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INTRODUCTION 

  









 INTRODUCTION 

1.1. The Cardiovascular System 



 INTRODUCTION 

rich sympathetic innervation and can contract or relax. 

 

T

thin media of 

smooth muscle and collagen, and an adventitia. They 

1.1.1.The Vascular Wall 



 INTRODUCTION 

Figure 1.1. Schematic description of an elastic artery composed of three layers: intima, media 
and adventitia, with different distributions of endothelial cells and collagen, elastic and 
smooth muscle fibers. (Principles of Anatomy and Physiology by J. Tortora, 2007. John Wiley 
and Sons, Inc). 
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1.2. Vascular Smooth Muscle Cells 



 INTRODUCTION 



 INTRODUCTION 

cytosolic Ca2+ concentration 

β
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Figure 1.2. Pathways mediating vasoconstriction (A) and vasodilatation (B) in VSMC. 
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1.2.2. Ion Channels in VSMCs 



 INTRODUCTION 

Figure 1.3. Structure of K
+
 channels. V: voltage sensor domain; P: pore region; N: N-terminus; C: C-

terminus. A) voltage gated potassium channel (Kv). B) Large conductance (BKCa) and intermediate 

and small conductance (IK/SKCa) calcium activated potassium channel. C) Inward rectifier (KIR). KIR 

subunits assemble with sulphonylurea receptors (SUR) to form KATP (ATP sensitive) potassium 

channels. D) Two pore domain potassium channels (K2P). 
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1.2.3. Ion Channels Involved in the Phenotypic Modulation of VSMCs 



 INTRODUCTION 



 INTRODUCTION 

Figure 1.4. Previous results of our group in two proliferative models of mouse VSMCs. The brown 
sphere shows expression changes in vitro, whilst the blue sphere represents changes in vivo. The 
intersection shows those changes that are common to both models. 
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Figure 1.5. A) Relative abundance of Kv1.3 and Kv1.5 in 3 different vascular beds in both contractile 
and proliferative phenotypes. The bars plot shows the Kv1.3:Kv1.5 ratio expressed as log (2–∆∆Ct), 
where ∆∆Ct was ∆CtKv1.3–∆CtKv1.5. A value of 0 indicates a Kv1.3:Kv1.5 ratio of 1, a value of –2 
denotes Kv1.5 expression levels 100 times higher than Kv1.3, and a value of +2 Kv1.3 expression 
levels 100 times higher than Kv1.5. B) Averaged data showing the fraction of the total Kv current 
represented by Kv1.5 currents (DPO sensitive) and Kv1.3 currents (PAP-1 sensitive) in contractile vs 
proliferative VSMC from femoral and mesenteric arteries.  (Cidad et al., 2012). 
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Figure 1.6. Previous data from our group showing A) Proliferation rate (EdU incorporation) of 
coronary  (hCA), uterine (hUA) and renal (hRA) arteries and saphenous vein (hSV) from human 
VSMCs. After a 48 h incubation in serum-free (SF) media, cells were kept during 30 h in SF or in the 
presence of 5 % FBS alone or in combination with 10 nM MgTx (MgTx) or 100 nM PAP-1 (PAP-1).  
B) Kv1.3:Kv1.5 ratio in the four human vascular beds, both in contractile (striped bars) and 
proliferative (gray bars) phenotype (Cidad et al., 2014). 
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1.3.1. Structure of Kv channels 



 INTRODUCTION 

Figure 1.7. Representation of the three conformations of a Kv channel. Blue boxes represent the 
transmembrane domains, yellow spheres are the inactivation domains, and red lines represents the 
pore. A) Kv channel in open state, both the inactivation domains and the pore allow a conducting 
conformation. B) Kv channel in an inactivated state (N-type inactivation), the inactivation gates 
occlude the pore preventing conductance. C) Kv channel in a closed state, the pore gate prevents 
ion flux. 
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1.3.2. Pore and Selectivity Filter of Kv channels  

Figure 1. 8. S5-P-S6 regions forming the central pore of a Kv channel. Adapted from (Pardo & 
Stuhmer, 2014). 
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Figure 1.9. Schematic representation of the mechanism of K
+
 ions (green circles) selectivity and 

transport in a Kv channel. Hydrated K+ ions are in the water-filled cavity of the channel. Eight 

carbonyl oxygen atoms (pink circles) mimic the waters of hydration allowing K+ ions to pass 

through the selectivity filter across the lipid bilayer.  

1.3.3. Voltage Sensor of Kv channels 
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1.3.4. Inactivation Domains of Kv channels 
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 INTRODUCTION 

Figure 1.10. N-type inactivation generally follows activation and involves a cytoplasmic gate on the 

N-terminal domain of the channel subunit (ball and chain mechanism). The gate or ball occludes the 

pore and interacts with a receptor that is likely to reside in the S4-S5 loop and vestibule. C-type 

inactivation can occur from the open state or from the N-type inactivated state. This mechanism 

involves closure of the extracellular mouth of the channel. Some transmembrane domains or 

residues are associated with development of the C-type inactivated state: residues in the 

intracellular mouth of the pore, pore loop, extracellular and intracellular ends of S6 and in the S4 

region have been identified to play a role in C-type inactivation. Adapted from (Rasmusson et al., 

1998). 
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1.3.5. T1 domain of Kv channels  



 INTRODUCTION 



 INTRODUCTION 



 INTRODUCTION 

α

1.3.6. Kvβ subunits 
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1.3.7. Post-translational modifications of Kv1 channels 

Palmitoylation 
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Glycosylation 
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Phosphorylation 
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1.4. Voltage-Dependent K+ Channels Kv1.3 and Kv1.5  
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1.5. Mechanisms involved in the pro-proliferative effect of 

Kv1.3 



 INTRODUCTION 

 

Figure 1.11. The combination of effects related to changes in membrane potential and cell volume 

regulation are necessary for cell cycle progression and require the action of K
+
 channels (Pardo, 

2004).  
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Figure 1. 12. Previous data showing the effects of K
+
 channel blockers or high [K

+
]e on resting VM 

(current-clamp experiments) and on proliferation inhibition (EdU incorporation). (Cidad et al., 
2010). 
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Figure 1.13. Previous results from our group where the effects of different treatments on the PDGF-
induced proliferation of hCA VSMCs is studied. The combined effect of these blockers with 10 nM 
MgTx (dark blue) or 100 nM PAP-1 (light blue) was also explored. Data were normalized to EdU 
incorporation in control conditions. B) Diagram showing the pathways explored and the targets of 
the blockers used. The putative location of Kv1.3 in the proliferative response is also indicated. 
(Cidad et al., 2014). 
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OBJECTIVES
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MATERIALS AND 

METHODS 





 MATERIALS AND METHODS 

3.1. Plasmid construction 



 MATERIALS AND METHODS 

Figure 3.1. pCR4-TOPO-mKv1.3. 

 

pCR4-TOPO-mKv1.3 

  

 pcDNA3-Kvβ2.1 



 MATERIALS AND METHODS 

 

 

 

 

 

 

 

 

 

3.1.1. Reporter Gene Vectors 

dsRED2-IRES 

Figure 3.2. pcDNA3-Kvβ2.1. 

 

Figure 3.3. dsRED2ire. 



 MATERIALS AND METHODS 

Figure 3.5. pmCherry-N1. 

pEGFP-N1 and pEGFP-N3 

pmCherry-N1 

Figure 3.4. pEGFP-N1 and pEGFP-N3. 



 MATERIALS AND METHODS 

3.1.2. Bicistronic Vectors 

dsRED2-IRES-mK1.3 

pCMS-EGFP-hKv1.5 

Figure 3.6. dsRED2-IRES-mKv1.3. 

Figure 3.7. pCMS-EGFP-hKv1.5. 



 MATERIALS AND METHODS 

3.1.3. Fusion Protein Vectors 

pEGFP-N3-mKv1.3 

Table 3.1. Primer pair used to generate pEGFP-N3-mKv1.3. 

 

pEGFP-N1-hKv1.5 

 Primer Sequence (5' to 3')  
(forward and reverse) 

pEGFP-N3-mKv1.3 
  

Figure 3.8. pEGFP-N3-mKv1.3. 



 MATERIALS AND METHODS 

Table 3.2. Primer pair used to generate pEGFP-N1-mKv1.5. 

 

pmCherry-N1-hKv1.3 

Primer Sequence (5' to 3')  
(forward and reverse)

pmCherry-N1-hKv1.3 

Table 3.3. Primer pair used to generate pmCherry-N1-hKv1.3. 

 Primer Sequence (5' to 3')  
(forward and reverse) 

pEGFP-N1-mKv1.5 
  

Figure 3.9. pEGFP-N1-hKv1.5. 

Figure 3.10. pmCherry-N1-hKv1.3. 



 MATERIALS AND METHODS 

3.1.4. Mutant Kv1.3 Vectors 

Pore and voltage sensor mutants 

 

Figure 3.11. Kv1.3 pore and voltage sensor mutants. Mutated residues are shown in pictures. 

 



 MATERIALS AND METHODS 

Step Temperature Time 

Initial Denaturation 

20 Cycles 

Final Extension 

  Primer Sequence (5' to 3')  
(forward and reverse) 

 
pEGFP-N3-

mKv1.3AYA  
 

 
G399A_G

401A 

 

 
pEGFP-N3-
mKv1.3WF 

 
  
W389F 
 

 
 
 
 

pEGFP-N3-
mKv1.3WF3

X 
 

 
R320N 

 
 

L321A 
 
 
 

R326I 
 

 

Table 3.4. Primer pairs used for site directed mutagenesis of Kv1.3 pore and voltage sensor 

mutants. Base pairs from mutated residues are shown in bold. 



 MATERIALS AND METHODS 

Kv1.3 COOH point mutants 

Figure 3.13. Kv1.3 COOH mutants. Mutated residues and their nomenclature are shown in picture. 

Kv1.3 -NFNYFYHRETEGEEQSQYMH-VGSCQHLSSSAEELRKARSNS--TLSKSEYMVIEEGGM 485 

Kv1.5 SNFNYFYHRETDHEEPAVLKEEQGTQSQGPGLDRGVQRKVSGSRGSFCKAGGTLENADSA 576 

       **********: ** :   .  *: .: ..  . :::  *.*  ::.*:   : : ..  

 

Kv1.3 NHSAFPQTPFKTGNSTATCTTNNNPNSCVNIKKIFTDV 523 

Kv1.5 RRGSCPLEKCNVKAKSNVDLRRSLYALCLDTSR-ETDL 613 

      .:.: *    :.  .: .   ..    *:: .:  **: 

Figure 3.12. Clustal alignment of Kv1.3 and Kv1.5 C-terminal domains. 



 MATERIALS AND METHODS 

pmCherry-
N1-hKv1.3 

Primer Sequence (5' to 3')  
(forward and reverse)

T439A 

Y447A 

S459A 
 

S470A 

S473A 

S475A 

Y477A 

T493A 

Table 3.5. Primer pairs designed to generate Kv1.3 COOH mutants. Base pairs from mutated          

residues are shown in bold. 

 

3.1.5. Chimeric Kv1.3-Kv1.5 Vectors 

NH2-COOH Chimeric Vectors 



 MATERIALS AND METHODS 

 

 

Primer Sequence (5' to 3') 
(forward and reverse)

 
pmCherry-N1-K5N3 

 
NH2- Kv1.3 

 
Kv1.5 Backbone 

(w/o NH2-) 

 
pEGFP-N1-K5C3 

 
Kv1.5 Backbone 

(w/o COOH-)  CGGCGATCGCACACAGCGAGCC

 
COOH- Kv1.3 

 
Table 3.6. Primer pairs designed to generate NH2-COOH chimeras. 

Figure 3.14. NH2-COOH chimeric plasmids. 



 MATERIALS AND METHODS 

YS Fragment Chimeric Vectors 

 

 

 

Figure 3.16. pmCherry-N1-K3YS. 

Figure 3.15. Kv1.3 YS fragment inserted (or maintained) to generate YS chimeras. 



 MATERIALS AND METHODS 

Primer Sequence (5' to 3')  
(forward and reverse)

pmCherry-N1-K3YS
 

Table 3.7. Primer pair used to generate pmCherry-N1-K3YS. PmlI and BamHI ends shown in bold. 

Figure 3.17. Schematic representation to generate pmCherry-N1-K3YS



 MATERIALS AND METHODS 

 

 

 Primer Sequence (5' to 3')  
(forward and reverse) 

pEGFP-
N1-K5-
613YS 

 

Table 3.8. Oligos with KpnI and AgeI ends (shown in bold) used to generate pEGFP-N1-K5-613YS 

Figure 3.18. pEGFP-N1-K5-613YS. 



 MATERIALS AND METHODS 

 

Figure 3.19. Schematic representation to generate pEGFP-N1-K5-613YS. 

Figure 3.20. pEGFP-N1-K5-532YS. 



 MATERIALS AND METHODS 

 Primer Sequence (5' to 3')  
(forward and reverse) 

 

pEGFP-N1-
K5-532YS 

 

Table 3.9. Primer pair for overlapping extension PCR cloning to generate pEGFP-N1-K5-532YS. 

Target plasmid complementary sequence is shown in bold. 

 

Step Temperature Time 

Initial Denaturation 

18-22 Cycles 

Final Extension 

SNFNYFYHRETDHEEPAVLKEEQGTQSQGPGL
DRGVQRKVSGSRGSFCKAGGTLENADSARRGS
CPLEKCNVKAKSNVDLRRSLYALCLDTSRETDL

Kv1.5-COOH

532



 MATERIALS AND METHODS 

3.1.6. Lentiviral Vectors 

Figure 3.21.  Simplified schematic procedure of overlap extension PCR cloning used for pEGFP-N1-
K5-532YS chimeric vector. 



 MATERIALS AND METHODS 

 Primer Sequence (5' to 3') 
(forward and reverse)

pSin-EF2-Sox2-Pur-
EGFP 

pSin-EF2-Sox2-Pur-
hKv1.5EGFP 

pSin-EF2-Sox2-Pur-
hKv1.3Cherry 

-

Table 3.10. Primer pairs used to subcloned EGFP, hKv1.5EGFP and hKv1.3Cherry into EcoRI-         
SpeI sites (shown in bold) of pSin-EF2-Sox2-Pur plasmid. 

 

 

Figure 3.22. psPAX2 and pMD2.G plasmids used to produce lentivirus. 



 MATERIALS AND METHODS 

 

 
 

 

 

 

 

 

 

3.2. Cells and Culture 

Figure 3.23. pSin-EF2-Sox2-Pur lentiviral plasmids expressing EGFP, hKv1.5EGFP and hKv1.3Cherry. 



 MATERIALS AND METHODS 



 MATERIALS AND METHODS 

HEK293 
cells 

VSMCs 
(P-STIM) 

239FT Cell 
Line 

bFGF 

EGF 

Insulin 

FBS 

Penicillin 

Streptomycin 

Fungizone 

L-glutamine 

Non-Essential Amino 

Acids (NEAA) 

Geneticin 

Table 3.11. Different media supplements used for HEK293, VSMCs and 293FT cells. 

 

3.3. Drugs 

 

 



 MATERIALS AND METHODS 

 

 

 

3.4. Transfection 



 MATERIALS AND METHODS 

3.5. Lentivirus Production and Titering 

 

3.5.1. Production 

™

 



 MATERIALS AND METHODS 

3.5.2. Titering 

RNA Isolation 

RT and  real time quantitative PCR (qPCR) 

 

 

 

 

 

 

 

 

Figure 3.24. RT protocol. 



 MATERIALS AND METHODS 

 ™



 MATERIALS AND METHODS 

 

Table 3.12. Oligos used to determine lentiviral titer. 

 

Primer Sequence (5' to 3')  
(forward and reverse)

LTRs Oligos

Figure 3.25. Seven 5-fold dilutions fom 10
9
 to 10

4
 copies/µl of pSin-EF2-Sox2-Pur plasmids 

were prepared for plotting the standard curve. 



 MATERIALS AND METHODS 

 

3.6. Lentiviral Vector Transduction 



 MATERIALS AND METHODS 

 

3.7. Coating coverslips with Poly-L-Lysine 



 MATERIALS AND METHODS 

3.8. Proliferation assays 



 MATERIALS AND METHODS 

Figure 3.26. Detection of the incorporated EdU with the Alexa Fluor azide



 MATERIALS AND METHODS 

3.9. Apoptosis assays 

 

3.10. Immunocytochemistry 



 MATERIALS AND METHODS 

Primary Antibody Secondary Antibody 
Antibody Company 

and Cat. No 
Dilution Antibody Company 

and Cat. No 
Dilution 

Table 3.13. Primary and secondary antibodies used for immunocytochemistry assays. 

Image analysis 



 MATERIALS AND METHODS 

3.11. Inmunoblot 



 MATERIALS AND METHODS 

Digestion of glycoproteins with N-glycosidase F  

3.12. Immunoprecipitation 



 MATERIALS AND METHODS 

RFP/GFP-TRAP®_A and Immunoblotting 



 MATERIALS AND METHODS 

 

3.13. Electrophysiological recordings 



 MATERIALS AND METHODS 

Cell-attached patch mode 

Whole-cell mode 



 MATERIALS AND METHODS 

Perforated-patch mode 

Figure 3.27. Illustration of Cell-Attached, Whole-Cell and Perforated-Patch 
configurations. Once a Gigaohm seal is achieved between the patch pipette and the 
cell, single channel recordings are made in the cell-attached mode. If additional 
suction is applied to the seal, whole-cell is gained. Perforated-patch configuration was 
obtained by  adding amphotericin B to the internal solution.  



 MATERIALS AND METHODS 



 MATERIALS AND METHODS 



 MATERIALS AND METHODS 



 MATERIALS AND METHODS 

Table 3.14. Internal and external solutions used for electrophysiology. 

 

3.14. Statistical Analysis 



 MATERIALS AND METHODS 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4 

RESULTS





 RESULTS 

Chapter 4.1. Molecular mechanisms involved in Kv1.3-induced 

proliferation 



 RESULTS 

4.1.1. Validation of the heterologous system HEK293 cells to overexpress 

Kv1.3 and Kv1.5  



 RESULTS 

 

Figure 4.1. Proliferation time course of HEK293 cells explored in untransfected, mock transfected or 
cells transfected with  an empty vector. Each point is the mean±SEM of 5 to 8 experiments, with 4 
to 8 different data points each. 
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 RESULTS 

  

Figure 4.2.A) Proliferation time course of HEK293 cells explored in  cells transfected with plasmids 

expressing voltage-dependent potassium channel (Kv)1.3 (dsRED2ires-Kv1.3) or Kv1.5 (Kv1.5-EGFP). 

Data are normalized for the proliferation of dsRED2ires-transfected HEK293 cells (control; empty 

vector). B) Time course of the doubling rate of HEK293 cells transfected with dsRED2-ires-Kv1.3 and 

dsRED2-ires (control; empty vector). Each point is the mean±SEM of 5 to 8 experiments, with 4 to 8 

different data points each.
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Figure 4.3. TUNEL assays in HEK293 cells transfected with the maximal dose of the plasmid used in 
our studies (1 μg in a 35 mm petri dish). The positive and negative controls were cells treated with 
DNAse and untreated with the terminal deoxynucleotidyl transferase, respectively. Each bar is the 
mean ± SEM of 3-5 independent experiments. 
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Figure 4.4. A) HEK293 cells were transfected with increasing amounts (from 1–250 ng/35 mm dish) 
of Kv1.3 alone (blue symbols) or together with Kvβ2.1 (pink symbols), and both proliferation rate 
(determined by cell counting at 24 hours after transfection) and current density of the transfected 
cells (obtained from the current amplitude elicited in depolarizing pulses to +40mV) were 
monitored. Each current density data point is the average of 3 to 6 cells/culture. The line shows the 
fit of the data to a hyperbolic function (Pmax 170.6%, P0.5 0.57 nA/pF). The inset shows the current 
density obtained in HEK293 cells transfected with different amounts of Kv1.3 without (blue dots) or 
with (fpink dots) Kvβ2.1 subunit. Both groups of data were fitted to linear functions. Each point is 
mean±SEM of 6 to 12 determinations. B) The proliferation rate of HEK293 cells transfected with low 
(5 ng) and high (250 ng) amounts of Kv1.3 alone or in combination with excess of Kvβ2.1 are 
represented in the bars plot. 
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Figure 4.5. A) The effect of treatment with 10 nmol/L MgTx on the proliferation rate was explored 
by cell counting at two different times after transfection (mean±SEM, n=4).  B) Proliferation rate of 
HEK cell transfected with dsRED2-ires vector (control) or dsRED2-ires-Kv1.3 was determined by 
measuring the fraction of cells incorporating EdU reagent after 24 h incubation in serum-free media 
(SF) or with 5% FBS, alone or in the presence of MgTx or 5-(4-phenoxybutoxy) psoralen (PAP-1) 
(mean±SEM, n=4–10). Statistical significance was determined against control cells incubated with 
5% FBS. 
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4.1.2. Kv1.3EGFP fusion proteins as tools to generate Kv1.3 mutant 

channels 
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Figure 4.6. Proliferation assay of HEK293 cells transfected with pEGFP-N3 (empty vector), the 
bicistronic vector dsRED2-IRES-mKv1.3 and the fusion protein vector pEGFP-N3-mKv1.3. Pictures 
represent a random field of each condition, showing the total number of cells in that field (Hoechst) 
versus proliferating cells (EdU+). Each point is mean±SEM of 4 determinations.  
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Figure 4. 7. A) Immunoblot of cell lysates from cultures with anti-Kv1.3 antibody shows a band 
(upper arrow) of the expected molecular weight (in kDa, for the Kv1.3-EGFP fusion protein) and a 
band of higher molecular weight in all cases but in the Kv1.3-AYA expressing cells. Loading control 
(β-actin) of the same membrane is also shown. B) Dark blue bars show average data of Kv1.3 
protein expression normalized to β-actin protein from several inmunoblots as the one shown in A. 
The light blue bars represent averaged fraction of extracellular anti-Kv1.3 labeling obtained from 
confocal images of nonpermeabilized cells as in figure 4.8. C) Immunoblot of cell lysates of Kv1.3 
transfected cells treated overnight with N-glycosidase F. 
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Figure 4.8. Confocal images obtained in HEK293 cells transfected with vectors expressing GFP fusion 
proteins of voltage-dependent potassium channel (Kv)1.3 or the different Kv1.3 mutants. The 
panels show GFP fluorescence (green), labeling of nonpermeabilized cells with an extracellular anti-
Kv1.3 channel (red), the nuclear staining with Hoechst (blue) and the bright field image. 
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Figure 4.9. Protocol of image analysis carried out to estimate the membrane expression (%) of the 
different Kv1.3-GFP constructs used in this work. Color image illustrates a HEK293 cell transfected 
with Kv1.3-GFP (green) and labelled with anti-Kv1.3 (red). The nucleus was stained with Hoechst 
and appears in blue. Binary images are depicted in the right. Bars represent the average results 
(mean ± SEM) obtained in different experiments. Each value was obtained by averaging data from 
several confocal planes of 4 to 7 different cells in each condition. 
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Figure 4.10. A) Representative current traces obtained from the indicated constructs with external 

and internal high-Ki solutions (bath and pipette, respectively) with the voltage protocol shown at 

the bottom. B) Whole-cell current traces from a Kv1.3-transfected cell illustrating K+ currents 

washout on intracellular dialysis with a solution free of K+ (replaced by N-methyl-D-glucamide). 

Trace labeled as t=0 was obtained immediately after breaking the patch. A family of current traces 

after complete dialysis is shown on the right panel (the thicker trace corresponds to the pulse to 

+40 mV). Recording solutions for gating currents.   
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Figure 4.11. A) Resting membrane potential (VM) was measured with the perforated-patch 
configuration in all the conditions studied, including nontransfected HEK293 cells (HEK). Data are 
mean±SEM,n=8-15 cells. B) Effect of voltage-dependent potassium channel (Kv)1.3 blockers on VM. 
The bars plot shows the change in VM (mean±SEM) on application of PAP-1, in control cells or cells 
transfected with Kv1.3 or Kv1.3W389F channels (n=8–10). Sample traces are shown in the inset. 
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Figure 4.12. A) Cell counting was used to determine proliferation rate of the different voltage-
dependent potassium channel (Kv)1.3 mutants in parallel with proliferation of HEK293 cells 
transfected with the empty vector (control) and with the wild-type Kv1.3 channel (positive control). 
Each data point is the mean±SEM of 3 to 5 independent experiments. The inset shows the effect of 
10 nmol/L MgTx treatment on proliferation (measured also by cell counting) of control cells or cells 
expressing Kv1.3 or Kv1.3W389F mutant at 24 hours post transfection. B) Percentage of cells 
incorporating EdU at 24 h posttransfection when transfected with the indicated constructs. Cells 
were maintained in 5% FBS (control) or in control media containing 10 nmol/L MgTx. Data are 
mean±SEM of 4 independent experiments with internal controls in all cases (empty vector and 
Kv1.3 transfected cells).
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4.1.5. Effects of Kv1.3 pore blockers on Kv1.3W389F-induced 

proliferation  

 

Figure 4.13. A) Time course of the effect of PAP-1 100 nmol/L on gating charge movement of 
voltage-dependent potassium channel (Kv)1.3-W389F transfected cells on depolarization to +40 mV 
(Qon, grey dots) and repolarization to –170 mV (Qoff, black squares). Representative gating current 
traces at the indicated times 1,2,3 are shown on the right, with the voltage protocol depicted below 
the current traces. Shaded areas in the control trace represent the gating charge movement 
(current integral) elicited on depolarization (Qon) and repolarization (Qoff). B) Qon and Qoff 
voltage dependence of Kv1.3W389F mutants. Qon was obtained with the voltage protocol depicted 
in figure 4.10A in gating current external solution alone or with 10 nmol/L MgTx or 100 nmol/L PAP-
1. Qoff was obtained with a family of pulses like that shown in panel A with repolarization from –40 
to –200 mV. Data are mean±SEM of 4 to 6 different cells. Bar plots represent the average±SEM of 
the parameters fit to a Boltzmann function (Normalized Qon(max) and Qoff(max).  
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Chapter 4.2. Identification of Kv1.3 and Kv1.5 intracellular 

domains involved in cell proliferation 

γ
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Figure 4.14. Proliferation assay of HEK293 cells transfected with pEGFP-N3 (empty vector), pEGFP-
N3-mKv1.3 or pmCherry-N1-hKv1.3. Each point is mean±SEM of 4 determinations. 
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Figure 4.15. Confocal images obtained in HEK293 cells transfected with vectors expressing K5C3-
EGFP and K5N3-Cherry chimeric vectors. Membrane expression was determined in 
nonpermeabilized cells by labelling cells with an extracellular anti-Kv1.5 antibody (shown in red for 
K5C3 and in green for K5N3). Subcellular expression of K5C3-GFP and K5N3-Cherry was determined 
in permeabilized cells by using an anti-Kv1.3COOH antibody (red) and an anti-Kv1.5COOH antibody 
(green) respectively.  Hoechst shows the nuclear staining (blue).  
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Table 4.1. Percentage of membrane expression of chimeric channels containing Kv1.5 backbone 

versus wild-type Kv1.5. Average data and SEM are represented (n=10-45). (*) Values significantly 

different (p<0.05) from WT-Kv1.5.

Functional characterization  

Kv1.5 K5-532YS K5-613YS K5N3 K5N3+β K5C3

Mean
% Cell surface

expression 39,59 46,75 40,58 21,03** 25,74* 96,11***

SEM
3,03 5,70 4,45 1,66 2,47 4,01
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Figure 4.16. A) Representative data showing the effect of DPO (a selective Kv1.5 blocker)  on the 
peak current amplitude elicited by depolarizing pulses to +40 mV in HEK293 cells expressing 
K5C3EGFP or K5N3Cherry chimeric channels. Current traces at the different DPO concentrations are 
also shown. B) The plot shows the dose-response curve for the effect of DPO on the current 
amplitude in both chimeric channels and WT-Kv1.5. Each data point is the mean+SEM  of 9-18 cells. 
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Figure 4.17. A) Representative traces of HEK293 cells transfected with WT-Kv1.3 and WT-Kv1.5. 
Currents were elicited by 20 mV steps from -80 to +100 mV (pulse protocol, inset). B) I-V curve of 
Kv1.3 (blue triangles) and Kv1.5 transfected cells (brown circles). C) Bar plots show the average 
peak current amplitude and the percentage of peak inactivation at 800 ms of Kv1.3 and Kv1.5 
transfected cells. Data are presented as mean±SEM; n=7-11. 
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Figure 4.18. A) Representative traces of Kv1.5 currents evoked by steady-state inactivation protocol 
(inset) in transfected HEK293 cells. B)  Average conductance-voltage relations and Boltzmann fits for 
activation and inactivation of Kv1.3 or Kv1.5 transfected HEK293 cells. Both voltage dependence of 
activation and the steady-state inactivation of Kv1.3 shift by 20 mV to more negative potentials. 
Data are represented as mean±SEM (n=6). 
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Table 4.2. Kinetics of activation and inactivation of WT-Kv1.3 (dark blue grids), Kv1.3 mutant and 
truncated channels (light blue grids), WT-Kv1.5 (dark brown grids), and chimeric channels 
comprising Kv1.5 backbone (light brown grids).  Voltage dependence of activation and steady-state 
inactivation curves were fitted to Boltzmann functions to obtain the following parameters: 
potentials of half maximal activation/inactivation (V1/2) and the steepness of the relationship 
between voltage and current (slope). Data are represented as mean±SEM, the sample size is shown 
in brackets (n). (*) Values significantly different (P<0.05) from WT-Kv1.3 (light blue grids) or from 
WT-Kv1.5 (light brown grids).  
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Figure 4.19. EdU incorporation assay of HEK293 cells transfected with K5C3 and K5N3 chimeric 
channels in comparison with WT-Kv1.3 and WT-Kv1.5 transfected cells. Cells transfected with an 
empty vector were used as control.  Mean+SEM, n=12-15. 
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Figure 4.20. TUNEL assay to determine apoptotic rate of HEK293 cells transfected with  K5N3, Kv1.5 
and an empty vector. Negative and positive controls of the experiment were carried out. Data are 
represented as mean±SEM (n=4). Pictures represent a random field of each condition, showing the 
total number of cells in that field (Hoechst; blue) versus apoptotic cells (green). Each point is 
mean±SEM of 4 determinations.  

 

Control+

Control-

Empty
Vector

K5N3

Kv1.5

0 1 2 3 4 5 6 7 8 9 100

% Apoptotic Cells



 RESULTS 

 

Figure 4.21. A) Current density at +40 mV of HEK293 cells transfected with WT-Kv1.5, K5C3 chimeric 
channel and K5N3 alone or in combination with the chaperone subunit Kvβ2.1. Data are 
represented as mean±SEM (n= 6-17). B) Upper confocal images are nonpermeabilized HEK293 cells 
transfected with K5N3-Cherry chimeric channel alone or in combination with Kvβ2.1; and labeled 
with an extracellular anti-Kv1.5 antibody (green). Lower confocal images show nonpermeabilized 
cells transfected with Kv1.5-EGFP and also labeled with an extracellular anti-Kv1.5 antibody (red). 
C) EdU incorporation assay of cells transfected with an empty vector as control and K5N3 chimeric 
channel with or without Kvβ2.1. Mean±SEM (n=4).  
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4.2.3. Characterization of Kv1.3 C-terminal point mutants   



 RESULTS 
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Protein expression characterization  

 

Figure 4.22. Confocal images from HEK293 

cells transfected with the point mutant Kv1.3 

channels indicated in the image panels. All 

mutant channels are expressed as Chery- 

fusion proteins. Nonpermeabilized cells were 

labeled with an extracellular anti-Kv1.3 

antibody (green). Nuclei were stained with 

Hoechst (shown in blue). Each point mutation 

is indicated in the schematic picture.  
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Table 4.3. Percentage of membrane expression of mutant channels containing Kv1.3 backbone 
versus wild-type Kv1.3. Average data and SEM are represented (n=10-22). 

 

Functional characterization 

 

Kv1.3 S475A S473A S470A S459A T493A T439A Y477A Y447A K3YS

Mean
% Cell surface

expression 41,14 42,95 46,51 47,39 42,11 39,97 43,31 34,14 36,80 35,18

SEM 1,96 4,31 3,25 3,25 4,81 1,76 2,37 2,55 4,78 4,60



 RESULTS 

4.2.4. Effects of single mutations Kv1.3 C-terminal residues on cell 

proliferation

 

Figure 4.23. A) EdU incorporation assay of HEK293 cells transfected with the point mutant Kv1.3 
channels indicated in the plot, WT-Kv1.3 and an empty vector as controls. Data are represented as 
mean±SEM. Sample size is 6-20 determinations from 7 different experiments. Values significantly 
different (P<0.05) from WT-Kv1.3 (*) and/or from the empty vector (#) are shown. B) Whole-cell 
measurements from some of the point mutants and the WT-Kv1.3 channel. N=5-8. 
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4.2.5. Characterization of K3YS, K5-532YS and K5-613YS chimeric 

channels 



 RESULTS 

 

Protein expression characterization  

  

Figure 4.24. Confocal images of nonpermeabilized HEK293 cells transfected with the truncated 
channel K3YS-Cherry, and the chimeric channels K5-532YS-EGFP and K5-613YS-EGFP. An 
extracellular anti-Kv1.3 antibody (green) labelled K3YS, while an extracellular anti-Kv1.5 antibody 
(red) was used for K5-532YS and K5-613YS chimeras. Nuclei were stained by hoechts (blue). Pictures 
on the left represent the truncated and chimeric constructs.  
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Functional characterization 

 

 

Figure 4.25. Representative family of traces from transfected HEK293 cells (K3YS, K5-532YS and K5-
613YS). Currents were elicited by 20 mV steps from -80 mV to +100 mV. I-V curves were constructed 
with the values of the peak current amplitude (black curve) and the amplitude at the end of the 800 
ms pulse (blue curve) for each voltage, showing the fraction of inactivated channels for each 
condition (red arrow).   
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4.2.6. Role of YS fragment on cell proliferation  



 RESULTS 

 

Figure 4.26. EdU incorporation assay of HEK293 cells transfected with the truncated channel K3YS 
and the two chimeric channels K5-532YS and K5-613YS. HEK293 cells transfected with an empty 
vector, WT-Kv1.3 and WT-Kv1.5 are used as controls. Values significantly different (P<0.05) from 
WT-Kv1.3 (*) and/or from the empty vector (#) are shown. 

 

4.2.7. Study of the involvement of Kv1.3 Y447 and S459 residues in the 

pro-proliferative signaling pathway  
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Figure 4.27. EdU incorporation assay of HEK293 cells transfected with an empty vector, WT-Kv1.3 
channel, Kv1.3-Y447A and Kv1.3-S459A mutant channels with (red bars) or without (blue bars) 
PD98059 (20 µM) treatment.   
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Figure 4.28.  Representative immunoblot and densitiometric (mean±SEM) values of 4-6 different 
experiments for WT-Kv1.3 and Kv1.3-Y447A transfected HEK293 cells. These cells were 
immunoprecipitated after incubation with (+) or without (-) PD98059 20 µM, and pervanadate 
(added to all conditions). The target protein bands were at the expected molecular weight (~84 
KDa). 
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Figure 4.29. A) Representative immunoblots and summary data from immunoprecipitated HEK293 
cells transfected with WT-Kv1.3. Cells were incubated with the indicated [K

+
]e solutions during 20 

minutes or B) during 5 minutes or 2 hours. C) Immunoblot and denstiometric values of 
immunoprecipitated HEK293 cells transfected with WT-Kv1.3 and Kv1.3-W389F, Kv1.3-WF3x and 
Kv1.3-AYA mutant channels. In all cases, pervanadate incubation was carried out during the last 5 
min before collecting the cells. Data are represented as mean±SEM of 3-5 different experiments. 
The target protein bands were at the expected molecular weight (~84 KDa). 
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Chapter 4.3. Lentiviral vector transduction as a tool to 

manipulate Kv1.3 and Kv1.5 expression levels in proliferating 

VSMCs 



 RESULTS 

 

Figure 4.30. Fluorescence and bright field images from HEK293 cells (left panel) and human VSMC 
(right panel). Cells were infected with EGFP, Kv1.5-EGFP and Kv1.3-Cherry lentiviral vectors. 
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5 

DISCUSSION





 DISCUSSION 

Chapter 5.1. Kv1.3 channels can modulate proliferation by an 

ion-flux independent mechanism  



 DISCUSSION 

5.1.1. Kv1.3 overexpression increases proliferation in HEK293 cells, 

whereas Kv1.5 has an opposite effect 



 DISCUSSION 

  



 DISCUSSION 

5.1.2. Kv1.3 pore and gating mutants as tools to explore the pro-

proliferative mechanisms 



 DISCUSSION 

5.1.3. Kv1.3-mediated proliferation requires gating movement but not K+ 

permeation 



 DISCUSSION 

 

Figure 5.1. Proposed model to frame the results obtained in this work. Kv1.3 channels are voltage 
sensors which respond to changes in membrane potential (VM) with a conformational change. This 
conformational change translates into a change in the potassium flux through the channel that aims 
to recover the original potential (Conventional loop).  We propose that in addition to determine ion 
flux, this conformational change could promote the association and/or the activation of 
intracellular proteins that modulate cell progression through the cell-cycle (Moonlighting loop). 
Since the conventional loop does not seem to be required to modulate proliferation, we propose 
that Kv1.3 channels behave as sensors of changes in the VM that occur during the cell cycle, and 
interact with the appropriate set of intracellular effectors to facilitate cell cycle progression. 
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5.1.4. Kv1.3 pore blockers inhibit the effect of Kv1.3W389F on 

proliferation by affecting gating movement  



 DISCUSSION 

Chapter 5.2. Identificacion of the molecular determinants and 

signalling pathways involved in the pro-proliferative 

mechanism induced by Kv1.3 



 DISCUSSION 

 

5.2.1. The effects of Kv1.3 and Kv1.5 on HEK cells proliferation seem to be 

mediated by their cytoplasmic COOH domains 

http://scansite3.mit.edu/


 DISCUSSION 

 

Figure 5.2. Diagram of a human Kv1.3 α subunit showing speculative motifs in the cytosolic N-
terminal domain (blue box) and C-terminal domain (red box).  
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 DISCUSSION 

 

 

Figure 5.3. Cartoon summary of predicted determinants of Kv1.3 and Kv1.5 channel expression and 
location. Sites defined as important determinants of forward trafficking are shown in purple, while 
described and predicted ER retention motifs (ERR) are shown in yellow.  Adapted from (Misonou & 
Trimmer, 2004b).  
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Figure 5.4. Correlation between current amplitude and the percentage of membrane expression 
and between current amplitude and the percentage of proliferating HEK293 cells transfected with 
WT-Kv1.3 (black), WT-Kv1.5 (grey) and the different chimeric constructs containing Kv1.5 backbone.
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 DISCUSSION 

 

5.2.2. Single mutations of the C-terminal tyrosine Y447A or serine S459A 

abolish the pro-proliferative effect of Kv1.3   



 DISCUSSION 

  

Figure 5.5. Correlation between current amplitude and the percentage of membrane expression 
and between current amplitude and the percentage of proliferating HEK293 cells transfected with 
WT-Kv1.3 (black), WT-Kv1.5 (grey) and the different chimeric and point mutant constructs 
containing Kv1.3 backbone. 
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5.2.3. YS fragment plays a prominent but not exclusive role in the pro-

proliferative effect by means of the interaction with signaling proteins  



 DISCUSSION 

 



 DISCUSSION 

5.2.4. Y447 phosphorylation is essential for Kv1.3-mediated MAPK 

signaling pathway 



 DISCUSSION 

5.2.5. Kv1.3-mediated signaling is regulated by channel conformation 



 DISCUSSION 



 DISCUSSION 



 DISCUSSION 

Chapter 5.3. Optimized lentiviral vector transduction to 

manipulate Kv1.3 and Kv1.5 levels of expression in human 

VSMCs 



 DISCUSSION 



 DISCUSSION 
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