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Abstract

Chronic kidney disease (CKD) significantly increases cardiovascular risk. In advanced CKD stages, accumulation of toxic cir-
culating metabolites and mineral metabolism alterations triggers vascular calcification, characterized by vascular smooth
muscle cell (VSMC) transdifferentiation and loss of the contractile phenotype. Phenotypic modulation of VSMC occurs with
significant changes in gene expression. Even though ion channels are an integral component of VSMC function, the effects
of uremia on ion channel remodeling has not been explored. We used an in vitro model of uremia-induced calcification of
human aorta smooth muscle cells (HASMCs) to study the expression of 92 ion channel subunit genes. Uremic serum-
induced extensive remodeling of ion channel expression consistent with loss of excitability but different from the one previ-
ously associated with transition from contractile to proliferative phenotypes. Among the ion channels tested, we found in-
creased abundance and activity of voltage-dependent K* channel Kv1.3. Enhanced Kv1.3 expression was also detected in
aorta from a mouse model of CKD. Pharmacological inhibition or genetic ablation of Kv1.3 decreased the amount of calcium
phosphate deposition induced by uremia, supporting an important role for this channel on uremia-induced VSMC calcifica-
tion.
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Introduction

Chronic kidney disease (CKD) strongly associates with increased
cardiovascular risk."? Vascular medial calcification is an early
event during CKD** directly triggered by the uremic milieu and
alterations in mineral metabolism.®® Medial calcification
results from a complex set of active and highly regulated mech-
anisms that include apoptosis/necrosis of vascular smooth
muscle cells (VSMCs)’® and their transdifferentiation to an
osteochondrogenic phenotype.*'®*? In addition, VSMC migra-
tion and differentiation also contribute to intima layer calcifica-
tion associated with intima hyperplasia and atherosclerotic
plaque formation.**¢

CKD induces phenotypic modulation of VSMC, which loses
contractility and adopts a highly proliferative state.”” Other
pathways of transdifferentiation have been proposed, including
senescent, osteochondrogenic, and adipogenic phenotypes.'®
The change from contractile to synthetic phenotype implies ex-
tensive modification in gene expression.’ Coordinated changes
in ion channel expression constitute an integral component of
VSMC plasticity.’®?' However, little is known regarding ion
channel expression changes during uremia-induced VSMC
transdifferentiation and their possible role on vascular calcifica-
tion. We recently characterized an in vitro calcification and
osteochondrogenic transdifferentiation model using human

aortic smooth muscle cells (HASMCs) exposed to serum from
uremic patients.'® This model displays rapid calcification, upre-
gulation of osteochondrogenic markers and phenotypic remod-
eling, while preserving cell viability and proliferation.'® Here we
took advantage of this model to study the effect of uremia on
the expression of relevant ion channel subunits. Our results un-
covered extensive ion channel remodeling that led us to study
in detail the implication of voltage-dependent K* channel Kv1.3
in the effects of uremia on HASMC. We present data supporting
a role for Kv1.3 on uremia-induced changes in cell proliferation,
but not in cell migration. Most importantly, we show that phar-
macological or genetic blockade of Kv1.3 partially reverts
uremia-induced calcification in HASMC and also in human or
mouse vessels in organ culture.

Material and Methods
Human Uremic Serum

Patient and healthy donor sera were obtained at the Nephrology
Service, Hospital Universitario Nuestra Senora de Candelaria
(Tenerife, Spain). The studies were approved by the Hospital
Ethics Committee and conformed to the latest revision of the
Declaration of Helsinki. All subjects gave informed consent to
participate. Collection criteria of serum samples have been
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reported elsewhere.’® We used serum pools from 16 healthy
donors or from 16 Stage 5D CKD patients. Biochemical study of
individual serum samples confirmed the expected characteris-
tics for healthy and uremic serum.’® After individual serum
analysis, samples were then pooled, aliquoted, and stored at
—80°C until use.

Primary Human VSMC Culture

Primary HASMC were obtained from Innoprot (Derio, Spain) and
cultured as described.’® Confluent cells were treated with me-
dium supplemented with 20% of control or uremic human se-
rum for the indicated period of time. When applicable, the
Kv1.3-specific inhibitors 5-(4-phenoxybutoxy) psoralen (PAP-1,
Sigma-Aldrich) and margatoxin (MgTx) were used at 100 nM*>??
and 10 nM,* respectively. All experiments were performed us-
ing cells between Passages 3 and 5.

Organ Culture of Human and Mouse Arteries

Human mammary arteries (hMAs) belonging to the COLMAH
collection (COLeccion de Muetras Arteriales Humanas, https://
www.redheracles.net/plataformas/en_coleccion-muestras-arter
iales-humanas.html) were obtained from donors undergoing
heart bypass surgery at the Clinic Hospital of Valladolid after
written informed consent. The procedures were approved by
the Hospital Ethics Committee according to the Helsinki
Declaration. Mouse aortas (mAs) were obtained from Kv1.3+/+
(WT) and Kv1.3 knockout mice (Kv1.3—/-) from Jackson
Laboratory. Mice were maintained by inbreeding crossing and
housed under controlled conditions and free access to water
and food in the animal facility of the School of Medicine of
Valladolid. Procedures were approved by the Institutional Care
and Use Committee of the University of Valladolid, in accor-
dance with the European Community guiding principles regard-
ing care and use of animals (Directive 2010/63/UE).

Human and mouse arterial rings were incubated in MEM cul-
ture medium (Gibco) with penicillin-streptomycin (100 U/mL
each), 5 pg/mL Fungizone, and 2 mmol/L-glutamine at 37°C in
5% CO, humidified atmosphere as previously described.?® To in-
duce calcification (positive control), rings were placed in 20%
FBS with 2.5 mM phosphate (Na,H,PO4/NaH,PO4, 2:1, ph7.4).
The experimental conditions used were 20% of control or ure-
mic human serum in the absence or presence of 100nM PAP-1
as indicated in each experiment. Sequential sections of the
same artery were used for the different experimental condi-
tions. Media was refreshed every 2 days, and after 10 days in
culture, rings were fixed with 4% formaldehyde.

Mouse Model of CKD

C57BL/6 mice were kept in a room at 22°C with a 12:12 h light:-
dark cycle and had free access to water and standard rodent
chow. Mice with subtotal nephrectomy (5/6 model of CKD) were
generated as previously described.?® Total RNA was extracted
from aorta using TRIZOL reagent (Life Technologies). The use of
live animals was approved by Comité d’éthique en
Expérimentation Animale Charles Darwin—CEEACD, Paris,
France, and conducted in accordance with European Union
guidelines (European Directive, 2010/63/UE).

Quantification of Gene Expression

Total RNA was purified from cultured HASMC using a commercial
kit (Total RNA Spin Plus, REAL). Ion channel subunit transcription
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profiling was performed using a TaqMan® low-density array
(Applied Biosystems) containing a user-defined collection of 92
test and three housekeeper genes (Table S1) as described previ-
ously.””?® Each gene was included in duplicate. Expression of
KCNA3 (encoding Kv1.3) was further confirmed by conventional
gPCR using a specific Tagman probe.'® Relative quantification was
performed using the AACt method.?® Two-way hierarchical ag-
glomerative clustering was performed as described.?”’

Patch-Clamp Recordings

HASMC ionic currents were recorded at room temperature using
whole-cell patch-clamp as described.”” Borosilicate glass patch
pipettes were pulled to a resistance of 2-5 MQ when filled with
the internal solution (in mM: 10 HEPES, 125 KCl, 4 MgCl,, 10
EGTA, 5 MgATP, pH 7.2). The bath solution contained (in mM): 10
HEPES, 141 NaCl, 4.7 KCl, 1.2 MgCl,, 1.8 CaCl,, 10 glucose, pH 7.4.
Whole-cell currents were recorded using an Axopatch 200 patch-
clamp amplifier, filtered at 2 kHz (—3 dB, four-pole Bessel filter),
and sampled at 10 kHz. Recordings were digitized with a Digidata
1322A interface, driven by CLAMPEX 10 software (Molecular
Devices). Current-voltage relationships were obtained from a
holding potential of —80 mV by applying 2 s ramp depolarisations
from —60 to +120 mV, every 10 s. Cell capacitance was calculated
by integrating capacitive currents elicited by 10 mV hyperpolariz-
ing pulses. Results are expressed as current density (pA/pF).

Cell Proliferation

HASMC proliferation was assessed by 5-ethynyl-2'-deoxyuri-
dine (EAU) incorporation using a commercial kit (Click-iT® EAU,
ThermoFisher Scientific) as described.'®* Cells were incubated
with 10 uM EdU and treated with control or uremic serum for 1,
6, 12, or 24 h and then fixed with 4% formaldehyde. Cell nuclei
were counterstained using Hoechst 33342 (ThermoFisher
Scientific). Quantification of EAU-positive nuclei was performed
in 15 random fields.

Cell Migration

HASMC migration was examined as described.'® Briefly, cells
were grown to confluence in 35 mm dishes with a silicon insert
that separates two chambers (Ibidi GmbH) and treated with con-
trol or uremic serum for 48 h. The insert was then removed and
culture medium changed to serum-free DMEM to prevent cell
proliferation. Images were collected at 24, 48, 72, and 120 h after
removal of the insert and analyzed using Image] (National
Institutes of Health).*

Calcification

Cells were treated with control or uremic serum for 1 or 5 days,
fixed in 10% formalin, washed, and stained with 1% alizarin red
(Sigma-Aldrich) to detect deposition of calcium phosphate crys-
tals.’® Cells were then dissolved in 10% acetic acid and dye con-
centration was quantified by absorption at 450 nm and
normalized to protein content measured using the bicincho-
ninic acid method (BCA assay kit, Sigma-Aldrich).

Rings in organ culture (hMA and mA) were fixed and
paraffin-embedded to obtain 7 pm sections, which were stained
using Alizarin red (2%) for 4-5 min. To measure calcification 34
microphotographs from each ring were acquired from a Nikon
Eclipse 90i microscope using a Nikon CCD camera. The percent-
age of alizarin red-stained area was analyzed using the Image]J
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Figure 1. Relative mRNA Abundance of lon Channels Genes in VSMCs (HASMC).
HASMC were cultured in 20% control serum for 5 days. Expression levels were
normalized to GAPDH and expressed as 2" x 10° where ACt = Ct(gene) —
Ctcarpn)- Each bar is the mean of three independent samples analyzed in
duplicate.

(Fiji) software. Both image selection and analysis were per-
formed in a blind manner.

Statistical Analysis

Data were plotted and analyzed using Origin (OriginLab Corp.,
Northampton, MA, USA), Prims5 (GraphPad) and R software.
Pooled data are expressed as mean * SEM, and P-values < 0.05
were considered as significantly different.

For comparisons between two groups with normal distribu-
tion, Student’s t-test, for paired or unpaired data as required,
was used to determined P-values, otherwise, Wilcoxon-Mann-
Whitney (MMW) test (for paired or unpaired data) was applied.
For comparisons among several groups, one-way
ANOVA (ANalysis Of VAriance) followed by Tukey’s test was
employed in the case of normal distributions and equal varian-
ces; alternatively, Kruskal-Wallis analysis followed by Dunn’s
test was used. Shapiro-Wilk test and Bartlett’s test were used to
test normality and homogeneity of variances, respectively.

Results

Uremic Serum Induces Remodeling of Ion Channel
Subunit Expression in HASMC

In order to obtain a global picture of ion channel subunit expres-
sion remodeling during uremia-induced HASMC phenotypic
change, we used low-density TagMan array analysis to study

the expression of 92 ion channel subunit genes (Table S1).
Genes tested included K" channels, voltage-dependent Ca®"
channels (Cav), epithelial Na* channel (ENaC), Cl~ channels,
and TRP channels. We detected expression of 60 genes, whose
identity and relative abundance are shown in Figure 1. Genes
expressed under control conditions included 2 Cl~ channel sub-
units (CLCN3 and CLCA2); 8 different subunits of inward-
rectifier K* channels (Kp); 3 two-pore domain K" channels
(K2P), with highest expression of TREK1 and TWIK1; 7 members
of the Ca®*-activated K channels, K(Ca), with larger expression
of SK4 and several subunits of the large-conductance Ca®"- and
voltage-activated K channel (BK o subunit and accessory subu-
nits B1 and B4); 7 different voltage-dependent K* channel (Kv) B
subunits, with prominent expression of KCHIP3, Kvp1, and
Kvp2; 16 different Kv o subunits, with highest expression of
Kv7.5, Kv4.1, and Kv4.2; 12 TRP channels; 3 Cav, with high ex-
pression of Cav1.2; and 2 ENaC subunits, o and &.

Changes in uremic serum-treated cells were explored with
two methods, hierarchical clustering and gene expression dif-
ferences. Two genes not initially detected in control cells, Kv1.3
(KCNA3) and the 32 subunit of the BK channel (KCNMB2) were
detected under uremic conditions. To be able to incorporate
these two genes into our analysis we arbitrarily set a Ct value of
40 under control conditions, which will tend to underestimate
the differences between conditions. Two-way hierarchical clus-
tering allowed us to group samples following similarities in
their expression pattern (Figure 2). We identified two clusters.
Cluster A includes genes more robustly expressed in control
samples: K(Ca) channels SK2 and SK4; Ky channel subunits
KvB1, Kv1.6, and Kv7.5; and TRP channel TRPM7. Cluster B con-
tains genes more abundant in uremic serum-treated samples:
chloride channel CLCA2; K;z channel subunits SUR2, Kir2.1,
Kir3.1, and Kir6.1; K2P channels TWIK1, TREK1, and TASK1; BK
channel «, B1, and B2 subunits; Ky channel subunits MIRP2,
Kv1.3, Kv4.2, and Kv9.1; TRP channels TRPM3, TRPC4, and
TRPC6; and the o subunit of ENaC.

To discern whether expression patterns reflect significant
associations we studied for each gene the differences in expres-
sion between control and uremia. Five days incubation of
HASMC with uremic serum-induced statistically significant
changes in 17 genes (Figure 3). There was increased expression
of the Ca?"-activated Cl~ gene CLCA2, Kir6.1, K2P channels
TREK1 and TASK1, BK f1, B2, and B4 (with a particularly large
change in B2), Ky accessory subunit MIRP2 and o subunits 1.3,
4.2, and 9.1, TRPC4 channel and the ENaC « subunit. Uremic se-
rum reduced expression of K(Ca) channels SK2 and SK4, Kv7.5,
and TRPM7 channel (Figure 3).

Kv1.3 Expression Is Altered in the Aorta of a Mouse
Model of CKD

Out of the genes modulated by uremic serum, we focused on
Kv1.3. Upregulation of Kv1.3 channels has been previously asso-
ciated with proliferation and phenotypic modulation of
VSMC.?>?7:32 Although our low-density Tagman array suggested
a “de novo” expression of Kv1.3 under uremic conditions, the
expression of this channel has been previously reported in hu-
man VSMC cultures.? Using a Kv1.3 Tagman probe and conven-
tional qPCR with increased amount of cDNA we were able to
detect Kv1.3 expression in control HASMC cultures, which was
increased by approximately 10-fold in uremic serum-treated
cells (Figure 4A). Association of Kv1.3 with CKD was tested in
aorta samples obtained from a mouse model of subtotal (5/6)
nephrectomy. Kv1.3 expression in aorta of CKD animals was 10-
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Figure 2. Two-Way Hierarchical Agglomerative Clustering of Ion Channel
Subunit Expression in HASMC. The analysis was applied to the 62 genes
expressed in HASMC and to three samples treated with control serum (C1 to C3)
and three samples treated with uremic serum (U1 to U3). ACt values for each
gene and sample were used as input data. A color scale ranging from bright
green (lowest) to bright red (highest) represents expression levels for each gene
and sample. The length of tree branches is proportional to the correlation of the
gene expression pattern. A and B denote the groups of genes most relevant for
clustering.
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Figure 3. Significantly Altered Ion Channel Subunit Abundance in Cells after
Incubation with Uremic Serum. HASMC were cultured in the presence of 20%
control or uremic serum for 5 days. Expression changes are expressed as fold-
change abundance normalized to GAPDH using the AACt method, in HASMC cul-
tured in uremic serum compared to cells cultured in control serum. Open bars
represent increased expression in uremic serum; black bars represent decreased
expression in uremic serum. Bars are the mean *= SEM of three independent
samples analyzed in duplicate. Student’s t-test; *P < 0.05; **P < 0.01; **P < 0.001.
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Figure 4. Kv1.3 Channel Abundance Is Upregulated by Uremic Serum in HASMC
and in the Aorta of a Mouse Model of CKD. Relative mRNA abundance of Kv1.3
(A and B) and Kv1.5 (C and D) in control or uremic serum-treated HASMC and in
aorta from sham-operated and subtotal nephrectomy (5/6 model of CKD) mouse
groups. Bars represent mean + SEM (N=6). mRNA abundance normalized to
GAPDH (HASMC samples) or to HPRT (mouse CKD samples) was calculated as
27AACt *P < 0.05; **P < 0.01; Student’s t-test.

fold higher than in sham-operated controls (Figure 4B). Given
that the relative ratio of Kv1.3 and Kv1.5 controls proliferation
in glial cells and VSMC,** we studied Kv1.5 expression both in
HASMC and CKD animals. Our results showed that Kv1.5 ex-
pression was unaffected by uremic serum (Figure 4C) or in the
CKD mice (Figure 4D). Therefore, the ratio of Kv1.3/Kvl5 is
prominently increased by uremia.

Uremic Serum Decreases BK and Total Kv Current
Density but Increases the Proportion of Kv1.3-Carried
Outward Current

We next explored whether uremia-induced changes in mRNA
ion channels expression correlated with changes in the
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Figure 5. Effects of Uremic Serum on Potassium Current Density. Representative
current-voltage (I-V) relationship from patch-clamp recordings obtained in
whole-cell configuration from control (A) or uremic serum-treated (B) HASMC
before (control traces) and after addition of the indicated inhibitors. Traces were
obtained from 2 s depolarizing ramps from —60 to +120 mV. In both cases, the
PAP-sensitive fraction of the current was obtained by subtracting the current in
the presence of PAP-1 from the current in the presence of paxilline. Individual
data points and boxplots showing cell capacitances of control and uremic se-
rum-treated cells are shown in the inset. (C) Individual data points and boxplots
showing total K™ current density in HASMC exposed to control or uremic serum.
The boxplot range goes from percentile 25 to 75 and wiskers indicate the 5-95
range. Median is represented as a line and media value is shown with an X sym-
bol. N=9-13 individual cells from at least three independent experiments.
P <0.01; MMW test. (D-G) Individual data points and boxplots of the current
density carried by BK channels (paxilline-sensitive, D), Kv2 channels (TEA-sensi-
tive, E), Kv1 channels (correolide-sensitive, F), and Kv1.3 channels (PAP-1-sensi-
tive, G) in HASMC exposed to control (black dots) or uremic serum (red dots).
Boxplot representation is as in (C). N=4-10 cells from at least 3 independent
experiments. *P < 0.05; **P < 0.01; MMW test. (H) The bar plots show the fraction
of total Kv1 current carried by Kv1.3 channels. Mean * SEM (N =6-7). *P <0.05;
Student’s t-test.

functional expression of the channel proteins. We explored to-
tal K*, BK, and Kv current densities using whole-cell patch-
clamp (Figure 5). Total K* current density was significantly de-
creased by uremic serum (Figure 5C). BK current density (the
paxilline-sensitive fraction of outward current®), decreased by
3.2-fold in uremic serum-treated cells (Figure 5D). Both
correolide-sensitive current density (Kv1) and 5-(4-phenoxybu-
toxy) psoralen (PAP-1)-sensitive current density (Kv1.3) were
significantly smaller in HASMC exposed to uremic serum
(Figure 5F and G). The contribution of Kv2 and Kv3 channels,
identified using 20 mM TEA, also decreased under uremic se-
rum, although the difference was not statistically significant
(Figure SE). However, the fraction of Kv1 currents carried by
Kv1.3 increased with uremic serum (Figure 5H), suggesting a
larger role for this channel in phenotypically altered HASMC.
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Figure 6. Effects of Kv1.3 Pharmacological Inhibition on HASMC Proliferation. (A)
Quantitative analysis of HASMC proliferation. Only 20% FBS-induced prolifera-
tion was expressed as the percentage of EAU positive (EQU") cells after 6h incu-
bation. Experimental conditions included the negative control (0% FBS) and the
inhibitory effect of PAP-1 (100 nM) and margatoxin (MgTx, 10 nM) on 20% FBS-in-
duced proliferation. Each bar represents mean *+ SEM of 3-4 independent experi-
ments performed in duplicate. Data were analyzed using one-way ANOVA
followed by Tukey'’s test. ***P < 0.001 vs 20% FBS. (B) Representative micrographs
of EdU incorporation in HASMC exposed for 24 h to control or uremic serum in
the presence or absence of Kv1.3 inhibitor PAP-1. Nuclei were counterstained
with Hoechst 33342 dye. (C) Percentage of EQU™ cells at the indicated time points
after addition of control or uremic serum with or without 100 nM PAP-1. Each
data point represents mean * SEM (three independent experiments performed
in duplicate). Data were analyzed using one-way ANOVA followed by Tukey’s
test. *P < 0.05 vs control; #P < 0.05 vs uremic serum. (D) PAP-1-sensitive fraction
of EdU incorporation in HASMC treated with control or uremic serum for the in-
dicated period of time.

Kv1.3 Contribution to HASMC Proliferation, Migration,
and Calcification under Uremic Conditions

Given the well-established role of Kv1.3 on VSMC proliferation®*
and the increased contribution of this channel to outward K*
currents in HASMC after uremic serum treatment (Figure 5), we
investigated whether pharmacological inhibition of the channel
with PAP-1 alters proliferation under uremic conditions. To en-
sure the specificity of PAP-1, we compared its effects on HASMC
serum-induced proliferation with margatoxin (MgTx), a struc-
turally and mechanistically unrelated Kv1.3 inhibitor. Both
inhibitors reduced serum-induced HASMC proliferation to the
same extent (Figure 6A). When cells were exposed to human
control serum, Kv1.3 inhibition significantly decreased prolifer-
ation at all time points tested (Figure 6B and C). The effect of
PAP-1 was also apparent in HASMC treated with uremic serum
(Figure 6B and C). PAP-1 inhibitory effect was significantly larger
in HASMC exposed to uremic conditions at all time points ex-
plored (Figure 6D). This result indicates that the contribution of
Kv1.3 to HASMC proliferation is larger under uremic conditions,
consistently with a larger contribution of this channel to Kv1
currents detected in this study.

Our previous characterization of the HASMC model showed
that uremic serum potently decreases cell migration.’® We used
PAP-1 inhibition to test the contribution of Kv1.3 to cell migra-
tion and whether this contribution is modified by uremic se-
rum. PAP-1 reduced cell migration up to 50% of the control
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Figure 7. Effects of Kv1.3 Inhibition on HASMC Migration. (A) Representative
micrographs of HAMSC pretreated for 24 h with control or uremic serum in the
presence or absence of 100 nM PAP-1 and placed on serum-free medium to as-
sess cell migration. Pictures were taken at the time of silicon insert removal
(t=0) or after 120h. Boxed area indicates the original place of the silicon insert.
(B) Graph represents mean (=SEM) percentage invaded area at the indicated
time points and conditions (three independent experiments performed in tripli-
cate). One-way ANOVA followed by Tukey's test; *P<0.01; **P<0.001;
P <0.0001. (C) PAP-1-sensitive fraction of cell migration in HASMC treated
with control or uremic serum for the indicated period of time.

(Figure 7A and B), suggesting a strong dependence of HASMC
motility on Kv1.3 function. Cell migration in the presence of
uremic serum was drastically reduced, as previously de-
scribed,'® with Kv1.3 inhibition further reducing the ability of
HASMC to cover the scar by only 15%-20% (Figure 7C).

The possible role of Kv1.3 on uremia-induced calcification
was tested by incubating cultured HASMC with control or ure-
mic serum in the presence or absence of PAP-1 for 1 or 5 days.
Addition of PAP-1 did not affect basal calcium deposition under
control conditions. Treatment of cells with uremic serum in-
duced the expected calcification, which was significantly de-
creased in cells simultaneously treated with PAP-1 at both time
points tested (Figure 8).

Effect of Kv1.3 Blockade or Deletion on Uremia-Induced
Calcification on Human and Mouse Vessels in Organ
Culture

Finally, we used an ex vivo organ culture model to explore the
effect of Kv1.3 on uremia-induced calcification in human and
mouse vessels. First, we study the effect of the pharmacological
blockade of Kv1.3 with PAP-1 on hMA in organ culture. Vessels
were incubated for 10 days with control or uremic serum in the
absence or presence of PAP-1. Incubation with 20% FBS medium
plus 2.5 mM phosphate (Pi) to induce calcification® was used as
positive control. Alizarin red staining revealed that uremic
serum-induced calcification was inhibited by the addition of
PAP-1. PAP-1 showed no effect on calcification under control
serum conditions (Figure 9A). Then, we study the effect of ge-
netic deletion of Kv1.3 using a Kv1.3 knockout mouse model
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Figure 8. Pharmacological Inhibition of Kv1.3 Channels Reduces Uremia-
Induced HASMC Calcification. (A) Representative images of Alizarin Red stained
HAMSC treated for 24 h or 5 days with control or uremic serum in the presence
or absence of 100 nM PAP-1. (B) Quantitation of calcium phosphate deposition
by Alizarin Red staining. Each data point represents mean + SEM absorbance at
450 nm normalized by the total amount of protein for the indicated day of treat-
ment (three independent experiments, with four replicas per condition in each
experiment). Values were compared using Kruskal-Wallis test followed by
Dunn’s multiple comparisons test. *P < 0.05 control vs uremic serum; #P <0.05
Vs uremic serum.

(Kv1.3—/-). Aorta arteries from WT and Kv1.3—/— mice were
also incubated for 10 days with control and uremic serum.
Alizarin staining showed increased calcification in arteries
treated with uremic serum from WT mice while arteries from
Kv1.3—/— mice were protected from this effect (Figure 9B).

Discussion

Here we studied the effect of serum from uremic patients on
the expression of a large panel of ion channel subunits using a
previously characterized in vitro human VSMC model.*® The
most dramatic changes were the induction of BK channel 32
regulatory subunit and Kv1.3 expression. Kv1.3 channel has
been previously characterized as a key player in the phenotypic
modulation of VSMC towards a proliferative phenotype.?’
Following this result, we found that the fraction of Kv1 current
carried by Kv1.3 increased in HASMC exposed to uremic serum
and that this channel has a larger role in the proliferation of
that group compared to control. Most importantly, inhibition of
Kv1.3 decreased uremia-induced calcium phosphate deposition
both in cultured VSMC and also in a more physiological model,
cultured human artery rings. Altogether, these data highlight
Kv1.3 channels as a new therapeutical target to prevent uremia-
induced calcification associated with CKD. Interestingly, this
new target could also improve CKD associated cardiovascular
disease, as Kv1.3 blockers are able to prevent intimal hyperpla-
sia in human vessels.”®
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Figure 9. Effects of Pharmacological Inhibition or Genetic Deletion of Kv1.3 on
Uremia-Induced Artery Calcificacion in Organ Culture. (A) Representative
images of hMA sections kept in organ culture for 10 days in 20% FBS with 2.5
mM phosphate (Pi, positive control) or in 20% control or uremic serum in the ab-
sence or presence of 100 nM PAP-1. Bars show the average percentage of alizarin
red-stained area (mean + SEM) measured in four different arteries. **P < 0.001
and ** P <0.01 compared with control serum. (B) Representative images of mAs
from Kv1.34/+ (WT) and Kv1.3—/— mice kept in organ culture for 10 days in 20%
control or uremic serum. Bars show average percentage of stained area (mean *
SEM) in three arteries. *P < 0.05 compare with control serum.

Uremia-Induced Upregulation of Kv1.3 Channels

The Kv expression profile in HASMC is complex, with several
subfamilies present at high levels, consistently with previous
reports.?”** This profile was relatively unaffected by uremia,
with several exceptions, notably the upregulation of Kv1.3.
Alteration of Kv1.3 expression during transition from contractile
to proliferating phenotype has been previously described.?>%”:32
Kv1.3 can modulate cell proliferation by several alternative
mechanisms, including (1) controlling membrane potential and
thus the driving force for Ca®* entry; (2) acting as a voltage sen-
sor that transduces membrane potential into biochemical sig-
nals®; (3) altering the channelosome balance relatively to Kv1.5
expression.®? The last two mechanisms have been linked to in-
creased VSMC proliferation after injury. In our in vitro model,
uremia-induced expression of Kv1.3 without changes in Kv1.5
mRNA.?> This result was confirmed in the aorta of a mouse
model of CKD. Since endothelial cells have low or negligible ex-
pression of Kv1, the strongly upregulated Kv1.3 signal detected
in our experiment is most likely due to VSMC. In fact, gene ex-
pression studies in CKD mouse models demonstrated that ure-
mia directly results in phenotypic modulation of aortic SMCs,
leading to a reduction in contractile phenotype markers and
vascular contractility.’” Our results showing an increase in the
Kv1.3 to Kv1.5 ratio are consistent with uremia-induced pheno-
typic modulation.?>* This suggests that modified Kv1.3 expres-
sion could be an early alteration during the evolution of CKD. In
addition, the proportion of total Kv1 current carried by Kv1.3 in
HASMC increased, strongly suggesting that the aforementioned

mechanisms could play a role during uremia. Consistently, our
data show that Kv1.3 blockade inhibits HASMC proliferation
both under control and uremic-serum treatment. Remarkably,
although uremia does not have significant effects on cell prolif-
eration, the contribution of the Kv1.3 channels is larger when
the uremic serum is used as stimulus (Figure 6).

The VSMC phenotypic switch is also characterized by Kv1.3-
regulated increase in cell migration.”®?’ In our model, uremic
serum strongly reduces cell migration and the relative contribu-
tion of Kvl1.3 under these conditions is time dependent
(Figure 7). Control cells migrate enough after 120 h to
completely fill up the wounded area in the scratch assay, and
this response is heavily dependent on Kv1.3 activity (~50%). On
the contrary, uremic serum-treated cells barely recover ~15% of
the wounded area, and such effect is almost Kv1.3 insensitive in
spite of having higher levels of Kv1.3 expression. It is interesting
to point out that uremic serum has an almost opposite effect on
the role of Kv1.3 channels in proliferation and migration, indi-
cating the presence in the uremic serum of some yet unidenti-
fied factors that counteract Kv1.3 effects on migration.

Additionally, our data showed that Kv1.3 inhibition partially
reverts uremia-induced calcification in HASMC and more re-
markably, in cultured hMA rings. The role of Kv1.3 in this pro-
cess is endorsed when uremia-induced calcification is studied
in a Kv1.3—/— mouse. Uremic serum induces calcification in cul-
tured WT aorta rings, but this effect is absent in aorta rings
from Kv1.3—/—. These results validate Kv1.3 as potential thera-
peutic target against calcification, and consolidate the general
notion that targeting Kv1.3 can be used in a number of different
human pathologies.?#°

Mechanisms of Kv1.3 Channel Effects in Uremia

Calcification is a highly complex and regulated process that
implicates both apoptosis/necrosis of VSMC’® and the switch
to an osteochondrogenic phenotype.*'®"? We previously
detected a moderate increase in necrosis and apoptosis when
HASMC was treated with uremic serum.* In addition, uremia
induced a clear upregulation of molecular markers of osteo-
chondrogenic differentiation,’® suggesting that both mecha-
nisms play a role in calcification. Inhibition of mitochondria-
associated Kv1.3 has been shown to induce apoptosis in glio-
blastoma cells,* although it is unclear whether this phenome-
non also applies to VSMC. A different type of Kv, Kv7.3, has
been recently implicated in osteoblast differentiation and min-
eralization.*? However, expression of Kv1.3 has not been
reported in osteoblasts or chondrocytes, nor any contribution to
phosphate transport or mineralization, although this does not
rule out the possibility that the channel may contribute to the
transdifferentiation process.

Phenotypic modulation of VSMC seems to be a prerequisite
for uremic calcification. Among the signaling pathways which
contribute to the proliferative, migratory, and secretory pheno-
type of VSMC, PI3K/AKT, and MEK/ERK pathways have been
reported to be involved in multiple VSMC preparations, both
in vivo and in vitro. We have previously described that MEK/
ERK signaling pathway is involved in Kv1.3 induced VSMC pro-
liferation, as Kv1.3 effect on proliferation can be inhibited by
Kv1.3 blockers and MEK blockers, being these effects non-addi-
tive.>® There are evidences supporting a critical role of MEK/ERK
activation in vascular calcification in CKD,*® so that the effects
of Kv1.3 on uremic calcification could be mediated by Kv1.3-
induced pERK activation.
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In any case, there is a big number of putative toxins in the
uremic serum** that could be responsible for Kv1.3 upregulation
and that could differentially modulate the signaling pathways
in which channels are involved (proliferation, migration, calcifi-
cation). Dissecting the candidates would be relevant, not only
from a translational perspective, but also as a way of defining
more precisely the molecular mechanisms involved in Kv1.3
function in the vascular wall.

Uremia-Induced Changes in Other Ion Channels
Expression

BK channels couple cytosolic Ca" signaling with the control of
membrane potential, constituting a key regulatory mechanism
in smooth muscle contraction.** Our transcriptional profiling
detected uremia-induced increased abundance of the BK regula-
tory 8 subunits, particularly a 15-fold increase in B2, without
changes in the pore-forming o subunit. £22 induces inactivation
of BK channels,***” which is consistent with the detected de-
creased in paxilline-sensitive current density. Moreover, as BK
channels do not contribute to human VSMC proliferation,*® we
did not explore the role of this channel any further.
Transcriptional profiling also revealed decreased abundance of
K(Ca) channel subunits SK2 and SK4. While they are abundant
and highly relevant in endothelial cells, the expression and
functional relevance of SK1-3 channels in VSMC are unclear.*®
In contrast, SK4 upregulation has been previously implicated in
the control of VSMC proliferation both in vivo and in vitro.?>%”+4?
Downregulation of SK4 expression in cells treated with uremic
serum could fit our previous report showing that uremic serum
induces severe changes in cytosolic Ca®" handling, with loss of
receptor-operated responses and depletion of intracellular
stores.’® Blockade of SK4 leads to decreased VSMC proliferation
and migration.***° However, inhibition of VSMC proliferation by
SK4 blockers in human VSMCs does not potentiate the effect of
Kv1.3 channel blockers, suggesting the contribution through
some common effectors to ensure proliferation upon pheno-
typic modulation.*® Consistently with those previous observa-
tions, here we found that uremic serum (which simultaneously
upregulates Kv1.3 and downregulates SK4) does not affect the
overall proliferation rate of HASMC but increases the Kv1.3-
dependent fraction.

Regarding Cav channels, injury to the vascular wall typically
induces a phenotypic modulation from contractile to a prolifer-
ative state accompanied by loss of L-type channels and in-
creased expression of T-type channels,” although this is not
detected in all preparations.?’ In HASMC, uremia did not alter
expression or induced other types of Cav, suggesting that this
treatment does not bring a classic proliferative state. This idea
is further supported by the lack of clearly enhanced expression
of the TRPC family of ion channels or upregulation of SK4 in
uremic serum-treated HASMC, opposite to what has been de-
scribed in the classical switch between contractile and prolifera-
tive phenotypes.>*

Concluding Remarks

The uremic serum from patients with reduced kidney function
modulates the phenotype of VSMCs and promotes vascular cal-
cification a condition strongly associated with cardiovascular
risk. Several molecules of uremic serum have already been
linked to vascular calcification but the complexity of this milieu
suggests that there is not a single molecule implicated in this
complex process.** Deciphering the mechanisms and key
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elements involved in this phenomenon will provide valuable in-
formation to reduce the cardiovascular risk linked to CDK.

Our results showed that uremic serum-induced ion channel
expression remodeling in HASMC is distinct from the remodel-
ing accompanying the phenotypic modulation from contractile
to proliferative phenotypes. Some of these changes, together
with the previously described loss of receptor-operated cyto-
solic Ca®" signaling,'® are consistent with a loss of excitability.
Most importantly, enhanced expression of Kv1.3 mRNA led to
increased function of this channel, which, in addition to its role
in cell proliferation and migration, also appears to be implicated
in uremia-induced calcification. Additional studies are needed
to understand the mechanisms linking Kv1.3 to cell calcification
and whether this process is relevant in vivo.
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