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1 | INTRODUCTION

Voltage-dependent potassium (Kv) channels comprise a large family of
channels ubiquitously expressed. In excitable cells, they act as brakes for
depolarization, contributing to set resting membrane potential (V) and
dictating the duration and frequency of action potential. In nonexcitable
cells, this same ability to sense and regulate V), allows Kv channels to
modulate Ca?* signaling and cell volume, contributing to processes
ranging from secretion to cell migration and proliferation (Pérez-Garcia
et al., 2018; Urrego et al., 2014; WuIff et al., 2009).

Kv1.3 channels were first described in T cells, where they
contribute to maintain resting V\y at negative values, preventing
membrane potential depolarization (DeCoursey et al., 1984). Antigen
binding to T-cell receptor (TCR) is followed by a transient release of
Ca?* from intracellular stores, which precedes a sustained Ca?" influx
through Ca®* release-activated Ca?* (CRAC) channels that is required
for complete activation (Cahalan & Chandy, 2009). The increase in
[Ca?"]; activates KCa3.1, a CaZ*-activated and voltage-independent
K* channel, hyperpolarizing V\ and increasing the driving force
for Ca®* entry.

The expression and, consequently, the functional contribution of
both Kv1.3 and KCa3.1 channels varies depending on T-cell
activation status (Cahalan & Chandy, 2009; Feske et al., 2015;
Pérez-Garcia et al., 2018). Kv1.3 is the predominant channel
expressed both in resting T cells and in a subset of activated T cells
(effector memory T cells, Tgnm), whereas KCa3.1 is upregulated in
activated naive and central memory T cells. The differential regulation
of these two channels provides interesting therapeutical applications.
Kv1.3 channel blockade attenuates Ca?* signaling and inhibits
motility of activated Tgym cells in peripheral tissues, so that selective
Kv1.3 blockers, either small organic molecules (e.g., 5-(4-
Phenoxybutoxy)psoralen) [PAP-1]) or peptides isolated from venom-
ous animals such as ShK peptide) has been validated in different
animal models for treatment of autoimmune disorders and inflamma-
tion mediated by Tgm cells (Beeton et al., 2006; Wulff et al., 2003).

Despite significant progress in Kv1.3 pharmacology, the use of
rational drug design to create novel inhibitors and the characteriza-
tion of their potential off-target effects requires the accurate
characterization of Kv1.3 channels functional expression. Moreover,
regardless of the ability of Kv1.3 inhibitors to impede preclinical
models of autoimmune disease, it is not clear whether inhibition of
Kv1.3 is sufficient to fully inhibit pathological T-cell activation and
effector function, as only partial inhibition of in vitro T-cell responses
has been detected using functional readouts, such as proliferation or
cytokine production (Beeton et al., 2006; Schmitz et al., 2005; Wulff
et al., 2003). It is known that Kv1.3 channel activity can be modulated
by other factors, such as protein kinases. In addition, protein-protein
interactions of Kv1.3 with other molecules determining its location
and recruitment into the immunological synapse (IS) could shape
Kv1.3 contribution to signal transduction in T cells (Panyi, 2005). The
lack of accurate systems for detection of endogenous Kv1.3 channels
is an important limitation to explore these mechanisms. To overcome
these drawbacks, we aimed to develop an edited Jurkat cell line in

which endogenous Kv1.3 was tagged with different epitopes at the C
terminus to facilitate its identification and location in an unambiguous
way. To our surprise, the edited cell lines exhibited several isoforms
of endogenous Kv1.3 channel proteins differing in their N terminus,
due to the presence of at least two alternative translation initiation
sites. All isoforms were upregulated upon T-cell activation. One of
them was a 43 KDa Kv1.3 truncated protein (short form, SF) that can
be still present in the commercially available Kv1.3 knockout (KO)
mice, so we investigated its potential functional role(s). We created
Jurkat cell lines expressing tagged wild type (WT) or SF channels and
also a full Kv1.3-KO. We combined expression and functional studies
in these cell lines with heterologous expression of the different Kv1.3
isoforms, to determine their subcellular location and their functional
contribution to cell activation and proliferation. Our data indicate
that these isoforms can have an impact on T-cell functions that in
the case of the SF does not depend on its conductive properties at

the plasma membrane.

2 | MATERIALS AND METHODS
21 | Cell cultures

Human T lymphocyte-derived Jurkat cell line (ATCC, TIB-152) and
Human embryonic kidney HEK-293 and HEK-293FT cell lines
(R70007, Invitrogen) were cultured at 37°C with 5% CO, in high-
glucose Dulbecco's modified Eagle medium supplemented with fetal
bovine serum (10%), penicillin-streptomycin (100 units/mL, sodium
pyruvate (1 mM), and L-glutamine (2 mM, all from Gibco). HEK-293
cells were used for heterologous expression and the HEK-293-
derived cell line 293FT was used for AAV6 generation.

Human B lymphocyte-derived Raji B cells (ATCC, CCL-86) were
cultured at 37°C with 5% CO, in RPMI 1640 Glutamax (Gibco) with
10% fetal calf serum (FCS, Eurobio). Mononuclear cells were obtained
from Etablissement Francais du Sang in accordance with INSERM
ethical guidelines. Cells were isolated from peripheral blood of
healthy donors (both male and female donors) on a Ficoll density
gradient and Human total CD4" isolation kit (Miltenyi Biotech) was
used for T-cell purification. Media for primary CD4+ T cells was the
same as Raji B cells supplemented with 1% Penicillin/Streptomycin,
10 mM Hepes, and 0.05 mM B-mercaptoethanol (all from Gibco).

Jurkat cells were activated upon exposure for 12-16h to
different treatments, including phorbol-12-myristate-13-acetate
(PMA; 100 ng/mL), lonomycin (1 uM), phytohemagglutinin (PHA;
2 ug/mL), Thapsigargin (Thap, 0.2 uM), all from Sigma. For CD3/
CD28 crosslinked, 5 pg/mL of mouse antihuman aCD3 was coated
on 96-well plates overnight and 3 x 10> Jurkat cells were plated and
stimulated with 2 ug/mL of mouse antihuman aCD28 and 2 pg/mL of
IgG (H + L) F(ab’)2-Goat antimouse. Pro-apoptotic stimuli (Dexameth-
asone, 1 uM; 2-Deoxyglucose, 10 mM; and Staurosporin, 1 uM all
from Sigma) were applied for 4 h.

For Raji B-cell-based stimulation, Raji B cells were loaded with
different concentrations of Staphylococcal enterotoxin E (SEE, Toxin
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Technology Inc.) for 30 min at 37°C, washed with serum-free media
to remove excess toxin, and 2 x 10° Jurkat cells were mixed with 10°
SEE-loaded Raji B cells per well in a 96-well U-bottom plate and
incubated at 37°C.

2.2 | Plasmids generation

We generated several expression plasmids for KCNA3-tagged
isoforms and mutants, as well as a pAAV-KCNA3-tagged plasmid to
create an edited Jurkat cell line. All polymerase chain reaction (PCR)
experiments were performed using Hot Start Il High-Fidelity DNA
Polymerase (Thermo Scientific) and purified using Wizard SV Gel
and PCR Clean-Up System (Promega) following manufacturer's
instructions. The protocols for the construction of all these vectors
and the sequences of the primers used are detailed in the online

Supporting Information.

2.3 | Cell transfection

Confluent HEK cells (70%-80%) plated on 35 mm petri dishes were
transiently transfected with 1 ug of plasmid(s) DNA using Turbofect
Transfection Reagent (Fisher Scientific) at a ratio DNA:Turbofect of
2:1. Kv1.x Small interfering RNAs (siRNAs) were cotransfected at a
concentration of 10 nM. In all cases, the transfection mixture was left
for up to 24 h. Transfection efficiency, quantified in each experiment
by green fluorescent protein (GFP) or Cherry fluorescence, was
always over 65%. For electrophysiological recordings, cells were then
trypsinized and plated onto poly-L-lysine-coated coverslip for 24 h
before use. For immunocytochemical studies and/or fluorescence
microscopy, cells were seeded into poly-L-lysine-coated coverslips
placed in 12 mm wells before transfection. The total amount of DNA
in all cases was kept constant by adding an empty vector or a GFP
vector when needed.

Jurkat cells were transfected by nucleofection using Neon
Electroporation System (Thermo Fisher). Three 1700 V/20 ms pulses
were applied to 10° Jurkat cells resuspended in 100 pL of Buffer R
with 1ug of plasmid DNA. For immunocytochemistry and/or
fluorescence microscopy, cells were seeded into poly-L-lysine-
coated coverslips placed in 12 mm wells after transfection.

2.4 | Jurkat T-cell knock-in generation
(Kv1.3-tagged Jurkat cell lines)

Homologous recombination at the KCNA3 loci was used to generate
a Jurkat cell knock-in endogenously expressing the Kv1.3 protein
tagged with a 3xFLAG-2MYC peptide or a NeonGreen fluorescence
protein. This strategy combines two main elements: the CRISPR-Cas9
system directed to the KCNA3 gene to create a double-strand break
and an AAV6 transduction vector with the DNA donor, containing
two homology arms from the KCNA3 gene flanking the exogenous
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TAG sequence (3FLAG-2MYC or 3FLAG-NeonGreen) and a blas-
ticidin resistance gene, to allow selection of edited cells. The detailed

procedures can be found in the online Supporting Information.

2.5 | Jurkat T-cell KO generation

Two Jurkat KO models, a Jurkat cell line lacking LF-Kv1.3 (expressing
only the SF-Kv1.3 isoform) and a total Kv1.3 KO cell line, were
generated with CRISPR-Cas9 tool. Guide RNAs (gRNAs) were
designed using the CRISPOR software (primers F16/R16 to
F18/R18 in Supporting Information: Table ). Two gRNAs located at
the beginning and at the end of the KCNA3 were selected to
eliminate the complete exon (total KO), whereas the SF-Kv1.3-
expressing clone was generated by choosing two gRNAs located both
at the 5'-end of the KCNA3 gene. All gRNAs were generated using
GeneArt Precision Synthesis Kit.

3FLAG-2MYC (10%) homozygous-tagged Jurkat cells were
Nucleofected with 5pug of Cas9 and 500 ng of each gRNA, and a
limiting dilution was performed to establish individual clones, which

were confirmed by western blot analysis.

2.6 | Protein determinations

Western blotting protocols were performed as described elsewhere
(Cidad et al., 2020). Briefly, 10° cells were lysed in 50puL of
radioimmunoprecipitation assay buffer (20 mM Tris pH 7.4, 150 mM
NaCl, 1 mM EDTA, 0.1% sodium dodecyl! sulfate [SDS], 1% sodium
deoxycolate, 1% Nonidet P-40, protease inhibitor cocktail
[Sigma-Aldrich]). 50 ug of protein lysates were loaded into 10%
SDS-polyacrylamide gel electrophoresis, transferred into a polyviny-
lidene difluoride membrane and blocked with 5% milk plus 5% bovine
serum albumin (BSA) TTBS (Tween-Tris Buffered Saline) for 1h.
Primary and secondary antibodies used are listed in Table 2
(Supporting Information). Images were acquired with a VersaDoc
4000 Image System (Bio-Rad) and quantified using ImageJ software.

For western blot analysis of phosphorylated proteins, a flat-
bottom 96-well plate was coated with 10 pg/mL of mouse antihuman
CD3 and 10 pg/mL of mouse antihuman CD28 overnight. To activate
the cells, 3 x 10° Jurkat T cells per well were seeded and incubated at
37°C for 10 min. The activation was stopped by directly adding 10x
lysis buffer and incubating the plate for 15 min on ice. Postnuclear
lysates obtained by centrifugation at maximum speed for 10 min at
4°C and were kept at —20°C until immunoblot analysis.

For immunocytochemistry, cells seeded into poly-L-lysine-coated
coverslips were fixed with 4% paraformaldehyde and blocked in
phosphate-buffered saline (PBS) with 2% BSA using a permeabilizing
blocking solution. Cells were incubated overnight at 4°C with primary
antibody (anti-Flag M2, 1:200, Sigma), followed by PBS washes and
1 h incubation with 1:1000 goat antimouse 532 secondary antibody
(Molecular Probes). After labeling nuclei (Hoechst 33342; 1:2000),
coverslips were mounted with Vectashield (Vector Laboratories).
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Photomicrographs were acquired with a LEICA SP5 confocal
microscope using LAS software. In the case of HEK cells transfected
with Cherry or GFP fusion proteins, Hoechst was added after fixing

the cells.

2.7 | Electrophysiological methods

lonic currents were recorded at room temperature using cell-
attached, whole-cell, or perforated-patch configurations of the patch
clamp techniques as previously described (Jiménez-Pérez et al., 2015;
Cidad et al., 2020). Details of the protocols and the solutions used

can be found in the online Supporting Information.

2.8 | Intracellular calcium determination

For intracellular calcium measurements, Jurkat cells were seeded on
poly-L-lysine-treated glass coverslips and after 24 h cells were loaded
with 2 uM of the fluorescent Ca2* indicator Fluo-4-AM (Molecular
Probes, Invitrogen) for 1 h at room temperature. Then cells were
placed on the stage of an inverted microscope, treated with 200 nM
Thap, and bathed in a OmM CI,Ca, tyrode solution to deplete
intracellular Ca2*. After that, intracellular Ca®* changes in response to
application of 2 mM Cl,Ca tyrode solutions were explored. At the end
of the experiment, cells were exposed to 10 uM of the protonophore
CCCP (Carbonyl cyanide 3-chlorophenylhydrazone) plus 5uM of
Ca?* ionophore ionomycin to determine fmax Intracellular calcium
images were acquired using an inverted microscope, Eclipse TE
(Nikon), equipped with a Nikon CFI S Fluor (x40, numerical
aperture = 1.30) oil-immersion objective and a Sensi Cam (PCO AG)
camera. Images were acquired with Imaging Workbench 4.0
software. Background-subtracted fluorescence signals were

expressed as f/(fmax = f)-

2.9 | Proliferation studies

The percentage of HEK cells at the S phase was quantified using 5-
ethynyl-2'-deoxyuridine (EdU) incorporation as previously described
(Cidad et al., 2020). HEK cells transfected with WT-Kv1.3, LF-Kv1.3,
or SF-Kv1.3, as GFP fusion proteins were trypsinized and seeded at a
density of 50,000 cells/well on 12 mm poly-lysine-coated coverslips.
Twenty-four hours after seeding, EAU was added for 20 min and
proliferation was measured with Click-iT® EdU Imaging Cell
Proliferation Assay (Invitrogen). Determinations were carried out in

triplicate samples and controls were included in all experiments.

2.10 | T-cell cytokine secretion assay

We determine interleukin-2 (IL-2) secretion in Jurkat cells in
response to cell activation with CD3/CD28, PMA +PHA-P, and

Raji B-cell-based stimulation. Secretion of IL-2 and tumor necrosis
factor-a (TNF-a) was also determined on CD4+ human T cells
stimulated with 1:1 CD3/CD28-coated Dynabeads (Thermo Fisher
Scientific) for 16 h at 37°C. Then, cytokines concentration was
quantified from supernatants by enzyme-linked immunosorbent
assay (Peprotech) according to manufacturer's instructions. In
experiments analyzing the effect of the Kv1.3 inhibitors PAP-1
(100 nM) and Margatoxin (MgTx; 10 nM), cells were pretreated with
the blockers 1 h before stimulation. All experiments were performed

in technical duplicates and biological triplicates.

2.11 | ISs studies

Raji B cells (1x10° cells/mL) were labeled with CellTracker Blue
CMAC dye (10 uM, Thermo Fisher) in RPMI without FCS for 20 min
at 37°C and incubated with 100 ng/mL SEE for 30 min at 37°C (Saez
et al., 2021). SEE-loaded Raji cells and Jurkat cells were cocultured on
coverslips for 30 min at 37°C at a ratio 1:1, were washed with PBS,
fixed with 4% paraformaldehyde, quenched with 10 mM glycine for
10 min, and permeabilized with staining buffer (PBS+0.2% BSA +
0.05% saponin) for 30 min. After 1 h incubation with human anti-GFP
(Recombinant Antibody Platform, Institut Curie) and rabbit anti-pLAT
primary antibody (Cell Signaling), cells were washed with staining
buffer and incubated for 30 min with 1:500 anti-Human Alexa-488,
anti-rabbit Alexa-568 secondary antibodies (Invitrogen, Thermo
Fisher), and phalloidin-647 (Invitrogen, Thermo Fisher). Coverslips
were mounted with Fluoromount G (SouthernBiotech). Images were
acquired using an inverted laser scanning confocal microscope
(Leica DMIi8, SP8 scanning head unit), equipped with HC PL APO
CS2 x63/1.40 oil objective. Image) software and compatible scripts

were generated for automated or semiautomated analysis.

2.12 | Statistical analysis

Statistical analysis was performed using R software packages. Pooled
data from several different experiments are expressed as mean
values + SEM. Shapiro-Wilk test and Bartlett's test were used to test
normality and homogeneity of variances, respectively. For compari-
sons among several groups, one-way analysis of variance followed by
Tukey's test was employed in the case of normal distributions and
equal variances; alternatively, Kruskal-Wallis analysis followed by
Dunn's test was applied. Differences were considered statistically

significant when p < 0.05.

3 | RESULTS
3.1 | Generation of a Kv1.3-tagged Jurkat cell line

CRISPR-Cas9 tool was used to generate edited Jurkat cells with a tag
peptide in Kv1.3 endogenous channels before the STOP codon.
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Jurkat clones with fusion proteins of Kv1.3 with the fluorescent
protein mNeonGreen or with 3Flag2Myc peptide were obtained.
Basal Kv1.3-NeonGreen Jurkat cell line fluorescence was weak on
unstimulated cells, but easily detected in live cells upon PMA +
lonomycin activation, which induces a strong upregulation of Kv1.3
channels (Panyi et al., 2004) confirmed by whole-cell recordings of
voltage-dependent K* currents (Kv) in Jurkat cells at rest and after
activation. These Kv currents were fully abolished by the selective
Kv1.3 blocker PAP-1, as shown for the rest condition in the
representative current traces (Figure 1a).

Kv1.3-3Flag2Myc Jurkat cell lines were used to study endogen-
ous Kv1.3 channel regulation. Using anti-Flag antibody to detect the
expression of Kv1.3 in edited Jurkat clones after immuno-
precipitation, we observed a band of the expected size (around
66 KDa with the tag sequence) and two additional bands of around
43 and 85 KDa (Figure 1b). The same band pattern could be observed

Journalof: 5
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in HEK cells overexpressing the tagged Kv1.3-3Flag2Myc construct
(Figure 1c). In edited Jurkat cells, expression of all bands was
upregulated after stimulation with different activating (but not with
proapoptotic) signals (Figure 1d). The changes in expression among
the three bands were similar in all cases, regardless of the intensity
of the activation.

3.2 | Endogenous Kv1.3 channels show
different isoforms

To determine if these bands reflect different Kv1.3 channel isoforms,
and considering that Kv1.3 is a single exon gene, a bioinformatics
search of translation initiation sites in the KCNA3 messenger RNA
(mRNA) sequence was performed. We identified four start codons

that could be the origin of the proteins observed by western blot
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FIGURE 1 Characterization of Kv1.3-tagged Jurkat cell lines. (a) Confocal image obtained in live Jurkat-NeonGreen cells stimulated for 16 h
with phorbol-12-myristate-13-acetate (PMA) + ionomycin. Representative 2 s voltage ramps from -80 to +10 mV obtained in an edited cell
before (black) and after applying 100 nM 5-(4-Phenoxybutoxy)psoralen) (PAP-1) (red). The blue trace is a representative ramp obtained in an
edited cell previously activated with PMA +ionomicyn. Scale bar =5 um. (b) Kv1.3-3Flag-2Myc Jurkat cells immunoprecipitated and
immunoblotted with anti-Flag antibody showed three bands of the indicated sizes (red arrows). (c) Western blot analysis obtained with the anti-
Flag antibody from lysates of HEK cells transfected with untagged-Kv1.3 plasmid (-) or Kv1.3-3Flag plasmid (+), showing the same three bands

observed in (b). (d) Representative immunoblot obtained with the anti-Flag antibody from total Kv1.3-3Flag-2Myc Jurkat cell lysates at rest (left

lane) or after incubation with the indicated activating or proapoptotic stimuli. The bar plot shows the protein quantification of the 85 KDa (FL),
66 KDa (long form [LF]), and 43 KDa (short form [SF]) after normalization with B-actin in arbitrary units. Each bar is the mean + SEM of three to

five independent experiments.
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(Figure 2a). To confirm that, we transfected HEK cells with plasmids
containing the KCNA3 gene with mutations to alanine of each
putative starting methionine (Figure 2b). Mutation of the first
methionine, (Met1, MO in Figure 2a) abolished translation of the
85KDa band. Mutation of the second methionine (Met53, M1)
eliminated the canonical 66 KDa band. No changes were observed
when mutating the third methionine (Met137), indicating that it was
not a translation initiation site. Finally, mutation of the fourth
methionine (Met194, M2) eliminated the 43 KDa band. These results
demonstrate that there are at least three translation initiation sites in
the KCNA3 coding region.

We also created plasmids expressing either the canonical Kv1.3
protein alone (the long form [LF] carrying a mutation to alanine of the
M2 methionine) or the short 43 KDa isoform (SF) as GFP or mCherry
fusion proteins (Figure 2c,d) to explore the expression and function

of these isoforms. When expressed in HEK cells, we observed that LF

(@)

WT

-%“’#%““‘“1

0 1|1 ||\

expression was restricted to the plasma membrane, whereas SF
seemed almost exclusively intracellular, delimitating the nuclear
membrane and the endoplasmic reticulum. There was almost no
colocalization between both Kv1.3 isoforms (see merged LF +SF
image in Figure 2c). The lack of membrane expression of the SF could
also be demonstrated by cotransfection with another channel with
predominant expression at the plasma membrane, as it is the case of
the Orai channel (Figure 2d). Finally, and contrary to previous reports
describing mitochondrial Kv1.3 channels (Szabo et al. 2005, 2008),
live-cell confocal images of WT Kv1.3 channels coexpressed with
MitoTracker did not show colocalization (Figure 2e). This result was
confirmed in fixed cells cotransfected with SF and the mitochondrial-
targeting signal (MTS) of the cytochrome c oxidase subunit 8A
(COXa) fused to a mCherry protein as a mitochondria marker (mito-
Cherry, Figure 2f). Although these data do not rule out the expression

of some Kv1.3 channels at the mitochondria, they indicate that these

(b) WT SF MO, Mg M3, M2, WT SF M2,

72 - n“.' =
55 m : -

mitoCherry

FIGURE 2 Endogenous Kv1.3 channel isoforms. (a) Schematic representation of the position of the Kv1.3 Methionines MO, M1, and M2, and
the expected outcome of their individual mutation to alanine (MOg, M1g, M24, see text for more details) in a Kv1.3-3Flag plasmid.

(b) Representative immunoblots obtained with anti-Flag antibody on HEK cells lysates transfected with wild type (WT) Kv1.3-3Flag plasmid
(WT), SF-Kv1.3-3Flag plasmid encoding the 43 KDa protein (short form [SF]) or the different point mutants MO-M3. MO-M2 mutants showed
the band pattern depicted in the scheme of part A, whereas M3g mutant (Met137) was not different from WT and is not shown in the scheme.
(c, d) Confocal images obtained in HEK cells transfected with WT Kv1.3-eGFP (WT), the SF of Kv1.3 fused with Cherry (SF), the long form (LF)
fused with enhanced green fluorescent protein (€GFP) (LF), or the Orai-1 channel fused with eGFP (Orai). The panels show the green and red
fluorescence, and merged images. (e) Live-cell confocal images of HEK cells expressing WT Kv1.3-eGFP and mitoTracker probe. (f) Confocal
images obtained in fixed HEK cells cotransfected with SF-eGFP and mitoCherry plasmids. No colocalization was observed in the merge panels in
(e) and (f). (c-f) Scale bars =10 um.
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organelles do not represent a preferential location for any Kv1.3
channel isoform.

However, we identified a Methionine (Met357) in the Kv1.3
sequence before a consensus MTS (HEIJNE et al., 1989). MTS shows
a high degree of similarity to the S4 transmembrane a-helix of Kv
channels (Supporting Information: Figure IA). We created an
additional construct with this truncated Kv1.3 channel (mito-Kv1.3)
as GFP fusion protein. Mito-Kv1.3 construct encoded a 25-30 KDa
band that could not be detected in endogenous or overexpressed
Kv1.3 channels (Supporting Information: Figure IB), suggesting that
Met357 does not represent a Kv1.3 alternative translation initiation
site. Still, we investigate whether this mito-Kv1.3 could be directed to
mitochondria upon overexpression in HEK cells. Cotransfection with
mito-Cherry (MTS-COX8A) showed a complete lack of colocalization,
indicating that even if this mito-Kv1.3 isoform were expressed it
could not be located at the mitochondria. To our surprise, in the
absence of the Kv1.3 fragment this Kv1.3 MTS sequence was able to
send GFP to the mitochondria (Supporting Information: Figure IC),
suggesting that even though Kv1.3 MTS sequence does behave as a

MTS, mito-Kv1.3 protein is not expressed under native conditions.

Journalof: 7
Cellular Physiology WI LEY—I—

3.3 | Functional characterization of Kv1.3 channel
isoforms in HEK cells

To confirm expression (and location) data, functional characterization
of these two isoforms, together with the WT Kv1.3 channels, was
carried out with electrophysiological studies in transfected HEK cells
(Figure 3). We explored the current density in depolarizing pulses to
+40mV (a), the steady-state inactivation (b), the use-dependent block
upon high-frequency pulses (c), and the sensitivity to block with the
selective blocker PAP-1 (d). LF overexpression elicited large voltage-
dependent Kv1.3 currents with kinetic and pharmacological properties
indistinguishable from WT currents. SF constructs elicited significantly
smaller Kv1.3 currents with a leftward-shift of the midpoint of
inactivation. These results, together with the scarce membrane location
of the SF isoform suggest that SF alone does not form conducting
channels. The small currents observed could be mediated by hetero-
multimers with endogenous HEK cells Kv1.x channels. In support of this
hypothesis, we found that when HEK cells were cotransfected with SF
and a mixture of siRNAs against Kv1.1 and Kv1.6 channels (the most

abundant endogenous Kv1 channels in our HEK cells), there was a
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FIGURE 3 Functional characterization of Kv1.3 channel isoforms in HEK cells. (a) Average current amplitudes were obtained from HEK cells
transfected with wild type (WT), long form (LF), or short form (SF) plasmids by measuring the peak current amplitude in 450 ms depolarizing
pulses to +40 mV from a holding potential of -80 mV in cell-attached configuration. Representative traces in each condition are shown in the

inset. (b) Steady-state inactivation curves were obtained with a two-pulse protocol (Cidad et al., 2020) by plotting the amplitude of a +40 mV

pulse as a function of the prepulse voltage. Normalized currents are represented. The inset shows the mean = SEM of the midpoint of
steady-state inactivation (Vg s) obtained from the individual Boltzmann fit of each cell. (c) Use-dependent block analysis of WT, LF, and SF was
carried out by the fit to an exponential decay of normalized peak current amplitudes obtained from trains of pulses to +40 mV at 0.5 Hz.

(d) The sensitivity to 5-(4-Phenoxybutoxy)psoralen) (PAP-1) was explored in depolarizing pulses to +40 and expressed as the % of current block

upon application of 200 nM PAP-1 in the external solution. All through this figure, data are mean + SEM of 12-16 cells from at least three

independent experiments. *p < 0.05; ** p < 0.01; ***p < 0.001.
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significant reduction of the total current density without changes in the Immunocytochemistry using a-Myc antibody showed a very
kinetics of the currents (Supporting Information: Figure Il). different distribution of WT channels (with a clear plasma membrane
expression) and SF proteins (Figure 4c). Accordingly, whole cell

recordings did not show any Kv current in resting conditions or

3.4 | Functional characterization of SF-Kv1.3 after 16 h activation with PMA +lonomycin in SF or KO clones.

channels in Jurkat cells Meanwhile, WT edited clones exhibited Kv currents significantly
upregulated upon activation (Figure 4d).

The study of the expression and function of the SF isoform poses a The absence of functional Kv currents in the plasma membrane

relevant issue, as the mRNA codifying for this truncated protein may of SF and KO clones was further confirmed with current-clamp

be present in the commercially available Kv1.3 KO mice (Koni et al., experiments with the perforated-patch technique (Figure 5a), which

2003). This extent was confirmed in our laboratory by PCR of showed depolarizing resting Vv in both cases. Resting Vv in the WT

samples obtained from macrophages of Kv1.3 KO (Figure 4a). To clones was significantly different as it was the amplitude of the
explore this isoform under endogenous conditions, we generated response to a depolarizing stimulus (an external solution with
Kv1.3-KO Jurkat clones (eliminating the full KCNA3 gene) and SF 60 mM K™), although the values of Vy in the presence of 60 mM K*
Jurkat clones, expressing only the SF isoform which could represent were not significantly different in all three conditions.

the case of the Kv1.3 KO mice (Figure 4b). Both SF and KO clones Hyperpolarized resting V\ of T cells due to Kv1.3 channels
were created from the Kv1.3-3Flag2Myc Jurkat line. expression has been described to play an important role regulating

KO deleted region
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FIGURE 4 Functional characterization of SF-Kv1.3 channels in Jurkat cells. (a) Gel electrophoresis of polymerase chain reaction (PCR)
products obtained with primers annealing in the 5'-region of the kcna3 gene (absent in the Kv1.3 knockout [KO] mouse, S-1) or in the 3'-region
of the kcna3 gene (conserved in the Kv1.3 KO, S-2) and the same antisense primer (AS). PCR was performed of complementary DNA (cDNA)
obtained from total RNA extracted from wild type (WT) and KO Kv1.3 mouse bone marrow-derived macrophages at rest and after 6 h
stimulation with 100 ng/mL of lipopolysaccharide (LPS) to induce Kv1.3 expression. NTC, no template control. (b) Representative immunoblot of
cell lysates from tagged Jurkat Kv1.3-3Flag-2Myc (WT), SF-3Flag-2Myc (SF), or KO clones with anti-Flag antibody. (c) Confocal images obtained
in tagged WT, short form (SF), and KO Jurkat clones stained with anti-Myc antibody labeled with green fluorescent protein (GFP). The panels
show GFP fluorescence (green), nuclear staining (Hoechst, blue), and the merged images. Scale bar =5 um. (d) Kv currents were elicited by 2 s
voltage ramps from -80 to +60 mV in WT, SF, and KO edited Jurkat cells at rest or activated (Act) by 16 h treatment with phorbol-12-myristate-
13-acetate (PMA) + lonomycin. The inset shows the use-dependent block analysis from a train of depolarizing pulses to +40 mV. The peak
amplitude (normalized to pulse #1) is plotted as a function of the pulse number in each experimental condition. Data are mean + SEM of 18-26
cells in each condition. Cells were obtained from at least 4 different experiments and two independent Jurkat clones.
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Ca?* entry (Lin et al., 1993), so we studied whether [Ca?*]; or the
kinetics of Ca%* influx were affected in edited cells. Microfluoro-
metric studies were carried out in Jurkat cells incubated with Fluo4.
After 10 min in a nominally Ca?* free external solution with 200 nM
Thap, reintroduction of Ca®* in the external solution led to an
increase in the [Ca?*]; that showed a larger magnitude and a faster
kinetics in the WT Jurkat clones (Figure 5b), as expected if the driving
force for Ca2* entry is dependent of resting Vi as described. Again,
no significant differences regarding the amplitude and kinetics of

Ca®* fluxes were observed between SF and KO clones.

3.5 | Contribution of Kv1.3 channels isoforms
to Jurkat cell function

Next, we explore whether these differences at the single-cell level
translate into functional T-cell responses and whether the SF-Kv1.3
protein may have a functional impact in T-cell function despite not
being able of forming a plasma membrane Kv channel. We studied
some integrated functional readouts such as proliferation (for HEK

cells) or cytokine secretion (in the case of Jurkat cells). As previously

Journalof: 9
Cellular Physiology WI LEY—I—

described (Cidad et al., 2010), Kv1.3 overexpression increased HEK
cell proliferation (Figure 6a). This effect was reproduced with LF
overexpression, whereas SF overexpression had no effect.

In Jurkat cells, the levels of IL-2 in cell supernatants increased after
treatment with PMA +PHA-P, polyclonal activation with anti-CD23/
CD28, or exposure to Raji B cells loaded with two different SEE
concentrations (Figure 6b). However, no differences in the response of
the WT, SF, or KO clones were observed. In fact, contrary to previous
publications (Beeton et al., 2006; Zhao et al, 2013), IL-2 secretion
response was insensitive to selective Kv1.3 blockers such as PAP-1 or
MgTx, both in Jurkat clones or in native T cells (Figure 6c,d). In these later
ones, the secretion of another cytokine, TNF-a, was also unaffected by
Kv1.3 blockers. Altogether, our data indicate that Kv1.3 channels do not

take part in stimulus-induced cytokine secretion in these preparations.

3.6 | Contribution of Kv1.3 channels isoforms
to Jurkat activation and IS formation

These results prompted us to explore the role of Kv1.3 channel

isoforms in other T-cell responses, by analyzing their contribution in
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FIGURE 5 Contribution of Kv1.3 channel isoforms to resting Vi, and Ca2* influx. (a) Representative traces of the resting Vi recordings in
wild type (WT), short form (SF), and knockout (KO) Jurkat cells with the current-clamp configuration, and the response to application of a
60 mM K" external solution. The box plot shows the average resting V\ data in the three groups. (b) Box plots showing Fluo4-normalized
fluorescence (as an indicator of [Ca2*]) and the derivative of the fluorescence (dF/dt), as an indicator of the kinetics of Ca®* influx) upon
perfusion with a 2 mM Ca?* solution. Each dot is the average of 30-50 cells from an independent experiment and the insets show the

mean + SEM of all cells in one of these individual experiments in WT, SF, and KO as indicated. *p < 0.05; ***p < 0.001 versus WT.

85UB0| SUOWILLOD BA11E81D) 3ot [dde 8Ly Aq peuenob ke S9ole YO ‘SN JO S8 10} ARIqIT8UIIUQ A1 LD (SUOTHPUOD-PUB-SWBH W00 A8 | 1M ARe.g1[Bu 1 {UO//SANy) SUORIPUOD pUe SWie | 8U18eS *[£202/60/80] Uo ARigiTauliuo A|IM ‘Plope|A 8d PepseAIN AQ #860€ d0l/Z00T 0T/I0p/Wo A8 | im A eIq iUl |uo//Stiy WoJj pepeoiumod ‘0 ‘Z59260T



10 Journalo SERNA ET AL
—LWI LEY Celluiofr Physiology
a b [ Rest
@ L ®) 5. coacpzs 0.8+ O Raji1 44 PMA+lono
304 O Raji10
- ey} 1 [ 1= _:
2 €24
8 204 >
5 S
I =14
10 !
] o [l F
GFP WT SF LF C- WT SF KO WT SF KO WT SF KO
() . CIRest CIRaji1 @Raji10 (d) 5_cpscp2s CD3/CD28
4 I = [ . =
_ 06 _ 4]
E E
£0.4- £ 37
(o o )
= ] = 24
0.2 1
" 1 ]
A C+ i C+
0.0- 0 o/ I~

WT +MgTx +PAP1 KO+PAP1

0.
C-  MgTx PAP1 C- MgTx PAP1

FIGURE 6 Role of Kv1.3 channel isoforms in proliferation and cytokine secretion. (a) The proliferation rate of HEK cells transfected with the
indicated plasmids was determined as a percentage of the proliferation observed in control conditions (green fluorescent protein
[GFP]-transfected HEK cells) using 5-ethynyl-2'-deoxyuridine (EdU) incorporation. Each bar is mean + SEM, n = 6-15 data from 3 to 6 different
experiments (***p < 0.001 vs. GFP). (b) The levels of interleukin-2 (IL-2) were quantified by enzyme-linked immunosorbent assay (ELISA) in
supernatants from wild type (WT), short form (SF), and knockout (KO) Jurkat cell clones at rest or after 12-16 h of stimulation with
anti-CD23/CD28, phorbol-12-myristate-13-acetate (PMA) + phytohemagglutinin (PHA) or exposure to Raji B cells loaded with 1 ng/mL or

10 ng/mL of Staphylococcal enterotoxin E (SEE). (c) IL-2 secretion in response a Raji B-cell stimulation was measured in WT or KO Jurkat cells
preincubated for 30 min with Kv1.3 inhibitors 5-(4-Phenoxybutoxy)psoralen) (PAP-1) (100 nM) or Margatoxin (MgTx, 2 nM). (d) IL-2 and tumor
necrosis factor-a (TNF-a) secretion were also quantified with ELISA in human-derived CD4+ T cells. Cells were preincubated with PAP-1 or

MgTx before stimulation with CD3/CD28 for 16 h. Each bar (b-d) is mean £ SEM of at least three independent experiments.

the early steps after stimulation. We studied the phosphorylation of
proteins implicated in TCR-induced signaling cascade such as
phosphorylation of the CD3{ chain, of the zeta-chain-associated
protein kinase 70 (ZAP-70 kinase), or of the linker for activation of T
cells (LAT), as well as other signaling complexes further downstream
in the signaling cascade such as phospholipase Cy (PLCy) or
extracellular signal-regulated kinase (ERK).

Phosphorylation of ERK in response to CD3/CD28 stimulation was
reduced in KO Jurkat clones compared with WT or SF clones (Figure 7a),
suggesting a functional role for both the full-length and the truncated
protein in Jurkat cell activation. The characterization of phosphorylation
of other proteins involved in the activation pathway showed three
different patterns (Figure 7b) as follows: (i) Some (such as CD3 or ZAP-70)
were independent of Kv1.3 protein and hence unaffected by the
truncated isoform or the complete KO of the channel; (ii) some others
required either the WT or the SF (as pERK), being significantly reduced
only in KO clones. This was the case for PLC and LAT phosphorylation;
and (iii) full activation of one of them, SLP76, was only achieved in WT
clones, being significantly reduced in both SF and KO cells.

Both cytosolic SLP76 and membrane-associated LAT are key
adaptor proteins phosphorylated by TCR-associated ZAP70, forming
microclusters at the IS. Phosphorylation of LAT recruits SLP76 to the
cell membrane, where they nucleate a multimolecular complex,
which induces a host of downstream responses, including calcium
influx, ERK phosphorylation, integrin activation, and cytoskeletal
reorganization. We speculated that decreased activation of these
adaptors, by affecting their translocation and/or interaction with the
proteins of the signaling complexes, will impact IS formation.

We explored the degree of Kv1.3 colocalization at the IS
overexpressing GFP-labeled WT, LF, or SF isoforms in Jurkat cells
before Raji cell exposure. Confocal microscopy images (Figure 8a)
showed a restricted plasma membrane location for LF, with a
distribution close to the cortical filamentous actin, and at the IS area
(labeled with pLAT). In contrast, GFP fluorescence of SF-transfected
Jurkat cell was excluded from actin and pLAT-labeled regions at the
IS, being restricted to a perinuclear location. A combination of both
patterns was observed, as expected, in the case of the WT Kv1.3
overexpression.
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FIGURE 7 Contribution of Kv1.3 channel isoforms to T-cell signaling pathways. (a) Representative immunoblot of total Erk and pErk protein
obtained from wild type (WT), short form (SF), and knockout (KO) Jurkat cell lysates incubated in the presence of soluble CD3/CD28 +
secondary crosslink antibody for the indicated time intervals. Erk phosphorylation was normalized to total Erk amount. The plot shows

mean + SEM, n = 3. (b) Representative immunoblots of the indicated proteins determined from Jurkat cell lysates (WT, SF, and KO) at rest and
after incubation in the presence of plate-fixed CD3/CD28 for 10 min. Quantification was performed using ImageJ and the amount of protein
normalized for GP96 is represented in the bar graph. Mean + SEM, n = 3-4 experiments. *p < 0.05 compared with WT. The scheme and the table
depict the sequence of activation of the explored proteins, with a color code to indicate whether the activated proteins are independent

of Kv1.3 expression (brown), dependent of Kv1.3 but not distinguishing between WT and SF (green), or with an absolute requirement for

WT Kv1.3 (blue).

To explore whether this location is related to the efficiency of IS
formation, we used the edited Jurkat clones stimulated with Raji
cells to quantify the number of IS and the intensity of the pLAT
signaling at the IS (Figure 8b). Both parameters were significantly
decreased in SF and KO clones. Altogether, these data indicate that
full activation and effective recruitment of LAT at the IS requires WT
Kv1.3 channels.

4 | DISCUSSION
41 | Kv1.3 channels of T-cells as targets
for new therapies

Due to their demonstrated contribution to T-cell-mediated immune
responses, Kv1.3 channels represent promising therapeutic targets in
autoimmune disorders. Although Kv1.3 inhibitors did not block IS
formation (Beeton et al., 2006), they have been shown to decrease

Ca?*-induced pathways in Tgm cells of animal models and patients
with multiple sclerosis, rheumatoid arthritis, and type | diabetes
(Beeton et al., 2006; Lam & Waulff, 2011; Rangaraju et al., 2009),
offering an opportunity to ameliorate autoimmune responses. Several
nonexcluding mechanisms link the functional expression of Kv1.3
channels to T-cell responses and their relative contribution in
pathophysiological situations is unclear. Yet, the design of more
precise, mechanistically directed, therapeutical tools would benefit

from a better understanding of these processes.

4.2 | Molecular mechanisms linking Kv1.3 channels
to T-cell activation

Both Kv1.3 and KCa3.1 contribute to the negative resting V needed
for Ca®* influx after TCR activation, although kinetic models
demonstrated that Kv1.3 dominated the membrane potential of T
cells regulating Ca2* influx through CRAC channels (Hou et al., 2014).
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FIGURE 8 Contribution of Kv1.3 channel isoforms to immunological synapse (IS) formation. (a) Representative confocal microscopy images
of Jurkat cells transfected with plasmids expressing Kv1.3 isoforms (wild type [WT], long form [LF], or short form [SF]) as enhanced green
fluorescent protein (eGFP) fusion proteins (green). Transfected Jurkat cells were exposed to Staphylococcal enterotoxin E (SEE)-loaded Raji B
cells and the IS was identified with pLAT staining (red). The actin cytoskeleton was labeled with phalloidin (white) and Raji cells were labeled with
CellTracker Blue CMAC dye. Confocal representative images of each condition are shown and the square with the IS is expanded on the right
side, to show the four individual channels and the combined green and red (Kv1.3 isoform and pLAT) to evidence the differences in their relative
location in each isoform. The expanded images are z-projections of five to eight images around the z plane shown in the corresponding full
image. Scale bar = 5 um. (b) WT, SF, and knockout (KO) Jurkat cells were incubated in the presence of SEE-loaded Raji B cells for 10 min. pLAT,
actin, and Raji cells are labeled as indicated and both the number of IS (arrows) normalized to Jurkat cell number and the product of the area and
the intensity of the pLAT labeling were quantified in each condition. The plots show the average data from both parameters obtained from
triplicates of at least three different experiments per condition. **p < 0.01; ***p < 0.001 versus WT. Scale bar =10 um.

Besides V), regulation, Kv1.3-mediated protein-protein interactions
modulate the activity of various signaling pathways. Kv1.3 colocalizes
with the TCR/CD3 complex in lipid rafts of Jurkat cells and
redistributes to the IS formed with APC (Antigen Presenting
Cells, Nicolaou et al., 2009; Panyi et al., 2004; Sebestyén et al.,
2022). Activity of ion channels at the IS may alter the local ion
composition in the restricted volume of the synaptic cleft, modulating
the function of voltage-gated channels and other molecules. In
addition, Kv1.3 interaction with membrane-associated proteins (such
as the adhesion molecule integrin B or actin cytoskeleton), or kinases
at the IS has also been reported to participate in signaling to
activation in T cells (Artym & Petty, 2002; Chandy et al., 2004; Hajdu
et al,, 2015; Levite et al,, 2000). However, the functional role of

these mechanisms (Kv1.3-mediated membrane hyperpolarization vs.

protein-protein interactions) or the role of V-dependent changes in
these interactions at the IS, is under debate. Although some studies
link the immunomodulatory effects of Kv1.3 channels in T cells to
their ability to modulate K* concentrations, because they were not
reproduced with poreless mutant channels (Eil et al., 2016), other
reports show that nonconducting Kv1.3 channels could recapitulate
WT channel role in the IS formation (Sebestyén et al., 2022).

4.3 | Tools for Kv1.3 channels study and
their limitations

Some of these discrepancies arise from the use of overexpression of

Kv1.3 WT or mutant channels inT cells that also express endogenous
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channels, which may impact the final outcomes. Moreover, the use of
Kv1.3 antibodies as the only tool to determine their functional
expression has led to confounding results, as most available
antibodies lack specificity. Kv channels antibody discovery is limited
due to technical challenges. Their membrane topology (multipass
regions, multimeric structures), the low immunogenicity of their small
surface loops, the high amino acid conservation between family
members (leading to immunological tolerance in host animals), and
the lack of robust sources of recombinant protein have ranked these
proteins among the “high-hanging fruit” in terms of antibody drug
discovery (Carter et al., 2017; Wulff et al., 2019).

Here we demonstrate that the use of gene-editing tools to
obtain endogenously labeled Kv1.3 channels represents a powerful
tool to elucidate channel function, providing unambiguous data on
expression and location. We have previously demonstrated that
the C-terminal fusion proteins do not alter the expression, the
kinetics or the regulation of the Kv1.3 channel protein in
heterologous expression systems (Cidad et al., 2012). Here,
electrophysiological characterization of edited versus control
Jurkat clones did not show changes in current amplitude or
kinetics, or in their response to activation (data not shown).
Although a potential limitation of this study is the clonal nature of
our cells, we minimized its impact by characterizing at least two to
three different clones from each construct so that the observed
differences could be attributable only to the edited channel (or its
absence in the KO).

4.4 | Endogenous Kv1.3 channels express
different isoforms

We found endogenous expression of different isoforms of Kv1.3 by
alternative translation initiation sites. The mechanisms accounting for
the selection of start codons are far from being understood, and
cannot be predicted by in silico analysis, but there is a small, yet
growing, number of mammalian mRNAs that initiate translation from
a downstream in-frame AUG (or even a non-AUG codon),
producing N-terminal truncated protein isoforms with different
functional features (Kochetov, 2008; Touriol et al., 2003). As a
mechanism for protein function diversity, alternative translation
generates protein isoforms, which, in most cases, are targeted at
different subcellular localizations but maintained the same domain
contents as the full-length isoforms (Cai et al., 2006). This is
consistent with our data showing clearly nonoverlapping locations
for LF and SF isoforms. It has also been reported for some other
ion channels (Desai et al., 2015; Kisselbach et al., 2014; Touriol
et al., 2003). In the case of Kv channels, given the high homology
among them, the presence of different isoforms could be a
common feature. In fact, using sequence alignment of all Kv1
channels, we found that Kv1.3 M2 methionine (the start codon for
the SF) is conserved in Kv1.1, Kv1.2, Kv1.5, and Kv1.10 channels.
The existence of a short isoform in these channels awaits

experimental confirmation.
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4.5 | Intracellular locations of endogenous
Kv1.3 channels

In addition to their expression at the plasma membrane, several
studies have suggested that Kv1.3 channels also exist in other cell
compartments where they are involved in various signaling pro-
cesses, again by virtue of both conductive properties and/or
protein-protein interactions. A few studies locate Kv1.3 channels in
a perinuclear location at the cis-Golgi (Zhu et al., 2014) or at the
nuclear membrane (Jang et al., 2015) with undefined functions. Many
studies have explored the presence and function of Kv1.3 channel in
the mitochondria of both cancer cells and T cells. A MgTx- and PAP-
1-sensitive K* current contributing to mitochondrial potential, whose
inhibition induced apoptosis, has been described in these cells (Szabo
et al., 2005, 2008; Varanita et al., 2022). In all cases, a protein of the
same molecular weight than canonical Kv1.3 channel was identified.
We were unable to detect WT-Kv1.3 channels (or the LF or SF
isoforms) at the mitochondria. No MTS could be identified at the N
terminus of Kv1.3 (Szabo et al., 2005). However, Kv channels S4
transmembrane helix shows the signature of the canonical MTS (an
alternating pattern of hydrophobic and positively charged residues
forming an amphipathic helix) and we identified an in-frame AUG
codon upstream of this region that was used to create a truncated
isoform (mito-Kv1.3). Western blot analysis did not provide
evidence for this additional isoform upon endogenous or heterol-
ogous processing of the Kv1.3 channel. Moreover, from
the colocalization studies overexpressing mito-Kv1.3 we conclude
that if this truncated isoform were expressed, it will not be
directed to the mitochondria (Supporting Information: Figure ).
Further studies, which can benefit from the tools developed here,

will be necessary to solve this controversy.

4.6 | Role of Kv1.3 channel isoforms
in T-cell activation

Unexpectedly, Jurkat clones expressing only SF or even the KO cells
were uncompromised in their ability to perform effector functions
such as cytokine secretion. Although at the single-cell level Kv1.3
channel blockers fully abrogate channel function, only partial
inhibition with highly variable results of T-cell responses has been
detected using functional readouts, such as proliferation or cytokine
production, ranging from nonsignificant to >80% block (Beeton et al.,
2006; Edwards et al., 2014; Liu et al., 2002; Schmitz et al., 2005). In
fact, a recent work using a Kcna3-/- rat has demonstrated that
Kv1.3 KO T cells were uncompromised in their ability to perform
effector functions. In this case, they found a compensatory
upregulation of KCa3.1 that maintained T-cell proliferation and
effector responses (Chiang et al., 2017). Moreover, other channel
types apart from K* channels (CRAC channels, or certain TRP
channels such as TRPV1 or TRPM4) may also have a role in T-cell
activation (Bertin et al., 2014; Chen et al., 2013; Launay et al., 2004).
These potential compensatory effects were not explored in our
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clones. However, the absence of Kv1.3-dependent changes in
cytokine secretion led us to study Kv1.3 contribution to intermediate
signaling pathways.

TCR signal transduction is initiated by the phosphorylation of
TCR and CD3 chains followed by recruitment and phosphorylation of
the ZAP70 kinase. These early events at the engaged TCR complex
propagated by means of phosphorylation of adaptor molecules,
regarded as signaling hubs for TCR signal diversification. LAT and
SLP76, the best-characterized adaptor molecules inT cells, exert their
functions by mechanisms relying not only on the formation of
signalosomes but also on their location within the cell (Jordan et al.,
2003; Saveanu et al., 2019). Phosphorylation of membrane-bound
LAT activates PLCy, Ras-MAPK pathway, and SLP76. pSLP76 is
recruited to the IS, where it binds integrin VLA-4 (a4B1), stabilizes
PLCy and Ras-MAPK pathways, and regulates other pathways
dependent of VLA-4 ligation, including NFAT and nuclear factor-«B
activation, cytokine production, and proliferation (Nguyen et al.,
2008). These effectors regulated cytoskeletal morphology, which is
profoundly influenced by integrin ligation, so that SLP76 represents
an integrator for both TCR and integrins signals.

Similar to SLP76 and LAT molecules, both Kv1.3 channel
function as ion pore, and Kv1.3 location and molecular interactions
seem to be relevant for T-cell activation at the IS. Accordingly, we
found a differential contribution of Kv1.3 channels to the signal
transduction steps explored and, more interestingly, a differential
contribution of the SF isoforms. Kv1.3 channels are not required for
the proximal TCR events (CD3C or ZAP70 phosphorylation are Kv1.3
independent), but they participate in more distal ones, from linkers
activation to PLCy and ERK phosphorylation. Although the intra-
cellular SF isoform retain the function of the WT-Kv1.3 on activation
of LAT, ERK, and PLCy, it cannot supplant the Kv1.3 role on SLP76
recruitment. These results can reflect either the need of an ion
conducting channel at the cell membrane for SLP76 activation or the
importance of the protein location. We would need to study the
effect of a pore dead channel on SLP76 activation to distinguish
between these two possibilities. However, Kv1.3 channels have been
shown to associate with integrins and cortactin, contributing to actin
polymerization (Artym & Petty, 2002; Hajdu et al., 2015; Levite et al.,
2000), which harmonizes with the importance of integrin binding for
SLP76 translocation and activation.

Although TCR-induced phosphorylation of some key signaling
molecules was altered in SF and KO cells, no significant changes in
the production of cytokines were observed (Figure 6). The reason
could be that the conditions used for production of cytokines are
optimal thus masking a partial inhibition. Alternatively, the absence of
Kv1.3 channels may affect other functions such as survival or
differentiation, which requires further analyses.

Nevertheless, we could confirm that the deficiencies in the TCR
signaling pathways in the absence of WT-Kv1.3 led to altered IS
formation. In spite of the differences observed on protein phospho-
rylation between SF and KO clones, we found a significant decrease
in the number of conjugates (Jurkat/Raji cell contact) and the

intensity of phosphorylated LAT in IS formed in both cases, which is

compatible with a deficient adhesion of T cells to antigen-presenting
cells. Changes in both molecular interactions and membrane potential

could explain the observed changes.

4.7 | Concluding remarks

We describe here for the first time the endogenous expression of
several Kv1.3 channel isoforms in Jurkat cells, showing different
location and functional contribution to cell signaling. In particular, the
effects on TCR signal transduction of the SF evidence that some of
the functions of Kv1.3 channels do not require their presence at the
plasma membrane. Altogether, we have developed a powerful tool
for exploring regulation of endogenous channels translation and
trafficking. On a more general aspect, we demonstrated that, despite
being encoding by a single exon, KCNA3 gene gives rise to several
isoforms with different location and function, uncovering a previously
overlooked mechanism to increase protein diversity. Given the high
homology among Kv1 subfamily members, this could represent a

conserved mechanism for other Kv channels.
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