527 proteins). The whole dataset of proteins identi-
fied as hits was interfaced with the KEGG (Kyoto Encyclopedia of
Genes and Genomes) and Reactome databases and classified using
Gene Ontology (GO) categories, extracting information about cell
functions and pathways activated and connected to Kv1.3. The gene
set enrichment analyses performed on identified hits using the bio-
logical process ontology indicated an enrichment of 270 categories.
Thus, we found proteins implicated in the positive regulation of
cell junction assembly, regulation of actin filament—based process,
actin filament organization protein, localization to cell periphery,
protein localization to plasma membrane, regulation of protein-
containing complex assembly, regulation of supramolecular fiber
organization, regulation of guanosine triphosphatase (GTPase) ac-
tivity, regulation of actin cytoskeleton organization, and cell-cell
junction organization (fig. S5A) for top enriched terms. The scat-
terplot of the entire list of significantly enriched GO terms after the
redundancy reduction obtained by semantic similarity analysis is
shown in fig. S6. The GO terms are reported in a two-dimensional
space derived by applying multidimensional scaling to a matrix of
the GO terms’ semantic similarities. The names of the most signifi-
cant GO term clusters are reported. GO term clusters closed in the
two-dimensional space are semantically similar. The size of the dots
is proportional to the size of the category (the larger the dots are,
the more general is the term).

Analysis of molecular functions (fig. S5B) for top enriched terms
(and fig. S7A for the treemap visualization of the entire enriched list)
also showed enrichment in cadherin binding, actin binding, GTPase
regulator activity, GTPase activator activity, GTPase binding, small
GTPase binding, nucleoside-triphosphatase regulator activity, mo-
lecular adaptor activity, phospholipid binding, tubulin binding, actin
filament binding, and phosphatidylinositol binding. Most of the
Kv1.3-interacting proteins were localized to cell-cell junctions, focal
adhesions, cell-substrate junctions, and cell leading edges (fig. S5C)
for the top enriched terms (and fig. S7B for the treemap visualization
of the entire enriched list).
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In addition, pathway analysis of the Reactome database (Fig. 2A)
uncovered (with an FDR < 0.1) the physical proximity of Kv1.3 to
proteins related to different cellular signaling pathways, including
the apoptotic execution phase, apoptotic cleavage of cell adhesion
proteins, Rho GTPase cycle, Rhoh GTPase cycle, RhoBtb GTPase
cycle, cell-cell communication, signaling by mesenchymal-epithelial
transition, activation of RAC1. and signaling by anaplastic lymphoma
kinase in cancer. The right part of Fig. 2A reports the single interac-
tors grouped into cancer-relevant pathways.

The results of the KEGG pathway analysis (Fig. 2, B and C, for the
20 enriched pathways) revealed that Kv1.3 is intimately associated
with various sites within the cell [including the focal adhesion
(fig. S8), adherens, and tight junctions (not shown)] and with various
pathways, including protein processing in the endoplasmic reticu-
lum (fig. S9), the Erbb signaling pathway (fig. S10), proteoglycans in
cancer (fig. S11), Hippo pathway (fig. S12), and regulation of the ac-
tin cytoskeleton. In all KEGG pathways, the color of the interacting
protein is correlated with its log2 FC value, revealing that biotinyl-
ation of these Kv1.3-adjacent proteins occurred with high frequency;,
suggesting a rather strong interaction when reaching high values.
The complete list of identified enriched GO terms and pathways is
available in table S3.

Similar results were also obtained when the N-terminal and
C-terminal interactomes of Kv1.3 were separately analyzed. However,
some differences could be observed, as illustrated in fig. S13 (A and
B) for, respectively, GO categories and Reactome pathways. These
experiments highlight interesting differences, such as, for example,
specific interaction with proteins harboring phosphatase activity,
with those of endosomal sorting complex required for transport, and
those involved in phosphoinositide 3-kinase/AKT serine-threonine
protein kinase (PI3K/AKT) signaling at the C terminus of the chan-
nel protein. Instead, members of the MAPK (mitogen-activated pro-
tein kinase) family signaling cascade are found in BioID of the N
terminus-linked BirA*, allowing future identification of specific re-
gions of the channel that are involved in these specific signaling hubs.

Last, unbiased hierarchical clustering was performed based on
the log2-fold change of each cell line sample, compared to HEK293
cells without the addition of biotin. The cluster number is shown to
the right of the heatmap (Fig. 2D), and for each cluster, the result of
the GO enrichment analysis is indicated in relation to molecular
function (Fig. 2E), biological processes (fig. S14A), and the cellular
compartment (fig. S14B).

Kv1.3 is linked to cancer-related pathways

Because our KEGG analysis highlighted many cancer-related path-
ways [e.g., Erbb2, signal transducer and activator of transcription 3
(STAT3), SHP2, and epidermal growth factor receptor (EGFR)], we
aimed to validate our findings in a tumoral context. Expression of
Kvl.3-encoding KCNA3 in SKCM, one of the most aggressive can-
cers that arise from transformed melanocytes, is higher in tumoral
tissues with respect to nontumoral tissues according to the The Can-
cer Genome Atlas public database (fig. SI5A) and KCNA3 transcript
level slightly increases from stage 0 to stage I (fig. S15B).

The B16F10 mouse melanoma line that expresses Kv1.3 (30) is
widely used to study SKCM tumorigenesis [e.g., (31)]. Therefore, we
first generated two independent stable knockout BI6F10 melanoma
lines using the CRISPR-Cas9 technology (32, 33), which is suitable
for down-regulating ion channel expression in cancer cells [see, e.g.,
(34)]. Two knockdown clones (KD clones) (fig. S16) in which lack of
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using the 527 hit proteins. On the x axis, the ratio between the number of hit proteins belonging to the pathway (count) and the total size of the pathway is reported. The
dimension of the dot indicates the count (the larger the dot, the higher the count), and the color of the dot represents the adjusted P value. (D) Cluster analyses of hit
proteins obtained using log2 FC of the plus/minus samples. (E) Dot plots reporting the top 20 significantly enriched GO terms for molecular function. The dimension of
the dot represents the odds ratio and the color denotes the adjusted P value.
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Kv1.3-encoding KCNA3 was confirmed by polymerase chain reac-
tion (PCR) and bands reacting with anti-Kv1.3 antibody were barely
detectable in Western blot (Fig. 3A) were used for further studies.

Given the role of K* channels, including Kv1.3, in promoting the
proliferation of cancer cells (1), we first tested whether knockdown
of Kv1.3 affected cellular proliferation. The clones showed a reduced
proliferation rate (Fig. 3B). Next, we investigated the clonogenic
ability of Kv1.3 KD clones in vitro. The area covered by each colony
showed a significant decrease (Fig. 3C). In agreement with our re-
cent work showing an altered mitochondrial network in the absence
of Kv1.3 in adipocytes (35), we observed that the Kv1.3 KD mela-
noma cells harbored swollen mitochondria and a fragmented mito-
chondrial network (Fig. 3D) and displayed higher mitochondrial
reactive oxygen species (ROS) level compared to WT (Fig. 3E). The
observed mitochondrial fragmentation may contribute to the re-
duced proliferation and colony formation in melanoma [e.g., (36,
37)]. Ion channels and transporters may also affect tumor behavior
by regulating cancer cell migration (38). The impact of the lack of
Kv1.3 on B16F10 cell migration was assessed in vitro in wound heal-
ing assay, showing that the KD cells migrated slower than WT cells
(Fig. 3F).

Next, we assessed the activation state of some cancer-relevant
pathways related to Kv1.3. For example, cyclin D1 is stabilized by the
absence of the channel in BI6F10 melanoma cells in accordance
with our previous findings showing that knockdown of Kv1.3 in pre-
adipocytes resulted in delayed G;-S phase transition as indicated by
a sustained increase in cyclin D1 levels (35) (fig. S17).

We identified an unexpected partner of Kv1.3 revealed by BiolD
as well as classical coimmunoprecipitation, namely, the transcrip-
tion factor STAT3 [see table S2 (G8JLH9)], whose decreased phos-
phorylation at Ser’* is associated with a diminished tumorigenic
phenotype of BI6F10 cells, while phosphorylation at Y705 has been
linked to stem cell proliferation (39). First, to confirm interaction
between Kv1.3 and STAT3 in intact cells, we performed the proxim-
ity ligation assay (PLA) and revealed the PLA signal both at the
level of the PM and intracellularly, in HEK293 (Fig. 4A and fig. S18,
A and D, for enlarged images) and in KD B16F10 cells that were
transfected with Kv1.3 in fusion with YFP (Fig. 4A and fig. S18, B
and D). Furthermore, the PLA signal was also observable at the level
of mitochondria in cells expressing a mitochondria-targeted version
of Kv1.3 (fig. S18D). The W386F pore-dead mutant of the channel
was able to interact equally with STAT3 when expressed in the KD
B16F10 cells (Fig. 4A and fig. S18C).

In addition, classical IP also revealed a detectable interaction be-
tween the two proteins (Fig. 4B). In B16F10 cells as well as in SK-
MEL28 melanoma cells, KD for Kv1.3 reduction in both the expression
level and activation of STAT3 (by Ser’*” phosphorylation) was detected
(Fig. 4C), in accordance with the known phosphorylation-induced
stabilization of STAT3. Given that Kv1.3 is functional both in the
plasma membrane and in mitochondria (mitoKv1.3) and PLA re-
vealed STAT3-Kv1.3 at both locations, we aimed to understand (i)
whether inhibition of the former or latter population is sufficient to
decrease STAT?3 activation and (ii) whether inhibition of the channel
activity or lack of Kv1.3 protein is required to exert an effect on STAT3
activation. To this end, we exploited membrane-impermeant toxin
inhibitors Margatoxin (Mgtx) and Stichodactyla toxin (Shk) or the
mitochondria-targeted Kv1.3 inhibitor (3-(4-(4-((7-oxo-7H-furo
[3,2-g]benzopyran-4-yl)oxy)butoxy)phenyl)propyl)triphenyl
phosphonium iodide (PAPTP) (40). Neither Mgtx nor Shk was able
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to dampen STAT3 activation, while application of PAPTP was suffi-
cient to decrease STAT3 phosphorylation and stability not only in
B16F10 cells (Fig. 4D) but also in COLO357 pancreatic ductal adeno-
carcinoma cell line, previously shown to express mitoKv1.3 (41)
(Fig. 4E). Altogether, these results suggest that the channel activity/
presence of mitoKv1.3 is required to maintain activation of this cru-
cial protumorigenic transcription factor even in different tumor types,
while blocking the channel at the PM is not sufficient to abolish
STATS3 activation.

Mitochondria-located Kv1.3 has been linked to apoptosis (9) and
the p53 tumor suppressor is a critical regulator of apoptosis in
B16F10 cells (42). A recent study showed that inactivation of STAT3
enhanced p53 expression and activation, and this, in turn, contrib-
uted to a decrease in total STAT3 protein levels (43); therefore, we
explored the effect of channel deletion/inhibition on p53 expression.
Notably, p53 level was substantially increased upon deletion of
Kv1.3 in B16F10 cells (Fig. 5A), upon silencing of the channel in
SKMEL2S8 cells (fig. SI9A and Table 1), and upon inhibition of mi-
toKv1.3 with PAPTP (Fig. 5B), indicating stabilization of this im-
portant tumor suppressor. Given that enhanced p53 phosphorylation
at S392 is associated with mitochondrial translocation and proapop-
totic activity of p53 (44) and was shown to increase p53 tetramer-
ization, stability, and the tumor-suppressing activity of p53 (45),
we tested whether p53 $392 is increased in cells lacking Kv1.3. As
shown in Fig. 5A, lack of the channel was able to trigger phosphory-
lation of p53. PAPTP also enhanced phosphorylation of p53 at $392
(Fig. 5C). As PAPTP induces mitochondrial ROS release (41), we
preincubated the cells with the mitochondrial ROS scavenger MI-
TOTEMPO and observed that this treatment prevented the effect of
PAPTP on p53, both on the total p53 and on the phosphorylated
forms (Fig. 5C). PAPTP did not exert effects on p53 stabilization or
STATS3 activation in the Kv1.3 KD lines, indicating specificity of its
action via Kv1.3 (fig. S19).

Our data thus suggest a previously unidentified Kv1.3-STAT3-p53
axis in cancer cells. To further explore this signaling axis, we ex-
pressed Kv1.3 in HEK293 cells (that do not endogenously express
the channel; see Fig. 1C). Upon expression of Kv1.3 solely, STAT3
level and STAT3 phosphorylation at both S727 and Y705 increased,
while p53 stabilization decreased (Fig. 5D). STAT3 activation and
p53 stabilization strictly depended on the presence of the channel
also in the tumoral context, as indicated by rescue upon the re-
expression of Kv1.3 in Kv1.3 KD B16F10 cells (Fig. 5E). Further-
more, silencing of STAT3 in B16F10 cells resulted in a clear increase
in p53 level, in accordance with the recently proposed STAT3-p53
connection (Fig. 5F). The effect of PAPTP was abolished on p53 sta-
bilization in cells that were silenced for STAT3 (Fig. 5F), further in-
dicating that Kv1.3 modulation exerts its effect on p53 via STAT3.

STAT?3 harbors Src homology 2 (SH2) domains (46) and thus may
directly bind to the SH2 recognition site of the channel (fig. S20A).
The minimal consensus sequence that is recognized by STAT3 SH2
in the target proteins is Y(PO3;H,)xxQ, shortly pYxxQ, where X
might be any residue with a preference toward lipophilic or basic
amino acids (47). Previous docking studies (48) based on gp130
phosphopeptide (pYLPQ), or the STAT3-derived phosphopeptide
pY705 (corresponding to the STAT3 pY motif responsible for dimer-
ization), demonstrated that phosphotyrosine pY and glutamine in
position pY + 3 tightly anchor the consensus peptide to two adjacent
and highly conserved STAT3 pockets (fig. S20B), establishing a net-
work of hydrogen bonds and salt bridges with the phosphate group
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Fig. 3. Generation and characterization of Kv1.3 KD B16 F10 cells. (A) Left: PCR performed with the primers F1 and R2b on the B16F10 clones: the expected band for
the WT is 2709 bp and the deleted band is expected to be approximately 1000 bp. The positive control was the B16F10 WT, and the negative control was water. Right:
Western blot of WT and two independent KD lines (n = 3). Protein products with slightly different MWs are observable and are due to glycosylation [e.g., (95)]. (B) Prolif-
eration rate of B16F10 cells and the Kv1.3 KD clones (n = 4, two-way ANOVA, P < 0.05). Parental B16F10 and Cas9-transfected cells displayed the same proliferation rate
(not shown, n = 3). (C) Colony formation assay (n = 6 for each line) (one-way ANOVA, P < 0.05). The number and the dimension of colonies were measured with ImageJ
(D) Representative confocal images of WT and Kv1.3 KD #1 and #2 B16F10 cells showing a fragmented mitochondrial network. Cells were stained for mitochondrial
marker TOM-20 (magenta) and DAPI (cyan). Scale bars, 5 um. (E) Mitochondrial ROS release was measured using Mitosox and FACS analysis. A representative experiment
is shown on the left, while the right panel reports values normalized on WT cells’ Mitosox fluorescence signal. (F) Wound healing assay. Quantification as % of initial gap
area (n = 4) (two-way ANOVA, P < 0.05). Images were analyzed with ImageJ and applied.
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Fig. 4. Kv1.3 expression affects STAT3 signaling. (A) Representative confocal images of HEK cells and Kv1.3 KD #1 and #2 B16F10 cells transfected with either Kv1.3-YFP
WT or PD Kv1.3-YFP (green), in which proximity ligation assay (PLA) was performed (red). Cells were also stained with DAPI (blue). (B) Kv1.3 coimmunoprecipitates with
STAT3 in B16F10 KD #1 expressing Kv1.3-YFP. Immunoprecipitation for Kv1.3-YFP and STAT3, immunoblotted for STAT3 and GFP. (C) Analysis of expression and phos-
phorylation levels of STAT3 (Ser’?’) and total STAT in B16F10 WT and two B16F10 Kv1.3 KD clones. Analysis of expression and phosphorylation levels of STAT3 (Ser’?’) and
total STAT in SKMEL28 WT (scramble, scr) and KD clones (siRNA-Kv1.3). (D) Analyses of Ser’?” STAT3 phosphorylation level and of total STAT3 expression level after treat-
ment with Margatoxin (Mgtx, 0.5 pM) and Stichodactyla toxin (Shk, 0.5 pM) and the mitochondria targeted Kv1.3 inhibitor PAPTP (0.5 and 1 pM) in B16F10 cells. Vinculin
was used as the loading control. (E) Analyses of Ser’?” and Tyr’% STAT3 phosphorylation level and of total STAT3 level after treatment with Margatoxin (0.5 pM) and
Stichodactyla toxin (0.5 pM) and PAPTP (1 pM) in COLO357 cells (all blots have n = 3; *P < 0.05; **P < 0.001; ***P < 0.0001).
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Fig. 5. The Kv1.3-STAT3-p53 axis. (A) Analysis of expression and phosphorylation levels of p53 (Ser*°?) and total p53 in B16F10 WT and two B16F10 Kv1.3 KD clones.
(B) Analysis of p53 expression level after treatment with Margatoxin (Mgtx, 0.5 pM) and Stichodactyla toxin (Shk, 0.5 pM) and the mitochondria targeted Kv1.3 inhibitor
PAPTP (0.5 and 1 pM) in B16F10 cells. Vinculin was used as the loading control (30 pg of protein from cell lysates per lane, n = 3). (C) Analysis of expression and phos-
phorylation levels of p53 (Ser*®?) and total p53 in B16F10 WT treated with PAPTP (0.5 M) and mitoTEMPO (mT, 100 nM). (D) Analysis of expression and phosphorylation
of p53 and STAT3 levels in HEK293 cells expressing Kv1.3-YFP. (E) Analysis of expression and phosphorylation of p53 and STAT3 levels in B16F10 KD cells expressing Kv1.3-
YFP. For (D) and (E), see description of the procedure in Materials and Methods. (F) Analysis of expression and phosphorylation of p53 levels in B16F10 silenced for STAT3
(n = 3 for all blots; *P < 0.05; **P < 0.001; ***P < 0.0001).
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Table 1. Primers used for qRT-PCR to detect Kcna3 transcript levels.

mTbp (for) GCAGTGCCCAGCATCACTAT
mTbp (rev) GCCCTGAGCATAAGGTGGAA
mKcna3 (for) CCCCAGTAAAGCCACCTTCT
mKcna3 (rev) CTGCCCATTACCTTGTCGTT

(pY pocket). Given these premises, we analyzed by docking analysis
the phosphotyrosine sites at the N and C termini of Kv1.3 and ob-
served that the phosphorylated sequence pY111YYQ114 might de-
fine a consensus for the STAT3 SH2 domain. Our docking results
against the full-length STAT3 monomer [Protein Data Bank (PDB):
6NJS and 6NUQ; HPEPDOCK 2.0 server (49)] of a five—amino acid—
long phosphopeptide, centered on pY111 residue of Kv1.3, suggest a
clear propensity of this motif to cluster within the STAT3 SH2 bind-
ing pocket (fig. S20C). Analysis of binding pose with the highest
scores evidenced a large contact surface of about 480 A% and a highly
conserved placement and interactions peculiar to STAT3 binders
and analogous to Y705 STAT3 dimerization motif (PDB: 6QHD)
or the peptidomimetic prodrug compound SI109 (PDB: 6NUQ;
fig. S20, B and D) (50). We wondered whether STAT3 inhibitors may
alter channel activity. NSC 74859 that interacts with the DNA bind-
ing domain of STAT3 did not alter channel activity in Jurkat cells that
endogenously express Kv1.3 and STAT3 (fig. S21).

To gain a more general insight into the consequences of Kv1.3
deletion, the WT and Kv1.3 KD clones were subjected to RNA se-
quencing (RNA-seq) analysis, revealing a differential expression of
2939 (KD #1) or 3525 (KD #2) transcripts compared to the control
cells (table S4). The heatmap of the top 100 most variable genes is
shown in Fig. 6A. Analysis of these data revealed that in both clones,
the most prominent GO terms associated with the changes refer to
ribonucleoprotein complex biogenesis, ncRNA metabolic processes,
ribosome biogenesis, and mRNA binding (figs. S22 and S23). rRNA
processing was also found to be most differentially present accord-
ing to Reactome (figs. S24 and S25). All these processes were down-
regulated in the Kv1.3 KD clones with respect to the control BI6F10
cells. Regarding organelle-specific alteration, surprisingly, the most
differentially expressed transcripts were linked to lytic vacuoles and
lysosomes in addition to mitochondria (in accordance with the
mitochondrial localization of Kv1.3) and the actin cytoskeleton
(figs. S26 and S27).

KEGG pathway analysis confirmed the involvement of Kv1.3 in
the modulation of ribosome biogenesis in eukaryotes (down) and of
lysosome function (up) (figs. S28A and S29A and table S5). In addi-
tion, this analysis highlighted an unexpected link between Kv1.3
and steroid biosynthesis; in particular, lack of Kv1.3 led to enhanced
expression of genes linked to this metabolic pathway (figs. S28B
and S29B).

Although in none of the KD lines was Tp53 up-regulated at the
transcript level, the expression of several p53 transcriptional target
genes was enhanced, in accordance with the increased phosphoryla-
tion and stabilization of p53 in the KD lines. Namely, we observed an
increase in the expression of Tp53inpl (tumor protein p53-inducible
nuclear protein 1, also named “stress-inducible protein”), Tp53inp2,
Trp53corl (tumor protein p53 pathway corepressor 1), and the
Cdknla gene encoding p21 that blocks cell cycle progression at the
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G;-S phase (Fig. 6B). Further players involved in cell cycle progression
regulation are also up- or down-regulated in the cells lacking Kv1.3
(Fig. 6B). These results are in accordance with increased p53 phos-
phorylation and cyclin D1 expression as shown above. In agreement
with activation of p53, the expression of proapoptotic Caspase 8 and
Bad mRNA was also increased along with other factors promoting
apoptosis in both clones lacking Kv1.3, while the expression of anti-
apoptotic players decreased (Fig. 6C). Activation of p53 is also linked
to metabolic rewiring (51), in part by repressing Myc (52), a proto-
oncogene that codes for Myc transcription factor and is linked to the
up-regulation of the glycolytic pathway in cancer cells (53). In the
RNA-seq analysis, we observed down-regulation of Myc and of Myc
targets such as genes coding for hexokinase 2 and the key enzyme of
glycolysis, namely, the ATP-dependent 6-phosphofructokinase
(Ptkp), which catalyzes the first committing step of glycolysis
(Fig. 6D). Thus, we investigated the glycolytic function and found a
significant decrease in the glycolytic reserve in the cells lacking Kv1.3
(Fig. 6E). This parameter indicates the ability of the cells to respond
to an energetic demand and is critical for cell survival in B16F10 cells
(54). In accordance, total ATP level was reduced significantly in both
KD lines (Fig. 6E). A significant down-regulation of most genes in-
volved in purine and pyrimidine metabolism, linked to proliferation
and also to the metastatic potential of melanoma (55), was also found
(Fig. 6F).

A further consideration arising from the RNA-seq analysis is that
a substantial overlap (>100 proteins for each clone and 81 hits in
common between the two clones) can be found among the tran-
script levels of differentially expressed genes and the protein part-
ners of Kv1.3 identified by BioID (Fig. 6G). These proteins converge
for both clones on translation, RNA binding, cytoskeleton, and Ras
GTPase binding (figs. S30 and S31). Altogether, these results indi-
cate that several proteins identified in the Kv1.3 interactome, which
are expected to profoundly affect cell behavior, are differentially ex-
pressed in the absence of the channel.

Kv1.3 expression is required for melanoma growth and
metastasis in vivo

Given these notable differences in vitro, we next established ortho-
topic melanoma models using both Kv1.3 KD clones and control
B16F10 cells. Both KD clones produced notably smaller tumors
than parental B16F10 (Fig. 7, A and B). Metastasis to lung was dras-
tically reduced for both Kv1.3 KD B16F10 lines (Fig. 7C).

To investigate the changes in Kv1.3-linked signaling pathways
that may underlie such differential growth, we compared the acti-
vation of some cancer-related pathways in the BI6F10WT and
Kv1.3 KD clone-induced primary tumors grown for 15 days. One of
the prominent pathways emerging from BioID is the EGFR-linked
pathway. To assess whether EGFR activation depends on the pres-
ence/activity of Kv1.3 in the tumors, we performed an analysis with
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Fig. 6. Gene expression analysis in melanoma cells lacking Kv1.3. (A) DEG analysis was performed comparing Kv1.3 KD and WT lines. A total of 2938 and 3524 differ-
entially expressed genes (DEG) compared to WT were found for B16F10 KD Kv1.3 #1 and #2, respectively (FDR < 0.01). Top100 DEGs (with highest SD among all nine
samples) are shown for all three replicates per cell line. (B) Transcript level of several p53-induced target genes and cell cycle progression regulatory genes. The color key
indicates the log2-fold change relative to control in (B) to (D) and (F). (C) Transcript level of known pro- and anti-apoptotic players. (D) Transcript level of glycolytic genes.
(E) Measurement of glycolytic capacity, i.e., the rate of increase in ECAR after the injection of oligomycin following glucose addition. Oligomycin inhibits mitochondrial
ATP production and therefore shifts the energy production to glycolysis with increase in ECAR revealing maximum glycolytic capacity of the cells. The glycolytic reserve
is the difference between glycolytic capacity and glycolysis rate (n = 3 independent experiments). (F) Transcript level of genes involved in purine and pyrimidine metabo-
lism. (G) Heatmap of the transcript levels of 81 DEGs that encode protein partners of Kv1.3 identified by BiolD. The shown 81 hits are shared by both clones.
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Fig. 7. In vivo tumor growth and metastatic spread in an orthotopic model using WT B16F10 cells and two independent Kv1.3 KD lines. (A) Schematic view of
the in vivo experiments. (B) Six animals from each group were injected with the indicated cell lines. The tumors were excised and are shown in the representative image.
Tumor weight and volume are shown. (C) Representative photographs of lung metastasis removed after 21 days from the tail vein injection with the indicated cell lines in
9-week-old C57BL6/J mice. Quantification of metastases on the surface of the lung is shown. Data represent mean + SD.n =5WT,n=5KD #1, n = 4 KD #2.*P < 0.05.
(D) Phosphorylation array on tumor lysates reveals decreased tyrosine phosphorylation of the indicated proteins in the Kv1.3 KD tumors with respect to WT. Quantification
of the dot intensity is shown. (E to J) SDS-PAGE followed by immunoblotting of B16F10 WT and two Kv1.3 KD clone-derived tumor lysates developed with the indicated
antibodies. Quantification was performed on biological (n = 2 to 3 for each) and technical replicates (n > 3 for each).
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a mouse phospho-receptor tyrosine kinase profiler (Fig. 7D, fig. S32,
and Table 2). We detected reduced activation of EGF receptors
Erbb3 and Erbb4 in the B16F10 Kv1.3 KD tumors compared to WT
cell-derived tumors (Fig. 7D). Likewise, the phosphorylation of other
tyrosine kinase receptors (IGFR1, PDGF Rf, TkA/B/C, VEGEFR, and
angiogenesis-promoting Tie-2) also decreased. In accordance with
the data of Molhoek et al. (56), phosphorylation of these receptors
was relatively weak in the tumor tissues but was similar to in vitro as-
say on B16 cells (57).

Consistent with the reduced tumor size and confirming the in vitro
results, we observed an enhanced stabilization of p53 (Fig. 7E) and
a significantly decreased STAT3 level and S727 phosphorylation
(Fig. 7F) in the lysates of tumors derived from KD cells. In addition,
focal adhesion kinase (FAK) activation/phosphorylation was reduced
(Fig. 7G). The phosphorylation of GSK3a/f kinases was instead en-
hanced in the Kv1.3 KD cell-derived tumors (Fig. 7H). Compatibly
with an increased cell death, phosphorylation of the stress kinase JNK
at T183 and Y185 increased (Fig. 7I), while total PARP-1 protein lev-
els decreased (Fig. 7]). Altogether, these changes may contribute to
the drastically reduced melanoma growth in the absence of Kv1.3.

To understand which pathways maintained the growth of the
remnant tumors, we investigated the PI3K/AKT/mammalian target
of rapamycin (mTOR) and MAPK/ERK pathways. An increased phos-
phorylation of ERK 1/2 (fig. S33A) and of AKT at S473 (but not at
T308) (fig. S33B) occurred. Likewise, phosphorylation of pRAS40
(fig. S33B) and of mTOR (fig. S33C), downstream targets of AKT, in-
creased in the tumor samples lacking Kv1.3.

DISCUSSION
Here, we analyzed in intact cells the entire systemic interactome of
the Kv1.3 ion channel, whose altered expression and function are
linked to various diseases. Despite the emerging crucial role of this
channel in the context of neurodegenerative, metabolic, and onco-
logic diseases [for a recent review, see, e.g., (9)], the interaction partners
that may account for the observed phenotypes upon overexpression
or lack of Kv1.3 have not yet been defined at a systemic level. Previ-
ous studies have identified that the cytoplasmic domains of Kv1.3 can
have roles beyond the regulation of potassium fluxes by participating
in some cell signaling pathways, via protein-protein interactions. The
proteins known thus far to interact with Kv1.3 are limited to f1-
integrin (58), cortactin (an SH3 domain—-containing F-actin binding
protein) (59), PDZ family proteins PSD95 and SAP97 (also called
disc large 4 and 1, Dlg4 and Dlgl, respectively) (60, 61), and regula-
tory proteins Kvf2 and KCNE4 (62), as well as caveolin (63), Sec24
from COPII (64), and calmodulin-binding tetraleucine motif (65).
We also identified most of these known interactors in our BiolD
analysis, confirming the validity of the BioID approach but, in addi-
tion, revealed a number of unexpected, additional partners. Only a
few studies addressed the interactome of ion channels using BioID to
date. BiolD-identified interactors of another potassium channel,
namely, Kir2.1 (14)(>200 interactors) and of Kv1.3 only minimally
overlap, confirming the specificity of this approach to reliably iden-
tify channel interactors.

Here, we focused our attention specifically on the cancer-related
pathways emerging from Kv1.3 BioID and validated some of these

Table 2. List of antibodies used in this study.

AKT Cell Signaling Technology No. 9272

P-AKT (Ser?’?) Cell Signaling Technology No. 4060
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results in the newly generated melanoma cell lines lacking the chan-
nel, both in vitro and in vivo. Notably, the tumors formed by the
Kv1.3-KD melanoma cells were significantly smaller than those
formed by the parental control, and metastatic spread to the lungs
was drastically reduced. Multiple mechanisms may account for this
notable reduction in melanoma growth and migration, including an
unexpected physical and functional interaction between Kv1.3 and
STATS3 in cancer cells. On the basis of our results as well as those
described in the literature regarding the interplay between signaling
pathways, we propose that in the absence of Kv1.3, an altered EGFR-
integrin signaling leads to inactivation of FAK, with consequent de-
creased Rho GTPase activity and decreased migration. Inactivated
FAK as well as an interaction between Kv1.3/mitoKv1.3 and STAT3
may contribute to decreased STAT3 activity that in turn stabilizes
p53. The enhanced mitochondrial ROS in cells lacking Kv1.3 or upon
inhibition of the mitochondrial channel with mitochondria-targeted
Kv1.3 inhibitors promote activation of JNK that we have previously
shown to trigger apoptosis upon mitoKv1.3 inhibition even in vivo
(66). Stabilized p53 not only contributes to apoptosis induction but
also modulates metabolism as well as cell cycle progression and pro-
liferation (Fig. 8).

Recent evidence claims that Kv1.3 contributes to cancer progression
by an ion flux-independent mechanism (16, 26), which envisions the
channel as a modulator coupling voltage-dependent conformational
changes with proliferation signaling and cellular respiration. The mo-
lecular details, however, are still unclear, but the epidermal growth factor
(EGF)-dependent signaling and Kv1.3 regulation were reported to be
tightly related (67). Members of the EGF family of structurally related
tyrosine kinase receptors, known as the ErbB receptors (EGFR/ErbB1/
HERI1, ErbB2/HER2/neu, ErbB3/HER3, and ErbB4/HER4) and their
respective ligands, have been suggested to be involved in the develop-
ment and progression of malignant melanoma, and ErbB receptor ki-
nase inhibitors were proposed as a previously unidentified promising
treatment strategy in malignant melanoma. In particular, the Erbb3-
linked (68) and Erbb4-linked (69) pathways (both Erbb3 and Erbb4 are
down-regulated in Kv1.3 KD tumors, see Fig. 7D) are currently in the
focus in the context of melanoma. In addition to EGFR family receptors,
TrkA/B/C receptor activation was also reduced in the Kv1.3 KD tumors.
Inhibition of these receptors in different melanoma lines prevented
proliferation (70). Thus, the observed decrease of the tumor volume is
compatible with the detected reduction in the phosphorylation-linked
activation of various tyrosine kinase receptors.
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Fig. 8. Cartoon of the proposed mechanisms accounting for reduced tumor growth. Kv1.3 is required for tumor growth as it interacts with STAT3 and pro-
motes its phosphorylation. In addition, lack or inhibition of the mitochondrial Kv1.3 leads to enhanced mitochondrial ROS release and to phosphorylation of p53
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that promotes its migration to mitochondria and its proapoptotic function. p53 stabilization affects cell cycle, apoptosis, and metabolism. See the Re-

sults and Discussion sections for explanation and discussion of further Kv1.3-linked pathways that may contribute to reduced tumor growth in the absence of

the channel.
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EGFR activation-triggered signaling is known to cross-talk with
integrin-mediated signaling (7I). In melanoma cells, the interac-
tion of Kv1.3 with p1-integrin (confirmed here both by BioID and
Myc-Trap coimmunoprecipitation) was shown to be modulated by
Kv1.3 inhibitors, suggesting that Kv1.3 blockers might have an im-
pact on cancer cell behavior by affecting the assembly of supramo-
lecular structures containing integrins and possibly other proteins
(72), although this hypothesis has not been experimentally tested.
An important early signal triggered by integrin activation is the
phosphorylation and consequent activation of FAK, a cytoplasmic
tyrosine kinase considered as integrin adaptor, whose activation
correlates with tumor progression. Here, we show that FAK activa-
tion, triggered by Y397 phosphorylation, was markedly reduced
in both Kv1.3 KD tumors with respect to the WT sample. FAK
controls a number of cellular functions, including proliferation,
invasion, and epithelial-mesenchymal transition, by activating
numerous signaling pathways (73). The interaction between Kv
channels and integrins might be crucial for FAK activation and
tumorigenesis. Rho GTPases, which are downstream of FAK, are
central regulators of actin reorganization and consequently affect
cellular processes such as cell migration. In our study, we identified
several Kv1.3 interactors in focal adhesion as cellular component,
and Rho GTPase downstream effectors, such as Pak3, were among
the top down-regulated transcripts in the RNA-seq analysis in the
KD lines compared to the WT cells. These results suggest that sim-
ilar to another Kv channel, Kv11.1, Kv1.3 might also modulate Rho
GTPase activity. Further experiments are required to test this hy-
pothesis. In any case, the role of Kv1.3 for migration both in vitro
and in vivo is crucial, as we found that Kv1.3 KD cells gave metas-
tasis to significantly less extent than the WT cells.

Similar to other cancer types, FAK activation strictly correlates
with activation of STAT3, a crucial protumorigenic transcription
factor and with malignancy progression in melanoma (73). STAT3
was among the enriched hits in our BioID analysis, was coimmuno-
precipitated with Kv1.3, and interacted with the channel in PLA ex-
periments, suggesting an interaction/physical proximity between
the two proteins. Although our docking analysis identified possible
regions involved in STAT3-Kv1.3 interaction, the molecular details
remain to be dissected. STAT3 has been shown to be present in
mitochondria as a consequence of Y705 phosphorylation by JAK,
whereas its mitochondrial transcriptional activity and its effect on
proliferation depend on the MAPK-mediated phosphorylation of
STAT3 at S727 (74, 75). STAT3 can be activated through S727 phos-
phorylation, even in the absence of pY705. Thus, reduction of S727
and Y705 phosphorylation by the lack of Kv1.3/PAPTP might be
relevant to dampen B16F10 proliferation. Our results highlight that
modulation of Kv1.3 expression/activity was able to diminish STAT3
phosphorylation and enhance p53 stabilization/phosphorylation
not only in murine and human melanoma cells but also in pancre-
atic ductal adenocarcinoma cells, and even in the presence of mu-
tated p53 in Colo357 and SKMEL2S8 cells, allowing generalization of
the observed mechanism.

In contrast to the pore blockers Shk and Mgtx, the mitoKv1.3
inhibitor PAPTP alone can trigger the above events in a Kv1.3-
dependent way in B16F10 cells. We saw the effect of PAPTP on p53
only when STAT3 was not silenced. Although our data indicate
a physical and functional interaction between STAT3 and Kv1.3,
they suggest that Kv1.3 modulation affects STAT3 phosphorylation
also indirectly, through PAPTP- or channel deletion-triggered ROS
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release. We have previously shown that Kv1.3 deletion triggers mito-
chondrial fragmentation (35) that is typically associated with high
ROS production by dysfunctional mitochondria. We observed a higher
basal ROS level in both Kv1.3 KD melanoma clones. High ROS re-
lease can activate p38MAPK/JNK (c-Jun-N-terminal kinase) (66)
(JNK activation was observed here in the KD tumors), and the
downstream molecules activated or inhibited by JNK include p53 and
STATS3, respectively [e.g., (76)]. Thus, the here-observed elevated mi-
tochondrial ROS and activation of JNK stress kinase may also con-
tribute to both STAT3 inactivation and p53 stabilization. The relevance
of mitochondrial ROS in the latter event is indicated by the fact that
incubation of the cells with MITOTEMPO, a scavenger of mitochon-
drial ROS, prevented the p53 stabilization and its phosphorylation at
$392 by PAPTP that triggers mitochondrial ROS release. PAP-1 de-
rivatives were shown to amplify ROS production by inhibiting respi-
ratory chain complex I function, through interaction with a nonpore
region of Kv1.3 (20). Independently of the molecular details, an in-
creased S392 p53 phosphorylation is associated with mitochondrial
translocation and proapoptotic activity of p53 (44). In summary, the
observed JNK activation, along with the decreased levels of full-length
poly(ADP-ribose) polymerase-1 (PARP-1) (77) and p53 activation we
observed in the KD tumors, likely contributes to enhanced apoptosis
and reduced proliferation, leading to smaller tumor volume.

Another factor that might contribute to the reduced growth of
Kv1.3-deleted B16F10 tumors is the inactivation of GSK3a and
GSK3p (glycogen synthase kinase-3) isoforms by phosphorylation
of S21 and S9, respectively. The phosphorylation of both isoforms is
generally inhibitory and involves modulation of apoptosis, cell pro-
liferation, and migration. Inhibition of GSK3f was shown to prevent
mouse melanoma cell growth in vitro and in vivo (78). In summary;,
the modulation of the above pathways likely accounts for the re-
duced tumor size obtained using the Kv1.3 KD melanoma lines.

However, the Kv1.3-KD tumors were still able to grow. There-
fore, we examined whether activation of resistance pathways such
as proliferation-related ERK and AKT/mTOR signaling took place
in the small remnant tumors grown under Kv1.3 deficiency. AKT
activation promotes melanoma progression (79). In our tumor
samples, phosphorylation of AKT at S473, within the noncatalytic
region, and of the AKT downstream target, the proline-rich AKT
substrate of 40 kDa PRAS40—a constituent of mTORCI1 (80)—at
Thr** was enhanced in the absence of the channel. Phosphoryla-
tion of PRAS40 is often associated with the tumor progression of
melanoma as it promotes tumorigenesis by deregulating cellular
proliferation, apoptosis, senescence, and metastasis (81). In addi-
tion to the activation of the AKT/pRAS40/mTOR pathway, phos-
phorylated ERK was also enhanced. The importance of aberrant
activation of the ERK signaling pathway in tumorigenesis has been
demonstrated in more than 80% of cutaneous melanomas (82). Thus,
activation of these two pathways is most likely responsible for tumor
progression in the absence of Kv1.3 and might take part in a com-
pensatory mechanism that counteracts the antiproliferative effects
exerted by the lack of Kv1.3. As mentioned in Introduction, pharma-
cological modulation of Kv1.3 drastically reduced tumor size in dif-
ferent models, although it did not completely eliminate them. Thus,
the observations described here might help to set up a combination
treatment by counteracting pro-proliferative pathways that remain
active when Kv1.3 is absent or inhibited.

Altogether, we explored the interactome of Kvl.3 potassium
channel in intact cells, highlighting the participation of Kv1.3 in
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unexpected signaling networks. The present work is expected to help
to identify the most efficient Kv1.3-based combination treatment(s)
to halt tumor progression in vivo and may become a source of useful
information also for other cancer types where Kv1.3 crucially con-
tributes to tumor progression. Our study also revealed several so far
unidentified links between Kv1.3 and molecular pathways that might
be of interest in various fields. For example, a suggested role for Kv1.3
in axon guidance (83) and in the bacterial/viral infection response
(84) deserves further attention. Furthermore, the ability of Kv1.3 to
interact with STAT?3 (and possibly other members of the family) may
importantly affect cell signaling in the context of immune cell func-
tion where altered Kv1.3 expression/function is linked to different
pathologies, such as autoimmune and neurodegenerative diseases. In
this respect, we would like to mention that while our manuscript was
under review, the group of Rangaraju and colleagues posted a study
on bioRxiv addressing the interactome of Kv1.3 using TurboID and
found a PDZ domain-dependent interaction of the channel with
STAT1 in microglial cells. In addition, they further confirmed mito-
chondrial localization of Kv1.3 through the identification of a num-
ber of mitochondrial proteins in their TurboID analysis.

MATERIALS AND METHODS
General laboratory chemicals were purchased from Sigma-Aldrich
unless otherwise specified.

Plasmid construction

The Kv1.3 coding sequence was PCR amplified from the pEYFP-
C1-rKv1.3 using the primer_FORI1 5-TCCGGACTCGAGTCTAT-
GACCGTG-3' and the primer_REV1 5-TTTTATGTTTCAGGTT-
CAGGGGG-3'. The PCR product was digested by Xho I and Eco RI
and inserted into pcDNA3.1 mycBioID (pcDNA3.1 mycBiolD was
a gift from K. Roux (Addgene plasmid no. 35700; http://n2t.net/
addgene:35700; RRID:Addgene_35700). To fuse the Kv1.3 CDS
to the N terminus of BirA(R118G), it was PCR amplified from
pEYFP-C1-rKv1.3 using primer_FOR2 5'-TCCGGACTCGCT-
AGCTATGA-CCGTG-3’ and primer_REV2 5'-CTGCAGAATTC-
GAAGCTATTTTTGACATCAGTG-3'. The PCR product was then
digested by Nhe I and Eco RI and ligated into pcDNA3.1 MCS-BirA
(R118G)-HA. pcDNA3.1 MCS-BirA(R118G)-HA was a gift from
K. Roux (Addgene plasmid no. 36047; http://n2t.net/addgene:36047;
RRID:Addgene_36047). The sequences of the final plasmids were
confirmed using restriction digestions and DNA sequencing. To gen-
erate the mito-YFP-rKv1l.3 construct, the mitochondrial targeting se-
quence of subunit VIII of cytochrome c oxidase amplified from
pLV_mitoGFP (Addgene 44385) incorporating Nhe I-Age I restric-
tion sites using Phusion High-Fidelity DNA polymerase (Thermo
Fisher Scientific, F-530) was inserted between Nhe I-Age I restriction
sites (New England Biolabs, R3131 and R3552, respectively) in YFP-
rKv1.3 in pEYFP-C1 construct (from A. Felipe), using T4 Ligase (New
England Biolabs, M0202). The construct was verified by sequencing.
The following were the primers used: Forward: 5'-ATAGCTAGCAT-
GTCCGTCCTGACGCCGCTGCTGC; Reverse: 5'-AATACCGG-
TATCTTGGCGCGCGGCACTGGGAGCC.

Cell culture

HEK293 cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 10 mM
Hepes, penicillin (100 U/ml) and streptomycin (100 U/ml), and

Prosdocimi et al., Sci. Adv. 10, eadn9361 (2024) 4 September 2024

1x nonessential amino acids. B16F10 cells were grown in MEM
supplemented with 10% (v/v) FBS, penicillin G (100 U/ml), strep-
tomycin (0.1 mg/ml), 1% nonessential amino acids, 2 mM L-
glutamine, and 1 mM sodium pyruvate. All materials for cell culture
were purchased from Gibco. Cells were maintained at 37°C and
5% CO,.

Generation of stable HEK293 cell lines expressing
Kv1.3-BirA* constructs

TransIT-LT1 transfection reagent (Mirus) was used to transfect
HEK293 cells with plasmids pcDNA 3.1 mycBioID in fusion with
KCNA3 encoding Kv1.3, and pcDNA3.1 MCS-BirA (R118G)-HA in
fusion with KCNA3. HEK293 cells were incubated overnight and
the day after the medium was replaced with fresh DMEM without
antibiotics. Reduced serum Opti-MEM I medium (250 pl; Thermo
Fisher Scientific) was mixed with 2.5 pg of plasmid DNA. Trans IT-
LT1 Reagent was then mixed with the diluted DNA mixture and was
added to the cells. After 2 days, geneticin (750 pl/ml; Gibco) was
added. When cells reached 80% confluence, they were diluted in a
way to obtain single clones.

Membrane protein extraction and Western blot analysis of
cultured cells

The soluble and membrane protein fractions were separated and col-
lected using the manufacturer’s instructions of ProteoExtract (Merck/
Sigma-Aldrich). For Western blot, after washing with phosphate-
buffered saline (PBS), detached cells were centrifuged (5 min, 600g).
Subsequently, cells were lysed in lysis buffer [25 mM tris-HCI, pH 7.8,
2.5mM EDTA, 10% (v/v) glycerol, and 1% (v/v) NP-40] supplemented
with the protein inhibitor cocktail (Sigma-Aldrich) and 2 mM dithio-
threitol (DTT). Bradford Assay determined protein concentrations.
Equal amounts of proteins dissolved in loading buffer [30% glycerol,
0.313 M tris-HCI (pH 6.8), 9% SDS, 0.1 M DT'T, and 0.1% bromophe-
nol blue] were separated by electrophoresis on 4 to 12% ExpressPlus
PAGE (polyacrylamide gel electrophoresis) gels (GenScript), under
denaturing conditions. Proteins, as indicated, were electro-blotted
onto PVDF (polyvinylidene difluoride) membrane (Amersham). After
transfer and blocking (10% milk for 1 hour at room temperature),
the membrane was incubated with the specific primary antibody at
4°C. After incubation with secondary antibody at room temperature
for 1 hour, the membrane was developed with a high-end imaging
system for chemiluminescence detection (Chemidoc, Bio-Rad). The
following primary antibodies were used: Anti-BirA (1:100; Novus Bio-
logicals), anti-myc (1:1000; Sigma- Aldrich), anti-Kv 1.3 (1:500; Neuro-
mab), streptavidin-HPR (1:40,000; Thermo Fisher Scientific), anti-actin
(1:2000; Millipore), and anti-vinculin (1:3000; Sigma-Aldrich; addi-
tional antibodies are listed below).

Transfection and protein silencing

For transfection experiments, cells were transfected using Lipo-
fectamine 2000 Transfection Reagent following the manufacturer’s
instructions. HEK239 cells and B16F10 KD #1 and KD #2 were
seeded till reaching 70% of confluence in six-well plates, and the day
after, cells were transfected with different YFP-rKv1.3 constructs
(Kv1.3-YFP WT, mitoKv1.3-YFP, and pore dead mutant Kv1.3-YFP
W386F at different concentrations as indicated in the figures) for
24 hours and then used for experiments. For siRNA experiments,
cells were transfected using Lipofectamine RNAiMAX Transfection
Reagent following the manufacturer’s instructions. A total of 75,000
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SKMEL-28 cells were seeded in a six-well plate, and the day after,
they were transfected with either 20 nM siRNA Kv1.3(Origene)
(SR302508A, Sense: rArCrArArCrArGrArCrUrUrArCrGrUrUrA-
rArArCrUrUrCAT, Antisense: rArUrGrArArGrUrUrUrArArCr-
GrUrArArGrUrCrUrGrUrUrGrUrUrU; SR302508B, Sense: rArGr-
CrArUrUrArGrArCrUrArArCrArGrArUrUrCrCrUrGTG, Anti-
sense: rCrArCrArGrGrArArUrCrUrGrUrUrArGrUrCrUrArArUr-
GrCrUrUrU) or 20 nM scramble negative control. After 72 hours,
cells were lysed for Western blot analyses. In the case of STAT3
silencing experiment, 100,000 B16F10 cells were seeded in a six-well
plate and transfected with siRNA STAT3 (Cell Signaling) following
the manufacturer’s instructions.

Immunofluorescence

Cells were washed with PBS and fixed with 3.8% paraformaldehyde
in PBS for 20 min. Cells were then washed with PBS and permeabi-
lized with 0.1% Triton X-100 in PBS for 5 min. After permeabiliza-
tion and washing three times with PBS, cells were incubated with 2%
bovine serum albumin (BSA) for 1 hour at room temperature. Anti-
myc (Abcam, 1:500), anti-HA (Abcam, 1:500), and anti-PMCA
(Invitrogen, 1:100) were used to identify tagged BirA*-Kv1.3 fu-
sion proteins and biotinylated proteins, respectively. For ROI (region
of interest) analysis, B16F10 cells were silenced for HSPHI as de-
scribed in the relevant section (see below). Fixed cells were incubated
with primary antibodies anti-myc (Abcam, 1:500) and anti-Na*/K*
adenosine triphosphatase (ATPase) (1:100, Sigma-Aldrich), anti-
TOM?20 (1:500, SCBT no. sc-11415), or anti-vinculin (1:400, Sigma-
Aldrich no. V9264). Proteins were visualized with goat anti-mouse
488 (Invitrogen, 1:500), goat anti-mouse 568 (Invitrogen, 1:500),
goat anti-rabbit 488 (Invitrogen, 1:500), goat anti-rabbit 568 (Invitro-
gen, 1:500), or streptavidin coupled to Alexa Fluor 488 (Invitrogen,
1:1000). Coverslips were mounted in ProLong Diamond Antifade
Mountant with DAPI (4',6-diamidino-2-phenylindole) (Invitrogen).
The images were obtained at 25°C using a Leica SP5 confocal micro-
scope (Leica Microsystem, Wetzlar, Germany). ROI analysis was per-
formed with the ROI manager of the LAS AF Lite program (Science
microscope software platform, Leica).

Mitochondrial colocalization
A total of 100,000 cells were seeded on a 13-mm-diameter coverslip in
a 24-well plate for 24 hours. Before the experiment, the cells were
transfected with Kv1.3YFP and mitoKv1.3YFP, using Lipofectamine
2000 (Thermo Fisher Scientific). After 24 hours, transfection cells were
stained with MitoTracker Red CMXRos (Cell Signaling no. 9082) for
30 min in the dark at 37°C and then fixed with 4% paraformaldehyde
at room temperature for 15 min and washed three times with PBS.
The slides were then mounted using Mounting Medium. Cells
were imaged by placing the slides on the stage of an LSM700 (Zeiss)
confocal microscopy equipped with a 63X and 100X, Zeiss Plan-
Apochromat 63%x-100x/1.4 oil objective and excited using the ap-
propriate laser line (DAPI: 405 nm ex; YFP: 488 nm ex; Mitotracker:
594 nm ex). Images were acquired using a 1048 X 1048 pixel resolu-
tion with the ZEN software (Zeiss). Signal colocalization analysis
between the YFP channel and the Mitotracker channel was per-
formed with the Mosaic plugin on Image].

Proximity ligation assay
The PLA assay was performed using a Duolink In Situ Red Mouse/
Rabbit kit (DU092101, Sigma-Aldrich) on HEK293 cells and B16F10
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KO#1 and KO#2 Kv1.3 KD cells. Briefly, 30,000 cells were seeded on a
13-mm-diameter coverslip in a 24-well plate for 24 hours. Before the
experiment, the cells were transfected with Kv1.3YFP, Kv1.3YFP
W386F (pore mutation), and mitoKv1.3YFP, using Lipofectamine
2000 (Thermo Fisher Scientific). After 24 hours, transfected cells were
fixed with 4% paraformaldehyde at room temperature for 15 min,
washed three times with PBS, and then permeabilized with 0.2%
Triton-X 100 in PBS for 8 min. Afterward, the blocking step was per-
formed by using 2% BSA in PBS at room temperature for 1 hour.
Therefore, coverslips were incubated overnight at 4°C in a humidified
chamber together with anti-STAT3 (Cell Signaling, no. 9139) and
anti-GFP (Proteintech, 50430-2-AP).

To perform PLA, cells were washed twice with Buffer A (DUO82046,
Sigma-Aldrich) for 5 min each at room temperature and then incu-
bated for 1 hour at 37°C with secondary antibodies conjugated with
complementary oligonucleotides [anti-rabbit PLUS (DUO82002,
Sigma-Aldrich) and anti-mouse MINUS (DUO82004, Sigma-Aldrich)],
diluted 1:5 in the Duolink Antibody Diluent (DUO82008, Sigma-
Aldrich). After three washes in Buffer A (5 min each, at room
temperature), cells were incubated with DNA Ligase (DU082029,
Sigma-Aldrich) properly diluted 1:5 in Ligation Buffer (DUO82009,
Sigma-Aldrich) for 30 min at 37°C in a preheated humidified cham-
ber. Subsequently, cells were washed three times in Buffer A (5 min
each, at room temperature) and incubated for 100 min at 37°C with
DNA Polymerase (DUO82030, Sigma-Aldrich) diluted 1:5 in
Amplification Buffer (DUO82011, Sigma-Aldrich) containing red
fluorescent-labeled oligonucleotides, for 100 min at 37°C in a pre-
heated humidified chamber and in the dark. Cells were washed with
1x Buffer B (DUO82048) for 10 min and eventually once with 0.01X
Buffer B for 1 min protecting them from light. The slides were then
mounted using Duolink In Situ Mounting Medium containing
DAPI (DUO82040, Sigma-Aldrich). Cells were imaged by placing
the slides on the stage of an LSM700 (Zeiss) confocal microscopy
equipped with a 63X and 100X, Zeiss Plan-Apochromat 63x-100x/1.4
oil objective and excited using the appropriate laser line (DAPI: 405 nm
ex; YFP: 488 nm ex; Duolink: 594 nm ex). Images were acquired us-
ing a 1048 x 1048 pixel resolution with the ZEN software (Zeiss).

Determination of ATP concentration in cells

The total ATP amount was measured using the ATPlite Luminescence
ATP Detection Assay System (PerkinElmer). A total of 50,000 BI6F10
WT and KD #1 and KD #2 were seeded into a 12-well plate in com-
plete culture medium and incubated at 37°C in a humidified atmo-
sphere with 5% CO, for 24 hours. Cells were lysed with 200 pl of lysis
buffer provided within the above-mentioned kit and 50 pl of the cell
lysate was loaded into a white 96-well plate for the measurement in
triplicates. The assay was performed according to the manufacturer’s
instructions and the luminescence was measured with a PerkinElmer
EnVision plate reader. The remaining cell lysate amount was used to
quantify the protein amount by means of a BCA protein assay kit
(A55864, Invitrogen).

Patch clamp

Current conduction by Kv1.3 channels was assessed by recording the
whole-cell patch clamp in HEK293 cells. Briefly, whole-cell currents
were recorded with an EPC-7 amplifier (List, Darmstadt, Germany;
filter, 500 Hz; sampling rate, 5 kHz). The bath solution was com-
posed of 160 mM NaCl, 5 mM KCl, 2.5 mM CaCl,, 1 mM MgCl,,
and 10 mM Hepes (pH 7.3). The pipette solution contained 150 mM
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KCl, 1 mM CaCl,, 2 mM MgCl,, 10 mM EGTA, and 10 mM Hepes
(pH 7.3). Intracellular voltages are reported, and outward cur-
rents are plotted. Patch clamp on Jurkat cells was performed as de-
scribed in (21).

Biotinylation analysis

Cells (0.5 x 10°) stably expressing the BiolD-Kv1.3 fusion proteins
(myc-BirA*-Kv1.3 or Kv1.3-BirA*-HA) and control cells expressing
the BiolD tag alone (myc-BirA* or BirA*-HA) were seeded in a six-
well plate. To induce protein biotinylation, cells were cultured in a
medium supplemented with 50 pM biotin for 1, 3, 6, 9, or 24 hours.
The following day, cells were washed with PBS and resuspended in
lysis buffer [25 mM tris-HCI, pH 7.8, 2.5 mM EDTA, 10% (v/v) glyc-
erol, and 1% (v/v) NP-40], supplemented with protease inhibitor
cocktail and 2 mM DTT. Cells were collected by centrifugation for
10 min at 20,000g, 4°C, and the supernatant was used for immu-
noblotting.

Biotinylated proteins were loaded onto 4 to 12% ExpressPlus
PAGE gels (GenScript) and transferred to nitrocellulose membranes
(Amersham Protran). The membranes were blocked 30 min in 1%
BSA in PBS with 0.2% Triton X-100 and incubated 40 min in the same
buffer with HRP-conjugated streptavidin (Thermo Fisher Scientific,
1:40,000). After three washes in PBS for 10 min, the membranes were
incubated in a luminol and peroxide solution (in a 1:1 ratio) (Bio-
Rad) for 5 min. The reaction was detected with a high-end imaging
system for chemiluminescence detection (Chemidoc, Bio-Rad).

BiolD pull-down

HEK293 (1 x 10°) cells stably expressing the BioIlD-Kv1.3 fusion
proteins (myc-BirA*-Kv1.3 or Kv1.3-BirA*-HA) and control cells
expressing the BioID tag alone (myc-BirA* or BirA*-HA) were
seeded in four 10-cm plates. To induce protein biotinylation, 48 hours
after the seeding, 50 pM biotin was added to media for 24 hours. The
day after, cells were washed with PBS, collected and lysed with RIPA
lysis buffer [50 mM tris-HCI, pH 7.5, 150 mM NaCl, 1 mM EDTA,
1% (v/v) NP-40, 0.1% (w/v) SDS, 0.5% (w/v) sodium deoxycholate,
and 1 mM DTT, supplemented with protease inhibitors], and incu-
bated on ice for 15 min. Cells were collected by centrifugation for 10 min
at 13,000g, 4°C and the supernatant was used for streptavidin-based
pull-down using MyOne Dynabeads Streptavidin C1 (Thermo Fisher
Scientific) as described previously (24). Biotinylated proteins were de-
tected by SDS-PAGE and immunoblotting as described above for bio-
tinylated proteins. Western blot or mass spectroscopy was performed
to identify biotinylated proteins.

Coimmunoprecipitation

For the experiments reported in table S2, HEK293 (1 X 10°) cells
stably expressing the myc-BirA*-Kv1.3 BiolD-Kv1.3 fusion proteins
and control cells expressing the BioIlD myc-tag alone were seeded.
After 48 hours, cells were collected and lysed in 10 mM tris-HCI, pH
7.5, 150 mM NaCl, 0.5 mM Na-EDTA, and 0.5% NP-40, supple-
mented with protease inhibitors and 1 mM PMSE Proteins were
coimmunoprecipitated using Nano-Traps (ChromoTek Myc-Trap)
using the manufacturer’s instructions and proteins were identified
by MS (n = 3). For coimmunoprecipitation, BL6F10 KD cells were
transfected with Kv1.3-YFP. Twenty-four hours after transfection,
cells were harvested with NP-40 lysis buffer supplemented with
protease inhibitors and centrifuged for 15 min at 15,000g. The
supernatant was then incubated with Dynabeads Protein G (Thermo
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Fisher Scientific) conjugated with either GFP or STAT3 antibody;,
with gentle rocking overnight at 4°C. The next day, the sample
was washed three times with cold PBS. Bound proteins were then
eluted with 30 pl of elution buffer, denatured with 3x SDS sample
buffer, and boiled for 10 min at 95°C before SDS-PAGE Western
blot analysis.

Mass spectrometry
Sample preparation SP3 and TMT labeling, OASIS
The reduction of disulfide bridges in cysteine-containing proteins
was performed with DTT (56°C, 30 min, 10 mM in 50 mM Hepes,
pH 8.5). Reduced cysteines were alkylated with 2-chloroacetamide
(room temperature, in the dark, 30 min, 20 mM in 50 mM Hepes, pH
8.5). Samples were prepared using the SP3 protocol (85) and trypsin
(sequencing grade, Promega) was added in an enzyme-to-protein
ratio of 1:50 for overnight digestion at 37°C. The peptides were labeled
with TMT11plex (28) Isobaric Label Reagent (Thermo Fisher Scien-
tific) according to the manufacturer’s instructions. Samples were
combined for the TMT11plex, and for further sample cleanup, an
OASIS HLB pElution Plate (Waters) was used. Offline high-pH
reverse-phase fractionation was carried out on an Agilent 1200 Infin-
ity high-performance liquid chromatography system, equipped with
a Gemini C18 column (3 pm, 110 A, 100 X 1.0 mm, Phenomenex).
LC-MS/MS acquisition
An UltiMate 3000 RSLC nano-LC system (Dionex) fitted with a trap-
ping cartridge (p-Precolumn C18 PepMap 100, 5 pm, 300 pm i.d. X
5mm, 100 A) and an analytical column (nanoEase M/Z HSS T3 col-
umn 75 pm X 250 mm C18, 1.8 pm, 100 A, Waters) were used. The
trapping was carried out with a constant flow of trapping solution
(0.05% trifluoroacetic acid in water) at 30 pl/min onto the trapping
column for 6 min. Subsequently, the peptides were eluted via ana-
lytical column running solvent A [0.1% formic acid in water and 3%
dimethyl sulfoxide (DMSO)] with a constant flow of 0.3 pl/min, with
an increasing percentage of solvent B (0.1% formic acid in acetoni-
trile, 3% DMSO). The outlet of the analytical column was coupled
directly to an Orbitrap Fusion Lumos Tribrid Mass Spectrometer
(Thermo) using the Nanospray Flex ion source in positive ion mode.
The peptides were introduced into the Fusion Lumos via a Pico-
Tip Emitter 360 pm OD X 20 pm ID, 10 pm tip (New Objective),
and an applied spray voltage of 2.4 kV. The capillary temperature
was set at 275°C. The full mass scan was acquired with mass ranges
of 375 to 1500 mass/charge ratio (m/z) in profile mode in the orbi-
trap with a resolution of 120,000. The filling time was set at a maxi-
mum of 50 ms with a limitation of 4 X 10 ions. Data-dependent
acquisition was performed with the resolution of the Orbitrap set to
30,000, with a fill time of 94 ms and a limitation of 1 X 10> ions. A
normalized collision energy of 38 was applied. The MS2 data were
acquired in profile mode.
MS data analysis—IsobarQuant
IsobarQuant and Mascot (v2.2.07) were used to process the acquired
data, which were searched against a UniProt Homo sapiens proteome
database (UP000005640) containing common contaminants and re-
versed sequences. The following modifications were included in the
search parameters: carbamidomethyl (C) and TMT11 (K) (fixed mod-
ification), acetyl (protein N-terminal), oxidation (M), and TMT11 (N-
terminal) (variable modifications). For the full scan (MS1), a mass
error tolerance of 10 parts per million was set and for an MS/MS
(MS2) spectra of 0.02 Da. Further parameters were established: trypsin
as protease with an allowance of a maximum of two missed cleavages:
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a minimum peptide length of seven amino acids; at least two unique
peptides were required for protein identification. The FDR at the
peptide and protein level was set to 0.01.

MS data analysis

The raw IsobarQuant output files (protein.txt-files) were processed
using the R programming language (www.r-project.org). Only pro-
teins that were quantified with at least two unique peptides and
identified in all mass spec runs were considered for analysis. Raw
reporter jon intensities (signal_sum columns) were first cleaned for
batch effects using limma (86) and further normalized using vsn
(variance stabilization normalization) (87). Missing values were im-
puted with the “knn” method using the Msnbase package (88). The
differential expression of the proteins was tested using the limma
package. The replicate information was added as a factor in the de-
sign matrix given as an argument for the limma ImFit function. Fur-
thermore, the imputed values were given a weight of 0.05 in the
“ImFit” function. A protein was annotated as a hit with an FDR
smaller than 5% and a fold change of at least 100% (twofold change).

Bioinformatic analysis

The list of the selected proteins was used to identify significantly en-
riched functional categories. Enrichment analyses were performed
using the clusterProfiler R package (89) on GO categories of biologi-
cal processes, molecular function, and cellular component as well as
Reactome and KEGG pathway databases (90). FDR was used to con-
trol for multiple testing. A threshold of 0.01 (FDR < 0.01) was used
to identify significantly enriched GO terms, while 0.1 (FDR < 0.1)
was used for Reactome and KEGG pathways. Semantic similarity dis-
tance as implemented in the rrvo R package (https://ssayols.github.io/
rrvgo) was implemented to reduce redundancy of the significant GO
terms. Dot plots, scatterplots, and treeplots were used to graphically
summarize and report the results. Maps of the significantly enriched
KEGG pathways were colored according to the logarithmic fold
change (1og2FC) of the proteins.

Deletion of the Kv1.3 gene in B16F10 cells

using CRISPR-Cas9

The CRISPR-Cas9 approach followed the guidelines described by
Ran et al. (91) using pSpCas9n (BB)-2A-Puro (PX459) (Addgene
Plasmid no. 48139 Zhang Lab). The sgRNA guides were designed
to excise the whole and only exon of KCNA3 (MmKCNA3_u5:
GCGGCGGGGCCGGGCTCGTAGGG; MmKCNA3_u6: TGGC-
GGCAGCTCGGCGTGGCCGG; MmKCNA3d_10: CATTTC-
CAGACCACTCATCAAGG). Single guides were ligated into the
vector at the Bbs I (NEB) restriction site under the U6 promoter and
verified by sequencing. Different couples of single guides were used
to transfect cells B16 F10 using 1.25 pg of plasmid DNA for each
guide with TransIT-LT1 transfection reagent (Mirus). Puromycin
(2.5 pg/ml; Gibco) was added to the cell culture medium 48 hours
after transfection and kept for 96 hours.

After selection, cells were serially diluted to obtain single-cell
clones. Clones were expanded and cells were collected by centrifuga-
tion for 5 min at 600g. After removing the media, DNA was extracted
from the pellet using the MyTaq Extract-PCR kit (Meriadin Biosci-
ence) following the manufacturer’s instructions and quantified. A
control PCR was performed with the following primers: kcna3_F1
rev: CTGCTGGGAAGACTTGAGACC; kcna3_R2b for: TGAGA-
GAATGCAGCCCACTTG.
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To test Kv1.3 expression in WT versus KD clones, 300,000 cells
were seeded in six-well plates. Two days after seeding, total RNA was
extracted using the Qiagen RNeasy Mini Kit (Qiagen, no. 74104). Ge-
nomic DNA was digested following the manufacturer’s instructions.
RNA (3 pg) was retrotranscribed using the SuperScript IV Reverse
Transcriptase (Thermo Fisher Scientific, no. 18091050) following the
manufacturer’s instructions. cONA was diluted and amplified in qRT-
PCR using SYBR Green PCR Master Mix (Thermo Fisher Scientific,
no. 4309155). TATA-box binding protein (Tbp) was used as house-
keeping control. CT values were first normalized with respect to
the housekeeping genes (ACT) and next compared to the control
sample (AACT). This relative normalized expression is indicated in
fig. S19A. The primers used for amplification are shown in Table 1.

RNA-seq analyses: Alignment, preprocessing, and
differential expression

Total RNA was isolated from B16F10 cells using the RNeasy Mini
Kit (Qiagen) following the manufacturer’s instructions. Each group
contains three biological replicates. Reads were aligned to the refer-
ence genome with STAR (v 2.7.10a) (92) and quantified with RSEM
(v1.3.1). The indexed genome was built with RSEM starting from
Ensembl’s Mus musculus DNA primary assembly (release 106) (93).
For all of the nine aligned samples, we obtained a percentage of
uniquely mapped reads between 70% and 75%, while the numbers
of uniquely mapped reads were between 27,000,000 and 43,000,000.

After the quantification, data were filtered, keeping only genes
with at least 20 counts in three different samples.

To identify the differentially expressed genes, we used the edgeR R
package (94). We provided as input the filtered raw counts with the
design matrix defined by the dichotomous variables for the different
clones. The RLE normalization was applied to the samples. An FDR of
less than 0.01 was used to select significantly differentially expressed
genes (DEGs). BioProject accession number is PRJNA902542.

DEGs were used to perform enrichment analysis (separately for
up- and down-regulated genes) on KEGG, GO, and Reactome data-
bases with clusterProfiler and ReactomePA R packages. For the en-
richment analysis, the universe was set as the list of the genes with at
least one count in one sample. An adjusted P value of less than 0.1
was used to select significant gene sets and pathways. Cluster analy-
sis was performed using the pheatmap R package with the complete
linkage method with Euclidean distances.

Wound scratch assay

A total of 35,000 B16 F10 cells per well were seeded in a 24-well
plate in standard culture medium and allowed to grow for 48 hours.
The scratch was performed with a sterile p200 pipette tip. The
medium was removed and substituted with serum- and phenol red-
free medium. Images of the same fields were taken 0, 15, 20, and
24 hours after scratching with a Leica DMI4000 inverted micro-
scope. The scratch area was calculated using the Image] software
(NIH Bethesda, MD). The migration rate is expressed as a percent-
age of the initial gap area. For rescue experiments, cells were treated
with Rho/Rac/Cdc42 Activator I (2.5 pg/ml, Cytoskeleton Inc. no.
CN-04°) after having performed the scratch. The inhibitor was pres-
ent throughout the assay.

Proliferation and colony formation assay
To assess cell proliferation, 15,000 B16 F10 cells were seeded in 12-
well plates in standard culture medium. Cells were detached with
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trypsin at 24, 48, 36, and 72 hours and diluted in 100 pl of medium.
Cells were counted using LUNAII Automated Cell counter (Logos
Biosystem). For colony formation, 500 B16 F10 were seeded in a six-
well plate and allowed to grow for 6 days in standard culture medi-
um. The medium was removed, and cells were washed twice with
PBS and fixed with 3.8% paraformaldehyde for 30 min. After three
washes with PBS, cells were stained with 0.1% crystal violet for
15 min at room temperature and washed with PBS until colonies
cleared. Images were taken with Leica MZ stereo microscopel6 F
with 1x 0.5 magnification. The number and dimension of colonies
were quantified with Image] software.

Measurement of extracellular acidification rate

The XFe24 Extracellular Flux Analyzer (SeaHorse) was used to mea-
sure the extracellular acidification rate (ECAR). A total of 22,000
B16F10 cells were seeded in standard culture medium and incubated
for 24 hours at 37°C. The medium was then replaced with white
DMEM without glucose and sodium pyruvate. ECAR was measured
with preset time intervals upon the automated additions of the
following compounds: 5 mM glucose, oligomycin (2 pg/ml), and
40 mM 2-DG. ECAR was normalized to the total protein.

Determination of mitochondrial ROS release

B16F10 WT and Kv1.3-KD clones were subjected to staining with
MitoSOX at a concentration of 2.5 pM for 30 min at 37°C. The
stained cells were analyzed using a Fortessa flow cytometer (Becton
Dickinson). Analyses were performed with FlowJo software.

Orthotopic and metastatic B16 F10 melanoma model
WT mice (12 weeks old) in the C57BL6/J background were kept on a
12-hour light/dark cycle at controlled temperature and humidity,
with standard food (4RF21, Mucedola Srl, Italy) and water provided
ad libitum and environmental enrichments. Subconfluent WT
murine melanoma B16F10 and clones B16F10 Kv1.3 KD #1 and #2
were trypsinized, washed, and resuspended in PBS. Cell suspension
(5 x 10* cells in 100 pl of PBS) was injected subcutaneously into the
right flank of each mouse. Equal numbers of females and males were
used and animals were chosen randomly for the injection with the
indicated cell lines. The tumor growth of WT and KD clones was as-
sessed by measuring the length and width of each tumor every day
and calculating the tumor volume using the following formula: (tumor
volume = length x width)]* X 0.5. Fifteen days after tumor cell injec-
tion, the mice were euthanized, and their tumors were harvested.
Subconfluent BI6F10 WT, KD #1, and KD #2 cells were trypsin-
ized, washed, and resuspended in PBS. Cell suspensions of B16F10
WT, KD #1, and KD #2 (2 x 10° cells in 100 ul PBS) were injected
into the tail vein of 9-week-old WT C57BL/6] mice. After 3 weeks
after injection, the mice were euthanized, and the lungs were per-
fused with 10 ml of PBS through the right ventricle of the heart. The
lungs were then removed, and colonies were counted with the aid of
a dissecting microscope.

Mouse phospho-RTK (receptor tyrosine kinase) proteome
profiler array and Western blot

The tumors were excised from mice and lysed in 25 mM tris-HCI,
pH 7.8, 2.5 mM EDTA, 10% (v/v) glycerol, and 1% (v/v) NP-40
supplemented with protease and phosphatase inhibitor cocktail and
2 mM DTT and broken with Qiagen TissueLyser II sample disrup-
tion. The total amount of proteins obtained was measured with the
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Bradford assay. Proteins (200 pg) were used for the assay. The sam-
ples (tumors derived from parental B16F10 and B16F10 Kv1.3 KD
#1 and #2) were treated using the manufacturer’s recommended
protocol of Proteome Profiler Array (Mouse phospho-array Kkit,
R&D Systems). The membranes were incubated in a luminol and per-
oxide solution (in a 1:1 ratio) (Bio-Rad) for 5 min. The reaction was
detected with a high-end imaging system for chemiluminescence
detection (Chemidoc, Bio-Rad). Images were analyzed with Image]J
software. For classical Western blots, tissues were lysed in 25 mM tris-
HCI, pH 7.8, 2.5 mM EDTA, 10% (v/v) glycerol, and 1% (v/v) NP-40,
supplemented with protease inhibitor cocktail and 2 mM DTT, load-
ed onto SDS-PAGE and blotted with the primary antibodies listed in
Table 2. In Fig. 5 (D and E), the membrane was cut into 3 pieces: the
upper part of the membrane was developed using an anti-vinculin
antibody (detecting the 130-kDa band of vinculin) and is therefore
shown as loading control for the other two parts of the blot that were
developed with antibodies detecting STAT3/pSTAT3 (72 kDa) or
p53/p-p53 (53 kDa), respectively. In Fig. 5E, the second piece of the
membrane was first developed with anti-pSTAT3 Ser’”” and after re-

stripping with anti-pSTAT3 Tyr’®.

Ethics statement

Animal experiments were carried out according to the Local Ethics
Committee of the University of Padua and the National Agency and
under the supervision of the Central Veterinary Service of the Uni-
versity of Padova (in compliance with Italian law DL 116/92 and
further modifications, embodying UE directive 86/609), authoriza-
tion no. 111/2017-PR.

Statistical analysis

All statistical analyses were performed with the GraphPad Prism 8
software. Three or more groups were analyzed with one-way analy-
sis of variance (ANOVA). Two-way ANOVA was used for paramet-
ric data, and Kruskal-Wallis test was used for nonparametric data.
Two-way ANOVA with Bonferroni’s test was used to compare the
data with two variables. Unpaired, Student’s f test was used to com-
pare two groups. Additional statistical details can be found in the
figure legends.

Supplementary Materials
This PDF file includes:

Figs.S1to S33

Tables S1to S5
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