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1 INTRODUCTION 

 Kv10.1 overview 

Kv10.1, also known as Eag1 (Ether-à-go-go-1) is encoded by the KCNH1 gene, and 

belongs to the KCNH family of voltage-dependent potassium channels (Gutman, 

Chandy et al. 2005). KCNH channels form tetramers, and each subunit has six 

transmembrane segments (S1-S6). The segments S1 to S4 form part of the voltage-

sensing domain, with S4 carrying most of the voltage-sensing charges, while S5 and 

S6 contribute to the pore. The KCNH family (Figure 1) has three subfamilies: Kv10 

or EAG, Kv11 or ERG (Eag-related-gene), and Kv12 or ELK (Eag-like K+ channels). 

The common features defining this family are their large intracellular N- and C-

termini, which contain several regulatory domains (Bauer and Schwarz 2001, Gutman, 

Chandy et al. 2005).  

 

Figure 1. Phylogenetic Tree of KCNH family members. Adapted from Gutman, 

Chandy et al. 2005. 
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Figure 2. Sketch of Kv10.1 subunit. Transmembrane domains S1-S6. S4 segment is 

the main voltage sensor, and S5 and S6 form part of the pore. In the N-terminus, the 

Per-Arnt-Sim domain (PAS/PAC), and one out of three Calmodulin binding domains 

(CaMBD). In the C-terminus, non-functional cyclic-nucleotide binding homology-

domain (CNBHD), a nuclear localization signal (NLS), two CaMBD, and the coiled-

coil tetramerization domain (TCC). 

 

As illustrated in Figure 2, the N-terminus of Kv10.1 contains a Per-Arnt-Sim (PAS) 

domain and a PAC (PAS associated C-terminal) domain (Adaixo, Harley et al. 2013, 

Haitin, Carlson et al. 2013). PAS domains have been proposed as sensor domains 

involved in the regulation of cellular responses; the binding of chemically diverse 

molecules functions as a cue to elicit signaling cascades that regulate responses to 

environmental change, e.g., hypoxia or light conditions (McIntosh, Hogenesch et al. 

2010, Henry and Crosson 2011). The PAS domain in KCNH channels seems to have 
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a role in channel gating (Terlau, Heinemann et al. 1997, Morais Cabral, Lee et al. 

1998, Li, Gayen et al. 2010). However, the mechanism is not yet fully understood.  

On the other hand, the C-terminus of Kv10.1 (Figure 2) contains a cyclic nucleotide 

binding homology domain (CNBHD), which apparently does not bind cyclic 

nucleotides except in the Drosophila variant (Bruggemann, Pardo et al. 1993, 

Marques-Carvalho, Sahoo et al. 2012). However, CNBHD has been shown to interact 

with the N-terminal PAS domain and seems to regulate gating properties of the 

channel (Brelidze, Carlson et al. 2012, Marques-Carvalho, Sahoo et al. 2012, Haitin, 

Carlson et al. 2013). The C-terminus also contains a nuclear localization signal (Chen, 

Sanchez et al. 2011), and a short domain forming a coiled coil (TCC), which is 

required for the correct tetrameric assembly and stability of the channel (Jenke, 

Sanchez et al. 2003). Additionally, it has also been shown that intracellular Ca2+ 

regulates Kv10.1. The inhibition of the channel is mediated by the Ca2+ binding protein 

calmodulin (Schonherr, Lober et al. 2000). Thus, three calmodulin binding domains 

(CaM) have been described, one is located in the N-terminus and the remaining two 

are located in the C-terminus (Ziechner, Schonherr et al. 2006, Goncalves and Stuhmer 

2010).  

In heterologous expression systems, Kv10.1 mediates a slowly activating, outward 

current, which does not inactivate during a sustained depolarization pulse (Ludwig, 

Terlau et al. 1994, Robertson, Warmke et al. 1996). The rate of activation depends on 

the holding potential: at more negative prepulse values the time course of activation is 

slowed down (Bauer and Schwarz 2001). This phenomenon is more pronounced in the 

presence of extracellular Mg2+ at physiological concentrations (Terlau, Ludwig et al. 

1996), and is so distinctive that its occurrence is used as a hallmark to identify 

endogenous Kv10.1 currents, e.g. (Meyer and Heinemann 1998).  
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Due to the homogeneous structural features of the KCNH family, it has been 

particularly difficult to obtain specific blockers for Kv10.1 channel. Up to now, 

application of a selective monoclonal antibody against the extracellular pore region 

(mAB56) is the only strategy that specifically blocks Kv10.1-mediated currents 

(Gomez-Varela, Zwick-Wallasch et al. 2007). The tricyclic antidepressant imipramine 

and the H1 histamine-receptor antagonist astemizole also block Kv10.1 channels. 

These compounds permeate the lipid bilayer and bind to sites that are only accessible 

when the channel is open. However, these drugs are nonselective channel blockers, as 

they can also block the human ether-a-go-go-related channel (hERG). Besides this, 

Imipramine also blocks chloride channels, and some members of the calcium-

activated K+ channel family (Carignani and Corsi 2002, Gavrilova-Ruch, Schonherr 

et al. 2002, Garcia-Ferreiro, Kerschensteiner et al. 2004). 

 

 Kv10.1 expression and physiological role 

1.2.1 Non tumor tissues 

Central Nervous System 

Kv10.1 has been reported to be preferentially expressed in the Central Nervous System 

(CNS). In the brain Kv10.1 is widely distributed (Hemmerlein, Weseloh et al. 2006, 

Martin, Lino de Oliveira et al. 2008). RT-PCR and immunohistochemistry studies 

have revealed Kv10.1 expression in the olfactory bulb, cerebral cortex, hippocampus, 

hypothalamus, and cerebellum (Martin, Lino de Oliveira et al. 2008). Subcellular 

Kv10.1 localization has been shown mostly at the presynaptic termini in hippocampal 

neurons (Gomez-Varela, Kohl et al. 2010). However, Kv10.1-deficient mice do not 

display obvious alterations during embryogenesis and developed normally to 
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adulthood; Kv10.1 absence does not lead to any gross anatomical or histological 

changes in the brain (Ufartes, Schneider et al. 2013). Nevertheless, during repetitive 

high-frequency stimulation at the parallel fiber - Purkinje cell synapse in Kv10.1-

deficient mice, facilitation was increased in a frequency- and pulse-dependent manner. 

This was also accompanied by alteration of the action-potential shape (Mortensen LS 

2012). Thus, further studies on Kv10.1 are needed to elucidate its physiological role. 

Myoblast differentiation 

Transient expression of Kv10.1 has also been reported to be relevant for myoblast 

fusion (Bijlenga, Occhiodoro et al. 1998, Occhiodoro, Bernheim et al. 1998). 

Myoblasts fuse to form multinucleated skeletal muscle fibers, contributing to muscle 

growth during development. Later, during the postnatal life, myoblast fusion also takes 

place in muscle repair (Rochlin, Yu et al. 2010). Given the complexity of the 

musculature, myoblast fusion is a tightly regulated process, where proliferating 

myoblasts leave the cell cycle, and post-mitotic cells align to finally fuse their 

membrane (Gorbe, Becker et al. 2006, Hindi, Tajrishi et al. 2013). Different studies 

have shown that hyperpolarization of the resting potential precedes myoblast fusion, 

and involves the sequential expression of voltage-gated potassium currents 

(Bernheim, Liu et al. 1996, Liu, Bijlenga et al. 1998). Expression of Kv10.1-mediated 

current has been associated with the initial hyperpolarization of the resting potential 

before myoblast fusion, the current density rises sharply in fusion-competent 

myoblasts and then declines after fusion. (Bijlenga, Occhiodoro et al. 1998, 

Occhiodoro, Bernheim et al. 1998). It has been suggested that hyperpolarization 

increases the Ca2+ driving force, and thus activates Ca2+-dependent pathways, which 

induce differentiation (Konig, Beguet et al. 2006).  
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1.2.2 Tumor tissues 

A striking feature of Kv10.1 is its widespread presence in tumor biopsies and somatic 

cancer cell lines, despite being preferentially expressed in brain among normal tissues 

(Pardo, del Camino et al. 1999, Hemmerlein, Weseloh et al. 2006). Kv10.1 has been 

detected in over 70 % of human tumor biopsies of diverse origin (Patt, Preussat et al. 

2004, Hemmerlein, Weseloh et al. 2006, Mello de Queiroz, Suarez-Kurtz et al. 2006, 

Ding, Luo et al. 2007, Ding, Yan et al. 2007, Ding, Wang et al. 2008, Agarwal, 

Griesinger et al. 2010, Asher, Khan et al. 2010, Menendez, Villaronga et al. 2012, del 

Pliego, Aguirre-Benitez et al. 2013). Its oncogenic potential has been proposed based 

on the observation that channel blockage or knock-down reduces proliferation of 

several somatic cancer cell lines (Weber, Mello de Queiroz et al. 2006, Gomez-Varela, 

Zwick-Wallasch et al. 2007, Downie, Sanchez et al. 2008), and that Kv10.1 

overexpression favors xenograft tumor progression in immunodeficient mice in vivo 

(Pardo, del Camino et al. 1999). Moreover, silencing Kv10.1 expression in 

glioblastoma cells increases the sensitivity to interferon gamma treatment (Cunha, Del 

Bel et al. 2013). Thus Kv10.1 also appears as a promising target for cancer therapy. 

Indeed, approaches taking advantage of its membrane localization and preferential 

expression in cancer cells have been successfully tested in vitro. Using an anti- Kv10.1 

antibody coupled to TRAIL (TNF-related apoptosis-inducing ligand), cancer cells are 

selectively induced to undergo apoptosis (Hartung, Stuhmer et al. 2011).  

The mechanisms of how Kv10.1 favors cell proliferation and enhances tumor 

progression are poorly understood. Although K+ channels influence proliferation 

through permeation-related mechanisms, providing the driving force required for Ca2+ 

entry into the cell, and thus releasing Ca2+ signaling cascades implicated in the control 

of cell proliferation (Lee, Sayeed et al. 1993, Lin, Boltz et al. 1993, Lepple-Wienhues, 
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Berweck et al. 1996, Lallet-Daher, Roudbaraki et al. 2009),this does not seem to be 

the case for Kv10.1. Non-conducting Kv10.1 mutants retain the ability to influence 

proliferation and tumorigenesis (Hegle, Marble et al. 2006, Downie, Sanchez et al. 

2008), indicating that Kv10.1 behaves rather as a bifunctional protein that regulates 

cell proliferation through permeation-related and non-canonical mechanisms. The 

latter rely on protein-protein interactions that might activate intracellular signaling 

pathways. For example, overexpression of the Drosophila Kv10.1 ortholog has been 

shown to increase cell proliferation in a permeation-independent manner in non-cancer 

cells. When the non-conducting Kv10.1 mutants were expressed, the increase in cell 

proliferation was associated with increase of p38 mitogen-activated protein kinase 

(MAPK) activity. The effect of Kv10.1 on cell proliferation was abolished upon p38 

MAPK inhibition (Hegle, Marble et al. 2006). Our group has also reported that Kv10.1 

expression favors tumor angiogenesis. The influence on tumor angiogenesis is 

permeation-independent and associated with the up-regulation of hypoxia inducible 

factor (HIF-1α), and vascular endothelial growth factor (VEGF) (Downie, Sanchez et 

al. 2008). Nevertheless, these findings are insufficient to explain the influence Kv10.1 

has on cell proliferation and tumor progression, as well as its widespread presence in 

biopsies from various cancers. Thus the relations between Kv10.1 and signaling 

cascades important for cell cycle progression and intratumoral environment need 

further clarification.  

 The cell cycle 

In order to maintain homeostasis in normal tissues, eukaryotic cells have developed 

strategies to carefully control the entry and progression through the cell cycle. Cancer 

cells, by deregulating these strategies become able to sustain chronic proliferation 

(Hanahan and Weinberg 2011). The cell cycle starts with the G1 (gap 1) phase, which 
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separates the previous cell division from S-phase, when new DNA is synthesized. 

DNA synthesis is followed by the second gap (G2), and the mitotic phases (M). After 

mitosis, a cell can reenter the cell cycle in G1 phase, or enter a quiescent state (G0), 

which can last for a very long time, even for the rest of the life of end-differentiated 

cells. Progression through the cell cycle is regulated by pathways that depend on one 

another, meaning that initiation of downstream events is strictly dependent on 

successful completion of preceding steps. For example, mitosis is dependent on the 

completion of DNA synthesis. This dependency of events is due to a series of 

surveillance or control mechanisms termed checkpoints, which have evolved to 

minimize the production and propagation of genetic mistakes (Hartwell, Culotti et al. 

1974, Hartwell and Weinert 1989). The Cyclin/Cyclin-dependent kinases (Cyclin-

Cdk) complexes are the key components of cell cycle checkpoints. These complexes 

are activated by upstream events dependent on the completeness of particular tasks, 

and trigger responses that contribute to cell cycle progression. Expression of different 

Cyclins and Cdks changes during cell cycle to ensure sequential progression through 

its phases (Malumbres and Barbacid 2009). Additionally, kinase activity of Cyclin-

Cdk complexes is regulated by Cdk inhibitors, which stop cell cycle progression under 

unfavorable conditions (Lim and Kaldis 2013). Thus checkpoints are constitutive 

feedback control pathways, safeguarding the key cell cycle transitions: G1/S, G2/M 

and the exit from mitosis (Murray 1992, Rieder 2011).  

1.3.1 Rb/E2F1 pathway regulation during G1/S transition  

Cyclins D and E are the two main classes of cyclins ensuring the progression through 

G1 phase. Cyclin D interacts with either Cdk4 or Cdk6, and cyclin E forms complexes 

with Cdk2 (Foster, Yellen et al. 2010). The key substrate of these G1 cyclins is the 

Retinoblastoma protein (Rb). Rb binds to the transactivation domain of E2F 
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transcription factors, and regulates their activity (Rubin, Gall et al. 2005, Burke, Liban 

et al. 2014). The main mechanism by which Rb exerts its tumor suppressor function 

is by repressing E2F activity. The E2F family of transcription factors are DNA-

binding proteins essential for transcription of genes involved in cell cycle progression. 

There are eight different E2Fs, divided into activators (E2F1-E2F3) and repressors 

(E2F4-E2F8) according to their structure and function (Takahashi, Rayman et al. 

2000, Wong, Dong et al. 2011). Rb regulates the transition from G1 to S phase by 

interactions with the transcription factor E2F1 and histone deacetylase (HDAC). 

E2F1, in association with its binding partner DP1, activates transcription of target 

genes needed for S phase, e.g. cyclin E, cyclin A, whereas HDAC regulates gene 

expression by modifying the chromatin structure. HDAC removes acetyl groups from 

histones, and thus the chromatin structure becomes less accessible for transcription 

(Takaki, Fukasawa et al. 2004).  

In the absence of growth signals, Rb remains in a hypophosphorylated state and 

represses transcription by recruiting HDAC and repressing E2F1 activity (Figure 3). 

Upon growth-factor stimulation, cyclin D-Cdk4/6 complex phosphorylates Rb, 

inducing conformational changes on Rb that lead to HDAC release (Suryadinata, 

Sadowski et al. 2011). Cyclin E gene is transcribed once HDAC is dissociated from 

Rb. Then cyclin E-Cdk2 complex phosphorylates Rb further. Hyperphosphorylation 

of Rb causes the release of E2F1 transcription factor, and the subsequent activation of 

E2F1 target genes (Wong, Dong et al. 2011). Although the majority of E2F1-induced 

genes are active during G1/S transition, a number of G2/M regulated genes, including 

CyclinB1, are also induced by E2F1 (Ishida, Huang et al. 2001, Ren, Cam et al. 2002, 

Polager and Ginsberg 2003, Zhu, Giangrande et al. 2004).  
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The Rb/E2F1 pathway has a critical role in the control of cell proliferation. Rb is 

inactivated by DNA viruses such as human papilloma virus (HPV), which is 

considered a risk factor for head and neck squamous cell carcinomas and cervical 

cancer (Moody and Laimins 2010, Ramshankar and Krishnamurthy 2013). The 

proliferation capacity of HPV-infected cells is boosted by HPV oncoproteins E7 and 

E6, which overcome the negative growth regulation in the host cells. HPV-E7 binds 

to Rb and targets it for degradation via the proteasome. HPV-E7 mediated degradation 

of Rb requires the calcium activated protease calpain (Darnell, Schroder et al. 2007), 

which is recruited to Rb after HPV-E7 binding and induces cleavage of the C-terminus 

of Rb. As a consequence of cleavage, the proteasomal degradation of Rb is promoted 

and E2F1 is released (Figure 4). HPV-E7 binding to Rb can also lead to inhibition of 

cell growth and apoptosis by activation of p53 and cdk inhibitors (P27 and P21). As a 

strategy to overcome negative cell growth and apoptotic signals, HPV-E6 targets the 

tumor suppressor p53 for degradation, and thus facilitates malignant progression 

(Moody and Laimins 2010).  
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Figure 3. Rb/E2F1 regulation during G1/S transition. Sequential Retinoblastoma 

protein (Rb) phosphorylation by cyclin D-Cdk4/6 and cyclin E-Cdk2 complexes leads 

to release of histone deacetylase (HDAC) and E2F1 transcription factor. E2F1 and its 

binding partner DP1 then activate target genes required for cell cycle progression. 

Cyclin-Cdk complexes activity is regulated by Cdk inhibitors p27 and p21.  
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Figure 4. Degradation of Retinoblastoma protein (Rb) mediated by human 

papilloma virus (HPV) oncoprotein E7. HPV E7 binds to Rb and recruits calpain, a 

calcium activated protease. Then, calpain induces cleavage at the C terminus of Rb, 

and the Rb is sent for proteasomal degradation. As a result, E2F1 is released from Rb 

repression, and target genes needed for cell cycle progression are activated. 

 

1.3.2 Regulation during G2/M transition  

Once the S phase has been finished, the G2 checkpoint (Figure 5) is activated to detect 

DNA replication mistakes, such as single stranded (ss) - double stranded (ds) DNA 

junctions. Thus, the G2 checkpoint prevents mitosis if the genetic information has not 

been replicated correctly. DNA damage activates either ATM (Ataxia Telangiectasia 

Mutated protein) or ATR (Ataxia Telangiectasia Rad-3) kinases (Rieder 2011). 

ATM/ATR phosphorylate Checkpoint kinase 1/2 (Chk), which in turn phosphorylates 

Cdc25 tyrosine phosphatase. Cdc25 regulates Cdk’s activity by removing inhibitory 

phosphates. Phosphorylation by Chk1/2 leads to Cdc25 inactivation, which prevents 

entry into mitosis by inhibiting the activity of Cyclin B1-Cdk1 complex (Dai and 

Grant 2010, Chen, Stephens et al. 2012). 

Entry and progression through mitosis depend on the timely regulation of proteins. 

During G2 phase, Cyclin B1 accumulates exclusively in the cytoplasm around the 
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nucleus (Porter and Donoghue 2003). Shortly before nuclear envelope breakdown, the 

cell is committed to mitosis and cyclin B1 is redistributed into the nucleus. Cyclin B1 

interacts with Cdk1 to orchestrate progression through mitosis. Cdk1 activity is 

inhibited by Wee1 kinase, whereas Cdc25 phosphatase has the opposite effect, as 

already mentioned. Cyclin B1-Cdk1 complex regulates the spindle assembly 

checkpoint to ensure correct chromosomal segregation. During spindle assembly, 

spindle microtubules attach to kinetochores located on centromeres of replicated 

chromosomes, so that sister chromatids can be pulled to opposite poles. When the last 

unattached kinetochore is stably attached to spindle microtubules, the anaphase-

promoting complex targets cyclinB1 to induce exit from mitosis (Rieder 2011, Yasutis 

and Kozminski 2013).  

 

Figure 5. Regulation during G2/M. G2 checkpoint is activated to detect DNA 

damage before mitotic entry. ATM/ATR phosphorylate Checkpoint kinase (Chk), 

which phosphorylates the regulatory phosphatase Cdc25. Then, Cdc25 does not 

activate cyclin B1-cdk1 complex, and entry into mitosis is prevented. 
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1.3.3 Kv10.1 regulation during the cell cycle 

Various studies have reported regulation of ion channels during the cell cycle (Urrego, 

Tomczak et al. 2014). In the case of Kv10.1, permeability properties of the channels 

heterologously expressed in Xenopus oocytes are modulated after progesterone-

induced maturation. Progesterone promotes G2/M transition through upregulation of 

mitosis-promoting factor (MPF, a complex of cyclin B and p34cdc2). Upon MPF 

activation, Kv10.1-mediated current is strongly reduced (Bruggemann, Stuhmer et al. 

1997). This phenomenon is due to a voltage-dependent block by intracellular Na+, and 

suggests that resulting net loss of K+ conductance at G2/M transition may be a way to 

favor membrane depolarization associated with mitosis (Pardo, Bruggemann et al. 

1998). 

Kv10.1 expression has also been reported to be modulated during the cell cycle. In 

MCF-7 breast cancer cells, G0/G1 synchronization by serum starvation leads to an 

increase of Kv10.1 mRNA levels compared to the asynchronous control population. 

Upon serum stimulation, cells progressed through G1 with a further increase of 

Kv10.1 mRNA. This is also accompanied by an increase in Kv10.1 mediated current 

density (Ouadid-Ahidouch, Le Bourhis et al. 2001). Indicating that Kv10.1 functional 

expression is up-regulated as the cells progress through the cell cycle. It has also been 

shown that insulin-like growth factor 1 (IGF-1) stimulation induces G1 progression in 

G0/G1 synchronized cells by Cyclin D activation. This effect was reduced upon 

inhibition or blockage of Kv10.1 (Borowiec, Hague et al. 2007, Borowiec, Hague et 

al. 2011). 

Deregulation of tumor suppressors p53 or Rb can also give rise to higher Kv10.1 

expression levels. Primary keratinocytes overexpressing HPV oncoproteins E6 and E7 
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(that respectively target p53 and Rb) start to transcribe Kv10.1 mRNA (Diaz et al., 

2009). Moreover, there is a positive correlation between HPV infection and Kv10.1 

expression in cervical cancer (Farias, Ocana et al. 2004). E2F1-responsive elements 

have been identified in the Kv10.1 promoter region, while the 3’ untranslated region 

(3’UTR) contains miR34a-regulated sites. In the SH-SY5Y neuroblastoma cell line, 

free E2F1 upregulates Kv10.1 expression, which is suppressed by miR34a upon p53 

activation (Lin et al., 2011). 

 

 Aim of the study 

Among normal tissues Kv10.1 preferentially localizes in CNS, except for a transient 

expression in myoblasts before fusion. Kv10.1 has also been recognized for its 

oncogenic potential in breast, cervical and colon cancer among other malignant 

tumors. It is thought that the aberrant expression of Kv10.1 channel helps tumor cells 

acquire selective advantages that allow them to sustain chronic proliferation. Through 

this study we attempted to elucidate if Kv10.1 expression is timely regulated along the 

cell cycle, and the molecular mechanisms underlying such expression kinetics.  
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2 METHODS 

 Cell culture 

2.1.1 Cell line and drug treatment  

HeLa cells (ACC 57) were obtained from the German Collection of Microorganisms 

and Cell Lines (DSMZ); and grown in RPMI 1640 (GIBCO/Invitrogen) medium 

supplemented with 10 % FCS (PAA). Cells were maintained under 5 % CO2 in a 

humidified atmosphere at 37 °C. For subculture, cells were rinsed with Dulbecco’s 

phosphate buffered saline (DPBS, GIBCO/Invitrogen), detached from the surface of 

the plate by incubating with Trypsin/EDTA (0.05 %/0.02 % W/V, Biochrom) in DPBS 

for 4 minutes at 37 °C. The enzymatic reaction was stopped by addition of culture 

medium supplemented with 10 % FCS in a 1:3 volume ratio. Cells were subcultured 

once they reached 80-90 % confluence at a dilution of 1:10.  

Cells were seeded in 6-well plates (200.000 cells/well) 24 hours before treatment. 

Calpain inhibitor PD150606 (Calbiochem) was dissolved (15 mM) in DMSO (Sigma), 

and added dropwise to the cells to a final concentration of 150 µM during 3 days, as 

described before by Darnell et al (2007). Cells treated with 0.01 % DMSO and cells 

without any treatment were taken as control samples. At last the cells were harvested 

to perform protein extraction and to analyze Kv10.1 level expression by western blot.  

2.1.2 Cell Synchronization 

Cells were synchronized at the G1/S border of the cell cycle using a double thymidine 

block protocol (Figure 6). Excess of thymidine disrupts the balance of 

deoxyribonucleoside triphosphates (dNTPs) pools, leading to inhibition of DNA 

synthesis. Thymidine is converted to deoxythymidylate (dTMP), in a reaction 
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catalyzed by thymidine kinase (TK). dTMP is then converted to deoxythymidine 

5’triphosphate (dTTP), which is one of the four dNTPs needed for DNA synthesis. 

Ribonucleotide reductase (RNR) catalyzes the reduction of ribonucleotides to the 

corresponding dNTPs. Binding of dTTP to the allosteric site of the RNR inhibits its 

activity by regulating the substrate specificity. Thus, inhibition of RNR induces 

reduction of the dNTP pools. The imbalance in dNTP pools results in inhibition of 

DNA synthesis and therefore arrest of the cell cycle in G1/S (Reichard 1988). 

Cells were seeded in 6-well plates at 40 % confluence and treated for 18 hours with 

2mM thymidine (Sigma) in RPMI culture medium containing 10 % FCS (PAA). 

Afterwards, cells were washed twice with DPBS and released for 9 hours in the 

absence of thymidine. Then cells were treated with a second exposure of thymidine 

for 17 hours. After the double thymidine block, cells were released by washing twice 

with DPBS and replacing fresh RPMI culture medium with 10 % FCS. Following the 

first exposure to thymidine, the cells arrested in S phase reenter G1, and those arrested 

in G1/S progress through G2/M (Figure 6 A). After the second exposure to thymidine, 

the cells that have entered G1 progress to G1/S transition, and those that have reached 

G2/M also progress into G1 (Figure 6 B) and become blocked at G1/S owing to the 

presence of thymidine (Harper 2005). 
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Figure 6. Double thymidine block protocol. Cell division in eukaryotes starts with 

the G1 (gap 1) phase, which is followed by the period of DNA synthesis (S-phase), 

then the second gap (G2), and the mitotic (M) phase. (A) During the first exposure to 

thymidine (18h), the cells are arrested at the G1/S transition and throughout S phase 

owing to inhibition of DNA synthesis. Following release (9h) from the first exposure, 

cells arrested in G1/S progress through G2 and M phases, while those cells arrested in 

late S phase reenter a new cycle and progress to G1 phase. (B) Upon the second 

exposure to thymidine (17h), cells in G2/M reenter the next cycle, and progress 

through G1 phase until they are blocked at the G1/S border. In a similar way, those 

cells that previously had entered G1 also become arrested in G1/S (Harper 2005).  
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 Transfection 

2.2.1 Liposome- mediated Transfection 

Transfection was done using Lipofectamine 2000 (Invitrogen). This compound allows 

the formation of liposomes that interact with the DNA, and enable its uptake by the 

cells. Cells were seeded in 6-well plates (200.000 cells/well) 24 hours before 

transfection, the transfection mix per well was prepared according to the 

manufacturer’s instructions, a ratio of 1 µg: 3 µL DNA to Lipofectamine 2000 

(Invitrogen) was used. The cells were incubated with the transfection mix for 4 hours 

to allow the uptake of DNA-lipid complex into the cells. Then cells were incubated 

for 24 hours in supplemented medium before testing for transgene expression.  

2.2.2 Nucleofection 

Using a specific nucleofector solution and applying an electrical pulse, this method is 

based on the transient permeabilization of the plasma and nuclear membrane, to allow 

the delivery of plasmid DNA or siRNA into the nucleus. 1x106 cells were harvested 

by trypsinization, centrifuged at 1200 xg for 2 minutes, washed with DPBS, and 

resuspended in 100 µL of Nucleofector Solution R (Lonza). Then, DNA or siRNA 

was added to the cell suspension. For overexpression experiments, 1 µg plasmid DNA 

was added to the cell suspension (Table 1), knockdown experiments were performed 

using 30 nM siRNA (Table 2).  

The cell/DNA suspension was transferred to the provided cuvette, and inserted into 

the Nucleofector device (Lonza), which contains determined electrical parameters for 

each cell line. Thus, the Nucleofector program 0-05 (HeLa cells) was selected in order 

to apply an electrical pulse to the cell/DNA suspension. Afterwards, 500 µL of 10 % 

FCS supplemented medium was added, and the transfected cell suspension was 
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transferred into 6-well plates (final volume 2 mL medium/well). Gene expression or 

down regulation was measured after 24 or 48 hours respectively. 

Plasmid Gene/insert name Catalog number 

p1324 HPV-16 E7 

(Munger, Phelps et al. 1989) 

 

HPV- 16 E7 

 

Addgene plasmid 8643 

408 pSG5L HA E2F1 

(Sellers, Novitch et al. 1998) 

 

E2F1 

 

Addgene plasmid 10736 

Table 1. DNA plasmids used for overexpression assays in HeLa cells 

 

siRNA Target Sequence 5’- 3’ Catalog 

number 

Kv10.1 LP3 

(Weber, Mello de Queiroz et al. 2006) 

TACAGCCATCTTGGTCCCTTA 1027423 

 QIAGEN 

Silencer Negative Control does not target any gene 

product 

AM4635 

AMBION 

Table 2. siRNA used for knockdown assays in HeLa cells 

 

 Flow cytometry 

Cell cycle analysis based on DNA content was performed to confirm synchrony and 

determine the cell cycle distribution after siRNA treatment. Propidium iodide (PI) is 

a DNA fluorochrome, which binds proportionally to the DNA present in the cell. 

When the PI stained samples pass through the flow cytometer's laser, the emitted light 

correlates with the amount of PI bound to the DNA and therefore with the total amount 

of DNA in the cell. Thus, cells in G0/G1 have a uniform DNA content, whereas cells 

progressing through S phase have more DNA, since they are undergoing DNA 
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replication, and will take up proportionally more PI. G2/M cells have then twice as 

much DNA as G0/G1, and therefore, twice as much fluorescence intensity. Cell 

populations progressing through the different phases of the cell cycle are represented 

on frequency histograms (Pozarowski and Darzynkiewicz 2004). 

PI staining was performed using cycleTEST PLUS DNA Reagent Kit (BD 

Biosciences) according to manufacturer’s instructions. Cells were harvested, washed 

once with PBS and centrifuged at 1200 xg for 2 minutes. Cell pellets were resuspended 

and incubated for 10 minutes in 250 µL of trypsin buffer, containing spermine to 

stabilize the chromatin and tetrahydrochloride detergent to remove the cell membrane 

and cytoskeleton. 200 µL of stabilizing buffer containing trypsin inhibitor and 

ribonuclease A were added and incubated for 10 minutes, to inhibit trypsin activity 

and to digest RNA. Finally, the isolated nuclei were stained with propidium iodide 

(125 µg/mL). 

The samples were analyzed in a FACS Aria flow cytometer (BD Biosciences). Linear 

forward and side scatter gates were used to exclude single cells from aggregates and 

debris. To determine the cell cycle distribution by DNA content analysis, propidium 

iodide-stained nuclei were analyzed using Argon 488 nm laser for excitation and the 

emitted light was collected using a 585/42 nm band pass filter. FACS Diva software 

v5.0 (BD Biosciences) was used for data acquisition, and data processing was done 

with FlowJo v10.0.7 software (Tree Star). 
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 Site-directed mutagenesis and Transformation 

Mutations were generated using QuikChange II Site- Directed Mutagenesis Kit 

(Agilent Technologies) following the manufacturer’s instructions. Primers used to 

create the E2F1 binding site mutation are listed in Table 3.  

Primer ID. Sequence 5’- 3’ Manufacturer 

mutE2F1-Fw 

(Lin et al. 2010) 

CGCAGGGAGGGAGGATCGTCGAGGGCGCG

AGGGT 

Metabion 

mutE2F1-Rv 

(Lin et al. 2010) 

ACCCTCGCGCCCTCGACGATCCTCCCTCCC

TGCG 

Metabion 

Table 3. Primers used for E2F1 binding site mutagenesis  

 

PCR sample reaction was set by mixing 10 ng of plasmid DNA template, 125 ng 

Forward primer (mutE2F1-Fw), 125 ng Reverse primer (mutE2F1-Rv), 1 µL of 25 

mM dNTP mix, 5 µL of 10x Pfu DNA polymerase buffer, 1 µL DMSO and 1 µL 

PfuUltra HF DNA polymerase (2.5 U/µL) in 50 µL final volume. The PCR sample 

reaction was then placed into the thermocycler, and the amplification reaction was 

carried for 18 cycles of 95 °C for 30 seconds, 55 °C for 1 minute to allow primer 

annealing, and 6 minutes extension at 68 °C. In order to digest the methylated parental 

dsDNA after the site-directed mutagenesis PCR, 1 µL of the DpnI restriction enzyme 

(10 U/ µL) was added to the PCR amplification product and subsequently incubated 

during 1 hour at 37 °C. Afterwards 50 µL of E. coli DH5α competent cells were 

transformed by adding 3 µL of the DpnI – treated DNA and incubated on ice for 20 

minutes. Cells were then transferred for 1 minute at 42 °C and placed back on ice for 

2 minutes. After addition of 1 mL LB medium, cells were incubated for 40 minutes at 

37 °C. Subsequently cells were centrifuge at 2300 xg for 2 minutes, 800 µL of 

supernatant was discarded and the cell pellet was resuspended gently into the 
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remaining volume. Finally cells were seeded on LB- Agar plates containing ampicilin 

[100 µg/mL] or kanamycin [50 µg/mL] depending on the antibiotic resistance cassette 

of the plasmid and incubated overnight at 37 °C.  

 

 Plasmid DNA purification  

In order to purify plasmid DNA, a small scale bacterial culture (mini prep) was set by 

inoculation of a single colony from transformed E. coli DH5α cells in to 4 mL LB 

medium containing selective antibiotic and incubated overnight at 37 °C with constant 

shaking. Afterwards bacterial cells were centrifuged at 2300 xg for 5 minutes at 4 °C 

and DNA purification was performed using NucleoSpin® Plasmid Kit (Macherey-

Nagel) following the manufacturer’s protocol. Shortly, cell pellet was resuspended 

and plasmid DNA was released from bacterial cells by SDS/alkaline lysis. 

Subsequently the lysate was neutralized to favor the plasmid DNA binding to the silica 

membrane of the NucleoSpin® Plasmid column (Macherey-Nagel). After washing 

steps to remove contaminants from the silica membrane containing plasmid DNA, this 

was eluted in 5 Mm Tris/HCl, pH 8.5 elution buffer. Plasmid DNA identity was 

confirmed by restriction analysis and sequencing. 

 

In order to remove endotoxins released from bacterial cells, and thus guarantee a high 

transfection efficiency and viability of transfected cells, a large scale bacterial culture 

(100 mL LB medium containing selective antibiotic) from a single colony of 

transformed E. coli DH5α cell was incubated overnight at 37 °C with constant shaking. 

DNA purification was performed using NucleoBond Xtra Midi EF Kit (Macherey-

Nagel) following manufacturer’s instructions. Then plasmid DNA was sequenced to 
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check its integrity and the concentration was determine photometrically by absorbance 

at 260 and 280 nm using a nanophotometer UV/VIS (IMPLEN). 

 

 Dual Luciferase Assay 

HeLa cells were synchronized using the described double thymidine block protocol. 

Then, cells were released by washing them twice with DPBS (GIBCO/Invitrogen) and 

replacing fresh culture medium without thymidine. Afterwards, cells were transfected 

using Lipofectamine 2000 (Invitrogen) in 4 hours intervals with the luciferase reporter 

plasmids (Table 4). Firefly luciferase- expression was driven by Kv10.1 promoter 

(KCNH1pr), whereas Renilla luciferase expression was driven by CMV promoter as 

an internal control. Cell pellets were collected for analysis of firefly and Renilla 

luciferase activity 24 hours after transfection. 

Reporter plasmid  Promoter  

pGL3-5’UTR-KCNH1pr (Lin, Li et al. 2011) KCNH1 promoter (KCNH1pr) 

pRL-CMV (Promega) CMV  

pGL3-5’UTR-mut KCNH1pr KCNH1pr containing E2F1 

mutation 

Table 4. Luciferase reporter plasmids 

 

Cell pellets were resuspended in 100 µL of Passive Lysis Buffer (Promega), shaked 

for 15 minutes at room temperature and centrifuged at 16000 xg for 1 minute. 

Afterwards 20 µL of the supernatant was transferred into a 96-well plate to perform 

dual luciferase assay. First, 100 µL of Luciferase Assay Reagent II (Promega) 

containing firefly luciferase substrate were added to the wells, and firefly 

luminescence was quantified. Thereafter, firefly luminescence reaction was quenched, 
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and simultaneously Renilla luciferase reaction was initiated by adding 100 µL of 

reagent Stop&Glo® (Promega) containing firefly luciferase substrate. CMV driven 

Renilla-luciferase activity was used as an internal control for normalization. Data 

acquisition was done using Perkin Elmer Wallac Victor 2 V Multi-label Counter 1420-

041 Microplate Reader. 

 

 Reverse transcription of total mRNA 

2.7.1 Isolation of total mRNA 

To determine gene expression, total mRNA was isolated from HeLa cells using 

RNeasy Mini Kit (Qiagen) according to manufacturer’s instructions. Cells were 

harvested and lysed in the presence of guanidine-thiocyanate containing buffer, which 

inactivates RNases and thus ensures the integrity of the RNA to be purified. In order 

to shear genomic DNA and reduce viscosity, the lysate was transferred into 

QIAsheredder spin column (Qiagen) and centrifuged. The homogenized lysate was 

mixed in a 1:1 proportion with 70 % ethanol, to favor selective binding of RNA to the 

silica membrane of the column, transferred into the RNeasy mini column (Qiagen), 

and centrifuged. DNA removal was performed using RNase-free DNase Set (Qiagen), 

and several washes combined with centrifugation were performed to remove 

contaminants. Finally the RNA was eluted from the silica membrane by adding RNase 

free water followed by centrifugation. 

2.7.2 cDNA synthesis from total RNA  

Total mRNA was reverse transcribed using SuperScrip® III First-strand synthesis 

system (Invitrogen). 2.5 µg of total RNA in 12 µL of RNase free water were set apart, 
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mixed with 1 µL of 50 µM oligo (dT)12-18, and incubated at 70 °C for 10 minutes to 

disrupt the RNA secondary structure. The reaction was placed on ice for 1 minute to 

allow primer annealing, and for the cDNA synthesis reaction, the RNA- primer mix 

was adjusted to 20 µL final volume, containing 1x RT buffer, 2.5 mM MgCl2, 10 mM 

DTT, 0.5 mM dNTP mix and 10 U/µL SuperScript®III RT. The reaction was 

incubated at 42 °C for 50 minutes, followed by 15 minutes incubation at 70 °C to stop 

it. In order to remove RNA template, 1 µL RNase H was added and incubated at 37 

°C for 20 minutes. Finally, cDNA was diluted in water to a final volume of 25 µL.  

 

 Chromatin Immunoprecipitation (ChIP) 

ChIP assays were performed to determine the binding of E2F1 transcription factor to 

Kv10.1 promoter along the cell cycle (Figure 7). HeLa cells were grown on 15 cm2 

dishes and synchronized by double thymidine block as described. Starting at the 

release time, cells (DNA) were cross-linked every 4 hours during 24 hours. Cross-

linking was performed by adding 12 mL of 1 % formaldehyde solution (Sigma) at 

room temperature for 10 minutes. Then the reaction was quenched by adding glycine 

(Sigma) to 125 mM final concentration. Afterwards cells were washed twice with 

PBS, and scraped after addition of 2mL of weak lysis buffer containing 150 mM NaCl, 

20 mM EDTA pH 8, 50 mM Tris pH 8, 0.5 % Nonidet P-40 (NP-40), 1 % Triton X-

100 and protease inhibitor cocktail (Roche). The cell lysate was centrifuged at 12000 

xg for 2 minutes at 4 °C. The resulting nuclear pellet was resuspended in 1 mL weak 

lysis buffer, and centrifuged once more at 12000 xg for 2 minutes at 4 °C. The 

supernatant was discarded and the nuclear pellet was snap frozen in liquid nitrogen. 
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Subsequently the nuclear pellet was resuspended in 300 µL of nuclear lysis buffer (50 

mM Tris pH8, 10 mM EDTA, 1 % SDS and protease inhibitor cocktail), incubated at 

4 °C for 15 minutes with constant rotation, and sonicated using a Biorupter Plus 

(Diagenode) for 30 cycles at 30 seconds ON/OFF at high power. The sample was then 

centrifuged at 16000 xg for 5 minutes at 8 °C, the supernatant containing sheared 

chromatin was taken and diluted by adding 900 µL of Immunoprecipitation buffer 

containing 150 mM NaCl, 1 % NP-40, 0.5 % sodium deoxycholate, 0.1 % SDS, 50 

mM Tris-HCl pH8, 20 mM EDTA and protease inhibitor cocktail (Roche).  

The diluted chromatin (20 µg) was pre-cleared with 20 µL of ChIP- Grade Protein G 

Magnetic Beads (Cell Signaling Technology) for 1 hour with constant rotation at 4 °C. 

The sample was placed onto a magnetic field to pull the magnetic beads to the side of 

the tube, and the supernatant containing pre-cleared chromatin was carefully taken. 

For the input sample, 10 % of the supernatant was removed, transferred to a new tube 

and store at -20 °C until further use.  

For immunoprecipitation, pre-cleared chromatin was diluted once more with 

immunoprecipitation buffer to a final volume of 2 mL. Pre-cleared chromatin was then 

incubated with 10 µg of anti-E2F1 rabbit antibody (Cell Signaling Technology) at 4 

°C with constant rotation overnight. 10 µg Normal Rabbit IgG (Cell Signaling 

Technology) were added to negative control samples.  

After antibody incubation, 30 µL of ChIP- Grade Protein G Magnetic Beads (Cell 

Signaling Technology) were added to the antibody/antigen/chromatin complex, and 

incubated at 4 °C for 2 hours with constant rotation. Subsequently, the Protein G 

Magnetic Beads/antibody/antigen/chromatin complexes were pelleted by placing the 

tube into a magnetic separation rack. The pellet was washed 3 times at 4 °C with 1 mL 
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of low salt buffer (100 mM Tris-HCl pH 8, 1 % NP-40, 1 % sodium deoxycholate, 20 

mM EDTA and protease inhibitor cocktail), followed by one wash at 4 °C with 1 mL 

of high salt buffer (500 mM NaCl, 100 mM Tris-HCl pH8, 1 % NP-40, 1 % sodium 

deoxycholate, 20 mM EDTA and protease inhibitor cocktail). 

Finally, the pellet was resuspended in 150 µL of elution buffer (5 Mm Tris/HCl, pH 

8.5), and incubated for 30 minutes at 65 °C with gentle vortexing to elute chromatin 

from antibody/Protein G Magnetic Beads. All samples including the input sample 

were incubated with 0.1 µg/µL RNAse A (Sigma) during 45 minutes at 37 °C. Cross-

links were reversed by 2 hours incubation at 65 °C in 200 mM NaCl and 0.2 µg/µL of 

Proteinase K (Ambion, Life technologies). DNA purification was performed using 

DNA spin columns (Cell Signaling Technology 11137S), and DNA was eluted in 60 

µL of elution buffer. The samples were then ready to be amplified by qRT-PCR.  
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Figure 7. E2F1-Kv10.1 promoter interaction using ChIP assay. To define the 

temporal relationship of interaction between E2F1-Kv10.1 promoter, cells progressing 

through specific phases of the cell cycle were fixed with formaldehyde, lysed and the 

isolated chromatin was fragmented using sonication. The chromatin was 

immunoprecipitated using a specific antibody targeting the transcription factor E2F1. 

Thus, the DNA sequences that were associated with E2F1 were enriched after 

immunoprecipitation. The E2F1-DNA cross-links were reversed, and the DNA was 

purified and used to detect Kv10.1 promoter sequence enrichment by Real-Time PCR. 

Adapted figure from Farnham (2009). 
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 Quantitative Real Time PCR 

2.9.1 TaqMan assay (fluorescent donor: quencher hybridization) 

Reverse transcribed cDNA was taken as a template for qRT- PCR in order to 

determine gene expression. qRT-PCR was performed using specific TaqMan sets 

(Table 5) in a LightCycler 480 (Roche Applied Science) detection system. 

Name 

Primer/Probe 

Sequence 5’- 3’ Gene 

hTfR-Fw (Sigma) TTGAGAAAACAATGCAAAATGTG Human Transferrin 

Receptor 

hTfR-Rv (Sigma) CCCAGTTGCTGTCCTGATATAGA Human Transferrin 

Receptor 

hTfR-Probe 

UPL # 61 (Roche) 

FAM CTGGGCAA Dark Quencher Dye Human Transferrin 

Receptor 

hGAPDH-Fw 

(Sigma) 

AGCCACATCGCTCAGACAC Human GAPDH 

hGAPDH-Rv 

(Sigma) 

GCCCAATACGACCAAATCC Human GAPDH 

hGAPDH-Probe 

UPL # 61 (Roche) 

FAM TGGGGAAG Dark Quencher Dye Human GAPDH 

hKv10.1-Fw 

(Sigma) 

TGAGGTGGTGGCCATTCTA Human Kv10.1 

hKv10.1-Rv 

(Sigma) 

GGCCCTAACATTGGCACA Human Kv10.1 

hKv10.1-Probe 

UPL # 61 (Roche) 

FAM TTGCCCAG Dark Quencher Dye Human Kv10.1 

hE2F1-Fw (Sigma) TCCAAGAACCACATCCAGTG Human E2F1 
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hE2F1-Rv (Sigma) CTGGGTCAACCCCTCAAG Human E2F1 

hE2F1-Probe 

UPL # 61 (Roche) 

FAM CAGCCACA Dark Quencher Dye Human E2F1 

Table 5. TaqMan sets, primers and probes used for qRT-PCR 

 

For the qRT-PCR reaction, 2 µL of cDNA were mixed with 1 µL of 100 µM primer 

mix, 0.1 µL of 10 µM Universal Probe Library probe (Roche), and 0.1 µL Uracil-

DNA-glycosylase 2U/µL (New England BioLabs). Afterwards, 5 µL of ready-to-use 

hot-star PCR mix (Roche) containing FastStart Taq DNA Polymerase, reaction buffer, 

and dNTPmix were added. LightCycler® 480 (Roche Applied Science) detection 

system was programmed for 45 cycles at 50 °C for 2 minutes, 10 minutes at 95 °C, 30 

seconds at 60 °C followed by 10 seconds at 40 °C. Relative quantification of the 

samples was done using ΔΔCt method (Livak & Schmittgen, 2001), human 

housekeeping genes transferrin receptor and GAPDH were used to normalize the 

samples.  

2.9.2 SYBR Green intercalating dye 

DNA from ChIP assays was used as a template for qRT-PCR in order to amplify E2F1 

responsive promoter regions. The primer sets used are described in Table 6.  

Primer Sequence 5’- 3’ Amplified 

promoter region 

hGAPDH-Fw 

(Metabion) 

CCGGGAGAAGCTGAGTCATG 

(Shema, Tirosh et al. 2008) 

hGAPDH 

hGAPDH-Rv 

(Metabion) 

TTTGCGGTGGAAATGTCCTT 

(Shema, Tirosh et al. 2008) 

hGAPDH 
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hKCNH1-Fw 

(Metabion) 

CGA GGG TAG CAG CCA GA hKCNH1 

hKCNH1-Rv 

(Metabion) 

CTGGCGCGGCTTCTTAC hKCNH1 

hCyclin A2-Fw 

(Metabion) 

CTGCTCAGTTTCCTTTGGTTTACC 

(Docquier, Augereau et al. 2012)  

hCyclin A2 

hCyclin A2-Rv 

(Metabion) 

CAAAGACGCCCAGAGATGCAG 

(Docquier, Augereau et al. 2012)  

hCyclin A2 

Table 6. Primer sets used for ChIP/qRT-PCR 

 

For the qRT-PCR reaction, 2µL of DNA (immunoprecipitated chromatin) were mixed 

with 1 µL of 3µM primer mix. Then, 10 µL of the PCR mixture (Roche) containing 

SYBR Green 1 Dye, AmpliTaq Gold DNA Polymerase LD, dNTPs with dUTP⁄dTTP 

were added to the reaction mix. Amplification was carried out in a LightCycler 480 

(Roche Applied Science) detection system for 29 cycles at 95 °C for 30 s, 40 s at 72 

°C, followed by a final 5 minutes extension at 72 °C. Quantification of the samples 

was done using ΔΔCt method (Livak and Schmittgen 2001). GAPDH, a non-E2F1 

regulated gene was used to normalize the samples. Fold enrichment was reported after 

further normalization relative to IgG signal. 

 

 Biochemistry 

2.10.1 Protein extraction 

Cells were harvested by trypsinization and washed once with PBS. After 

centrifugation, the cell pellet was resuspended and incubated for 30 minutes in non-

denaturating lysis buffer containing 1 % Triton X- 100, 50 mM Tris-HCl, 300 mM 
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NaCl, 5 mM EDTA and protease inhibitor cocktail (Roche). The cell lysate was then 

centrifuged for 15 minutes at 16000 xg, the supernatant was recovered and the protein 

concentration was measured using BCA Protein Assay Kit (Thermo Scientific) 

according to the manufacturer’s instructions.  

2.10.2 Immunoprecipitation  

The samples were immunoprecipitated due to the low amount of Kv10.1 endogenous 

levels. After protein quantification, 400 µL of cell lysate containing 700 µg of total 

protein were incubated for 1 hour at 4 °C with protein G Magnetic Beads (New 

England BioLabs) to preclear the sample. Then 3µL of anti-Kv10.1 monoclonal 

antibody (Kv10.1-33.mAb) were added to the precleared sample and incubated for 1 

hour at 4 °C, followed by the addition of 30 µL of protein G magnetic beads (New 

England BioLabs) and 1 hour incubation. Then, Protein G Magnetic Beads/ 

antibody/Kv10.1 complexes were pelleted by placing the sample into a magnetic 

separation rack. The pellet was washed 3 times at 4 °C with 500 µL of 

Immunoprecipitation buffer (0.1 % Triton X- 100, 50 mM Tris-HCl, 300 mM NaCl, 

5 mM EDTA and protease inhibitor cocktail). The pellet was resuspended in 16.25 µL 

of TBS buffer (20 mM Tris, 150 mM NaCl, pH 7.6), 2.5 µL NuPAGE® reducing 

agent (invitrogen) and 6.25 µL NuPAGE LDS Sample buffer (invitrogen). Finally the 

resuspended pellet was incubated for 10 minutes at 70 °C to elute Kv10.1 protein from 

antibody/Protein G Magnetic Beads. 

2.10.3 SDS-PAGE 

In order to disrupt protein secondary structure, and allow proteins to migrate 

depending on the mass to charge ratio after applying voltage across the SDS-

polyacrylamide gel, 3 µL NuPAGE reducing agent (Invitrogen), and 7.5 µL NuPAGE 
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LDS Sample buffer (Invitrogen) were added to the samples (100 µg total protein) to a 

final volume of 30 µL. Then the reduced samples were incubated at 70 °C for 10 

minutes.  

The denaturated samples were loaded into 3-8 % NuPAGE Novex Tris-Acetate Mini 

Gels (Invitrogen) to resolve proteins of large molecular weight, or into 4-12 % 

NuPAGE Novex Bis-Tris Mini Gels (Invitrogen) to resolve small to medium 

molecular weight proteins. 

2.10.4 Western blot 

Once the proteins were separated by SDS-PAGE, the SDS-polyacrylamide gel was set 

in direct contact with the nitrocellulose membrane (GE Healthcare), then placed in a 

chamber filled with the transfer buffer containing 10 mM NaHCO3, 3 mM Na2CO3, 

0.01 % SDS and 20 % methanol. In order to allow the proteins to be transferred to the 

membrane, a voltage gradient was applied from 10 V to 50 V with stepwise increments 

of 10 V every ten minutes and the final step at 50 V for 30 min. Then, the membrane 

was rinsed with deionized water and dried for 2 hours at room temperature. 

The membrane was rehydrated with deionized water and treated with Blot signal 

enhancer (Thermo Scientific) according to the manufacturer’s instructions. The 

membrane was then incubated for 1 hour in blocking buffer containing casein and 

TBS-T (0.1 % Casein, 20 mM Tris, 150 mM NaCl and 0.05 % Tween 20), followed 

by overnight incubation at 4 °C with primary antibody diluted in blocking buffer 

(Table 7). After 5 washes with deionized water and 5 minutes incubation with TBS-

T, the membrane was incubated for 45 minutes with horseradish peroxidase (HRP) 

conjugated secondary antibody diluted in blocking buffer (Table 7). Then the 

membrane was washed 7 times with deionized water and incubated for 5 minutes with 
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TBS-T. At last, the chemiluminescent HRP substrate (Millipore) was applied to the 

blot for 5 minutes, thus the chemiluminescence reaction was catalyzed by the 

peroxidase conjugated to the secondary antibody, leading to light emission. The 

emitted light was detected with a ChemiDoc XRS system (Bio-Rad), the image 

acquisition was done using Quantity One 1-D Analysis Software v4.6.9 (Bio-Rad). 

For imaging processing analysis FIJI software was used (Schindelin 2008). 

Antibody Host Species/ 

Clonality 

Dilution Manufacturer 

Kv10.1-9391 Rabbit/polyclonal  1:1500 (Weber, Mello de 

Queiroz et al. 2006) 

E2F1  Rabbit/polyclonal 1:1000 Cell signaling 

Rb (4H1) Mouse/monoclonal 1:2000 Cell signaling 

Cyclin A (BF683) Mouse/monoclonal 1:2000 Cell signaling 

Calnexin Rabbit/polyclonal 1:1000 Enzo life Sciences 

Actin Goat/polyclonal 1:1000 Santa Cruz 

ECL Anti-Rabbit 

IgG, Horseradish 

Peroxidase Linked 

Donkey/polyclonal 1:10000 GE Healthcare 

ECL Anti-Mouse 

IgG, Horseradish 

Peroxidase Linked 

Sheep/polyclonal 1:10000 GE Healthcare 

Anti-Goat IgG 

(H+L)-HRP 

Conjugate 

Rabbit/polyclonal 1:10000 BIO-RAD 

Table 7. Primary and secondary antibodies used for western blot 
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 Immunostaining  

2.11.1 Immunocytochemistry 

Cells were plated on poly-L-lysine coated coverslips (Menzel), synchronized using a 

double thymidine block protocol, and starting at the release time different coverslips 

were fixed in 4 hours intervals during 24 hours. Cells were fixed using 10 % formalin 

solution (Sigma) at 4 °C for 10 minutes, washed 3 times with PBS, and permeabilized 

with 0.5 % Triton X-100 (Sigma) in PBS for 5 minutes. Afterwards, cells were washed 

3 times with PBST (0.05 % Tween 20 (Sigma) in PBS), blocked with 10 % BSA 

(Sigma) in PBST for 1 hour, and incubated with primary antibodies diluted in blocking 

solution overnight at 4 °C (Table 8).  

Cells were then rinsed 3 times, incubated for 1 hour at room temperature with 

secondary antibodies diluted in blocking solution (Table 8), and washed again 3 times. 

At last, the nuclei were counter- stained with 1:1000 dilution of TO-PRO-3 

(Invitrogen) in PBST, the coverslips were mounted on a glass slide (Menzel) using 

Prolong Gold antifade reagent with DAPI (Invitrogen). Confocal images were taken 

using LSM 510 Meta laser scanning confocal microscope (Zeiss), ZEN (Zeiss) 

software was used for image acquisition, and Imaging processing was done using the 

image analysis software FIJI (Schindelin 2008). 

 

Antibody Host Species/ 

Clonality 

Dilution Manufacturer 

Kv10.1-62 Mouse/monoclonal 1:1000 (Hemmerlein, 

Weseloh et al. 2006) 
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Cyclin B1 Rabbit/polyclonal 1:50 Cell Signaling 

Alexa Fluor 488 anti-

rabbit IgG (H+L) 

Goat/polyclonal 1:1000 Invitrogen 

Alexa Fluor 546 anti-

mouse IgG (H+L) 

Goat/polyclonal 1:1000 Invitrogen 

Table 8. Primary and secondary antibodies used for Immunocytochemistry 

 

2.11.2 Immunohistochemistry 

Tissue samples were provided by Dr. Alonso Barrantes (Department of 

Neuropathology, Universitätsmedizin Göttingen). Tissue sections were deparaffined 

using xylene and rehydrated by decreasing ethanol dilutions (from 100 % to 90 % to 

70 % to 0 %) for 5 minutes each step. Afterwards, the tissue sections were incubated 

for 30 minutes at 90 °C in 10 mM citrate buffer for antigen retrieval. Then, the sections 

were allowed to cool down for 1 h at room temperature, and washed with 0.05 % 

Tween 20 (Sigma) in TBS. Blocking was performed using 10 % BSA (Sigma) diluted 

in TBS and 0.05 % Tween 20 (Sigma). The tissue sections were incubated overnight 

at 4 °C with primary antibody (Table 9) diluted in blocking solution, washed 3 times, 

and incubated for 1 hour at room temperature with secondary antibody (Table 9) 

diluted in blocking solution. After washing, the tissue sections were incubated with 1 

µL of TO-PRO-3 (Invitrogen) diluted in 1 mL of blocking solution to counter- stain 

nuclei. Finally, the sections were mounted using Prolong Gold antifade reagent with 

DAPI (Invitrogen). Confocal images were taken using LSM 510 Meta laser scanning 

confocal microscope (Zeiss), ZEN (Zeiss) software was used for image acquisition, 

and image processing was done using the image analysis software FIJI (Schindelin 

2008). 
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Antibody Host Species/ 

Clonality 

Dilution Manufacturer 

Kv10.1-62 Mouse/monoclonal 1:100 (Hemmerlein, 

Weseloh et al. 2006) 

Cyclin B1 Rabbit/polyclonal 1:200 Acris 

Alexa Fluor 488 anti-

rabbit IgG (H+L) 

Goat/polyclonal 1:1000 Invitrogen 

Alexa Fluor 546 anti-

mouse IgG (H+L) 

Goat/polyclonal 1:1000 Invitrogen 

Table 9. Primary and secondary antibodies used for Immunohistochemistry 
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3 RESULTS 

 Kv10.1 expression in HeLa cells 

Kv10.1 expression has been reported to be widespread in clinical samples of solid 

tumors (Patt, Preussat et al. 2004, Hemmerlein, Weseloh et al. 2006, Mello de Queiroz, 

Suarez-Kurtz et al. 2006, Ding, Luo et al. 2007, Ding, Yan et al. 2007, Ding, Wang et 

al. 2008, Asher, Khan et al. 2010, Menendez, Villaronga et al. 2012, del Pliego, 

Aguirre-Benitez et al. 2013), as well as in leukemias (Agarwal, Griesinger et al. 2010). 

Kv10.1 expression in tumor tissues has been proposed as a prognosis marker, as gene 

amplification is shown to be associated with poor survival in leukemia, colon and 

ovarian cancer patients (Ding, Yan et al. 2007, Agarwal, Griesinger et al. 2010, Asher, 

Khan et al. 2010, Rodriguez-Rasgado, Acuna-Macias et al. 2012). Apart from that, 

Kv10.1 expression in normal non-neural tissue has been detected in low levels, and 

only in restricted populations of cells (Hemmerlein, Weseloh et al. 2006). Kv10.1 

channel expression also appears to be increased upon mitogen factor stimulation 

(Borowiec, Hague et al. 2007), favors cell proliferation and tumor progression (Pardo, 

del Camino et al. 1999, Weber, Mello de Queiroz et al. 2006, Downie, Sanchez et al. 

2008). It is believed that tumor cells expressing Kv10.1 acquire selective advantages 

that allow them to sustain chronic proliferation. Nevertheless, neither the dependency 

of Kv10.1 expression kinetics on the cell cycle, nor the mechanism underlying Kv10.1 

expression in cancer cells are fully understood. Through this study we attempted to 

address these matters using HeLa cells as a model system. Those cells are derived 

from a cervical carcinoma, and are one of the most commonly used cell lines in 

mammalian cell cycle research. HeLa cells can be effectively synchronized by double 

thymidine block, and gene expression through the cell cycle can be monitored after 
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releasing them. Moreover, endogenous Kv10.1 expression has been detected in HeLa 

cells by RT-PCR (Pardo, del Camino et al. 1999). 

Subcellular localization of Kv10.1 was determined in asynchronous population of 

growing HeLa cells. Immunostaining revealed that HeLa cells expressed Kv10.1 in a 

non-uniform fashion. Kv10.1 expression was enriched in the plasma membrane of 

cells showing chromosomal condensation, as well as in the cytoplasmic bridge of cells 

undergoing cytokinesis (Figure 8). Cells committed to mitosis show high cyclin B-

Cdk1 complex activity, followed by nuclear envelope breakdown. At this point, 

compact chromosomes are formed during chromatin reorganization (Pines and Hunter 

1991). To test whether Kv10.1 expression in HeLa cells is associated to mitosis, 

subcellular localization of Cyclin B1 together with the DNA pattern staining were 

used as markers for G2 and mitotic cells (Figure 9). Cyclin B1 accumulates in the 

cytoplasm of cells progressing from S to G2, shuttles to the nucleus and is 

concentrated near the condensed chromosomes during prophase and methaphase. 

Later, when cells progress to anaphase Cyclin B1 is degraded by the anaphase 

promoting complex, and the two daughter cells are divided (Pines and Hunter 1991, 

Pines and Hunter 1994, Porter and Donoghue 2003). Thus, Cells in G2 phase show 

cytoplasmic cyclin B1 and disaggregated chromatin, the G2/M boundary shows 

nuclear cyclin B1, and cells in late M phase display condensed chromosomes. Positive 

membrane staining for Kv10.1 expression was observed in cells with cytoplasmic 

Cyclin B1 staining (G2 phase; Figure 10B), but also high Kv10.1 expression was 

observed in the cell membrane during mitosis (Figure 10A), distinguishable by 

chromosomal condensation and nuclear localization of Cyclin B1 (Figure 9 and 

Figure 10).  
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Figure 8. Subcellular localization of Kv10.1 in HeLa cells. HeLa cells were 

immunostained using Kv10.1-62.mAb. Kv10.1 membrane staining was not uniform 

in the population of cells, membrane staining was enriched in cells showing 

chromosomal condensation, as well as in the cytoplasmic bridge of cells undergoing 

cytokinesis. TO-PRO-3 was used to stain nucleic acids. Scale Bar 20 µm. 
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Figure 9. Kv10.1 expression and cyclin B1 subcellular localization in HeLa Cells. 

Cyclin B1 was localized in the cytoplasm of G2 cells, during mitosis Cyclin B1 

localized to the nucleus, in association with condensed chromosomes. TO-PRO-3 

staining showed the diffuse DNA during G2 and condensed chromosomes in 

metaphase. Kv10.1 membrane staining was enriched in Cyclin B1 positive cells. Scale 

Bar 20 µm. 
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Figure 10. Kv10.1 expression in HeLa Cells has a temporal colocalization with 

Cyclin B1 expression. (A) Cells undergoing mitosis displayed condensed 

chromosomes and nuclear cyclin B1. These cells showed high Kv10.1 membrane 

expression. (B) Weaker membrane staining for Kv10.1 was also observed in late G2 

cells, distinguishable for cytoplasmic and nuclear cyclin B1 signal. (C) Faint Kv10.1 

membrane signal was observed in cyclin B1-negative cells. Imaging processing and 

intensity plot in A, B and C were done using the image analysis software FIJI. 

 

 Dynamic expression of Kv10.1 along the cell cycle 

Immunocytochemistry experiments showed an enrichment of Kv10.1 expression in 

cells progressing through mitosis. To further determine whether Kv10.1 expression 

kinetics was associated to the cell cycle, HeLa cells were synchronized using a double 

thymidine block protocol (Figure 6). Then, every 4 hours after the releasing time, 

endogenous Kv10.1 expression levels were assessed by immunoprecipitation using 
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Kv10.1-33.mAb and Western blot detection with a polyclonal antibody Kv10.1-9391 

(Figure 12). Cell cycle analysis based on DNA content was performed to determine 

the cell cycle distribution after thymidine release (Figure 11). Propidium iodide (PI), 

a DNA fluorochrome, binds proportionally to the DNA present in the cell. When the 

PI stained cells pass through the flow cytometer's laser, the emitted light correlates 

with the amount of PI bound to the DNA, and therefore with the total amount of DNA 

in the cell. As a result, cells in G0/G1 have a uniform DNA content, whereas cells 

undergoing DNA replication (S phase) have more DNA and take up more PI. G2/M 

cells have then twice as much DNA as G0/G1, and therefore twice as much 

fluorescence intensity (Pozarowski and Darzynkiewicz 2004). Cell populations 

progressing through the different phases of the cell cycle are represented on frequency 

histograms (Figure 11 B, C and D). After thymidine treatment (0 h), cells were 

arrested at the G1/S border. Within the following 4 hours, the cell population 

progressed into S phase, and a majority reached the G2/M phases after 8 hours. 

Simultaneously, endogenous Kv10.1 expression increased gradually and reached a 

peak at 12 hours, corresponding to a majority of the cells in early G1, after the first 

mitosis was completed (Figure 12 A and B). Then, Kv10.1 expression levels 

decreased markedly as the cells progressed through middle G1 (16 h) and reentered to 

S phase (20 h and 24 h).  
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Figure 11. FACS analysis of synchronized HeLa cells using double thymidine 

block protocol. (A) Cell cycle analysis based on PI staining, as a measure for DNA 

content, was performed to determine the cell cycle distribution after thymidine release. 

(B) Quantification of cells in G1/G0, (C) cells in S phase, and (D) cells in G2/M phase. 

FACS Diva software v5.0 (BD Biosciences) was used for data acquisition, and data 

processing was done with FlowJo v10.0.7 software (Tree Star). 

 

E2F1 is a transcription factor known to control transcription of genes required for cell 

cycle progression in a time-specific manner (Takahashi, Rayman et al. 2000). E2F1 

transcription factor has been proposed to influence Kv10.1 expression, owing to its 

active binding site on Kv10.1 promoter (Suckow 2003, Lin, Li et al. 2011). As 

expected, E2F1 expression levels changed through the cells cycle (Figure 12 A and 

C). Expression of E2F1 was maximal at the G1/S border (immediately at the time of 

release), and dropped thereafter as the cells progressed through S and G2/M phases. 
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Afterwards, E2F1 re-accumulated as the cells entered middle and late G1 phase. 

Retinoblastoma protein (Rb) has been shown to regulate the G1/S transition by binding 

to E2F1 and repressing its transcriptional activity (Rubin, Gall et al. 2005). 

Accordingly, Rb levels accumulated during G2/M and early G1 (Figure 12 A and D) 

where it represses E2F1 activity. 

Taken together, these results strongly suggest that rather than showing a constitutive 

expression, the levels of Kv10.1 change periodically during the cell cycle with a 

maximum at the G2/M phase. The E2F1 expression levels also fluctuate periodically 

during the cell cycle. However, the E2F1 peak expression occurs at the G1/S border.  
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Figure 12. Kv10.1 expression pattern along the cell cycle in HeLa cells. 

(A)Western blot assay of Kv10.1, E2F1 transcription factor, and Retinoblastoma 

protein (Rb) expression in thymidine synchronized HeLa cells. Kv10.1 was previously 

immunoprecipitated using anti-Kv10.1 clone 33 antibody. Expression of Actin was 

assessed as loading control. (B) Densitometry analysis of Kv10.1 protein expression 

during the cell cycle, data were normalized to time 0 h (C and D) Densitometry 

analysis of E2F1 and Rb protein expression relative to actin and time 0 h. Data analysis 

was done using the image analysis software FIJI. 

 



 61 

 Kv10.1 regulation by RB/E2F1pathway 

Previous reports have identified the minimal promoter region of Kv10.1 and located 

an E2F1 binding site consensus sequence (Suckow 2003, Lin, Li et al. 2011). 

However, a transcriptional modulation by E2F1 had not been documented in vivo. To 

further explore regulation on Kv10.1 expression, E2F1 was overexpressed in 

asynchronous HeLa cells. Then, abundance of endogenous Kv10.1 protein was 

assessed by immunoprecipitation using Kv10.1-33.mAb and Western blot detection 

with a polyclonal antibody Kv10.1-9391. E2F1 overexpression resulted in an increase 

of the levels of Kv10.1. Human Papilloma Virus E7 oncoprotein (HPV-E7) is known 

to both disrupt the interaction between Rb and E2F1 and increase Kv10.1 expression 

(Diaz, Ceja-Ochoa et al. 2009). Overexpression of HPV-E7 induces E2F1 release and 

causes transcriptional activation of E2F1-responsive promoters (Munger, Phelps et al. 

1989). Overexpression of HPV-E7 in HeLa cells enhanced Kv10.1 expression (Figure 

13 A), suggesting again transcriptional control of Kv10.1 by E2F1.  

The disruption of Rb/E2F1 interaction by HPV-E7 occurs through Rb cleavage at the 

C terminus, induced by binding of HPV-E7 to Rb and recruitment of the protease 

calpain. Proteolysis of Rb releases active E2F1 (Darnell, Schroder et al. 2007). To test 

whether the HPV-E7 effect on Kv10.1 expression occurs through E2F1 release after 

Rb/E2F1 disruption, the action of endogenous HPV-E7 oncoprotein in HeLa cells was 

interfered by treatment with the calpain inhibitor PD150606. Kv10.1 expression was 

subsequently measured at both the mRNA and protein levels. Transcriptional levels 

were determined by qRT-PCR (Figure 13 C), using the transferrin receptor as a 

reference mRNA. After calpain inhibitor treatment, relative Kv10.1 mRNA levels 

were significantly down regulated compared to untreated or DMSO treated cells (one-

way ANOVA; P=0.0009). E2F1 mRNA levels (Figure 13 D) also revealed a 
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significant decrease after calpain inhibitor treatment (one-way ANOVA, P=0.0005). 

Such a decrease can be interpreted as a reduction of the auto regulatory control of 

E2F1 transcription that occurs physiologically before G1/S transition, when Rb/E2F1 

complex has not been yet disrupted (Johnson, Ohtani et al. 1994). Expression of 

endogenous Kv10.1 protein after calpain inhibition was also determined by 

immunoprecipitation followed by Western blot. Kv10.1 was also down regulated at 

the protein level after calpain inhibitor treatment (Figure 13 B). Altogether, these 

results indicate that Rb/E2F1 represses Kv10.1 transcriptional activity, and disruption 

of the Rb/E2F1 complex by HPV-E7 leads to transcriptional activation of Kv10.1 

through E2F1. This prompted the study on the impact that E2F1 transcription factor 

might play in Kv10.1 expression kinetics during the cell cycle. 
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Figure 13. Kv10.1 expression is regulated by the pRB/E2F1 pathway in HeLa 

cells. (A) Kv10.1 expression was up regulated after E2F1 and HPV-E7 overexpression 

(B) Kv10.1 expression was down regulated after calpain inhibitor treatment. (C) 

Relative mRNA Kv10.1 levels were significantly downregulated compared to 

untreated and DMSO treated cells (one-way ANOVA; P=0.0009). (D) Relative 

mRNA E2F1 levels were also significantly downregulated compared to untreated and 

DMSO treated cells (one-way ANOVA; P=0.0005).  

 

 Requirement of an E2F1 responsive element for the control of 

Kv10.1 promoter  

In order to understand the mechanisms underlying the cell cycle dependent expression 

of Kv10.1, the minimal promoter (KCNH1pr) containing an E2F1 responsive element 
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(Figure 14 A) was cloned into the pGL3 luciferase reporter vector. Then, promoter 

activity was measured by luciferase assay. HeLa cells were synchronized, released and 

transfected in 4-hour intervals with the reporter plasmids encoding firefly luciferase 

driven by KCNH1pr, and Renilla luciferase driven by the CMV promoter as an internal 

control. Firefly luciferase activity was normalized using Renilla luciferase to account 

for differences in the number of cells and/or transfection efficiency. 

Firefly luciferase activity under the control of the KCNH1pr varied significantly with 

time (One Way ANOVA, P<0.0001) and followed the same cyclic pattern as 

endogenous protein levels (Figure 14 and Figure 12). As the cells passed through 

G1/S border (0 h) and progressed through S phase (4 h), KCNH1pr activity increased 

and reached a peak when the cells were at the G2/M transition (8 h). Then, activity 

levels declined gradually as the cells completed mitosis (12 h) and progressed through 

G1 phase (16 h and 20 h). Then, the luciferase activity increased again when the cells 

were entering S phase (24 h).  

To address whether Rb/E2F1 pathway controls KCNH1pr transcription activity, HPV-

E7 oncoprotein was overexpressed in HeLa cells and KCNH1 promoter activity was 

assessed (Figure 14 B). HPV-E7 overexpression significantly increased luciferase 

activity driven by KCNH1pr containing the E2F1 responsive element (Two-way 

ANOVA. Hours after release P=0.0045, HPV-E7 overexpression P<0.0001).  
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Figure 14. E2F1 responsive element controls KCNH1 activity. (A) Schematic of 

human KCNH1 promoter indicating E2F1 responsive element upstream the 

transcription starting site (TSS). (B) Luciferase activity driven by KCNH1 promoter 

showed a peak activity during G2/M transition (One-Way ANOVA, P<0.0001). HPV-

E7 overexpression increased KCNH1 promoter activity (Two-way ANOVA. Hours 

after release P=0.0045, HPV-E7 overexpression P<0.0001). (C) E2F1 responsive 

element is necessary for KCNH1 gene expression. Mutation on E2F1 responsive 

element (KCNH1-mutE2F1) abolished promoter activity. HPV-E7 overexpression did 

not have any effect in the presence of KCNH1-mutE2F1, indicating that HPV-E7 

enhances KCNH1 through the release of E2F1 from Rb repression (Two-way 

ANOVA. Hours after release P<0.0001, mutated KCNH1 P<0.0001).  
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Both the basal activity of KCNH1pr and the effect of HPV-E7 depended on E2F1. 

When the E2F1 binding sequence was removed by mutagenesis (KCNH1pr-mutE2F1, 

Figure 14 A), luciferase activity driven by the mutant promoter was significantly 

reduced compared to the wild type KCNH1pr (Figure 14 C), both in the absence and 

after over expression of HPV-E7. (Two-way ANOVA. Hours after release P<0.0001, 

mutated KCNH1 P<0.0001), indicating that enhanced KCNH1 promoter activity after 

HPV-E7 overexpression was due to E2F1 release from Rb repression, and subsequent 

E2F1 binding to the promoter. 

 

 Interaction of E2F1 with Kv10.1 promoter 

According to the above results, maximum Kv10.1 promoter activity is restricted to 

G2/M border, and both promoter activity and protein expression are regulated by 

Rb/E2F1 pathway. However, the peak activities of E2F1 and KCNH1pr are shifted by 

several hours (Figure 12). This could indicate that KCNH1 promoter activation 

through E2F1 is a secondary effect of E2F1 activity at G1/S border, where E2F1 

induces the activation of genes that later could enhance Kv10.1 transcription. 

Alternatively, it can be explained by a delay in activation of the promoter after E2F1 

activity increase, as it has been documented for other genes (Takahashi, Rayman et al. 

2000, Zhu, Giangrande et al. 2004). Experiments with KCNH1-mutE2F1 point to a 

direct interaction, but we decided to test for physical interaction between E2F1 and 

the KCNH1 promoter using ChIP.  

ChIP assays were performed in synchronized HeLa cells using anti-E2F1 antibody, 

and qRT-PCR was used to amplify the endogenous KCNH1 promoter region 

containing the E2F1 binding site (Figure 15 A). Endogenous CCNA2 (Cyclin A2) 
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promoter region containing the E2F1 binding site was used as positive control (Figure 

15 B). Cyclin A2 has been reported as an E2F1 target gene regulated at the G2/M 

border (Takahashi et al, 2000; Zhu et al, 2004).  

Using a transcription factor whose activity is time-dependent, ChIP assays require 

synchronization of the cells in order to increase the probability of the transcription 

factor being bound to its acceptor site. As shown in Figure 15, E2F1 was found to 

interact with KCNH1 and CCNA2 promoters. As the cells passed through G1/S border 

and S (0 h and 4 h respectively), weaker binding of E2F1 to KCNH1 and CCNA2 

promoters was observed. Interestingly, when the cells were at the G2/M transition, the 

interaction between E2F1 and KCNH1 promoter was significantly increased (One-

Way ANOVA, P<0.0001). As expected, the interaction between E2F1 and CCNA2 

promoter was also significantly increased (One-Way ANOVA, P=0.0001). As soon 

as mitosis was completed and the cells re-entered the cell cycle (12 h), E2F1 binding 

to either KCNH1 or CCNA2 promoters was dramatically diminished.  

A second, albeit weaker peak of E2F1 binding was detected at later time points on 

both KCNH1 promoter (20 h) and CCNA2 promoter (16 and 20 h). This can arise from 

the possibility that residual binding comes from remaining G2/M cells (Figure 11), or 

because E2F1 binding between 16 h and 20 h responds to the large expression levels 

of E2F1 at those time points (Figure 12).  

As expected, Cyclin A2 protein expression was markedly up-regulated during the 

G2/M transition (8 h) in synchronized HeLa cells (Figure 16). In contrast, Kv10.1 

mRNA levels were significantly increased after the completion of mitosis at 12 h 

(One-Way ANOVA, P<0.0001). Kv10.1 protein expression was also markedly up-

regulated between G2/M transition (8 h) and completion of mitosis (12 h). Suggesting 
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that Cyclin A2 and Kv10.1 transcription are both regulated during G2/M border, a 

time when E2F1 is bound to the promoters despite the low overall amount of E2F1 

transcription factor. Nevertheless, Kv10.1 kinetics seems to be different compared to 

Cyclin A2 (Figure 16D).  

 

 

Figure 15. E2F1 binding during the cell cycle progression. (A) E2F1 binding to 

endogenous KCNH1 promoter during G2/M transition (8 h). One-Way ANOVA, 

P<0.0001 (B) E2F1 binding to endogenous CCNA2 promoter (Cyclin A2) during 

G2/M transition (8 h). One-Way ANOVA, P=0.0001. Immunoprecipitated chromatin 

was analyzed by qRT-PCR using primers in the KCNH1 and Cyclin A2 promoters. 

Cyclin A2, an E2F1 target gene regulated at the G2/M transition was used here as a 

positive control. Fold enrichment was calculated relative to GAPDH promoter signal. 

GAPDH is a non-E2F1 regulated gene.  
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Figure 16. Analysis of gene expression during the cell cycle in HeLa cells. (A) 

E2F1 mRNA levels during cell cycle progression. E2F1 mRNA levels increased as 

the cells were at the G1/S border and progress through S phase. One-Way ANOVA, 

P<0.0001 (B) In contrast, Kv10.1 mRNA levels increased markedly after the 

completion of mitosis (12 h). One-Way ANOVA, P<0.0001 (C and D) Western blot 

and densitometry analysis of Kv10.1 and Cyclin A2 protein expression during the cell 

cycle. Kv10.1 reached the peak expression between 8 h and 12 h after thymidine 

release, when the cells completed mitosis. Cyclin A2 reached the peak expression at 

the G2/M border, then it was dramatically down regulated. Expression of Calnexin 

was assessed as loading control.  
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 Kv10.1 knockdown delays the G2/M transition of HeLa cells 

We have shown that Kv10.1 protein expression is enriched in G2 and mitosis. The 

promoter activity is induced during G2/M transition, through the direct binding of 

E2F1 transcription factor. These results suggest that Kv10.1 is a candidate effector for 

cell cycle progression once the G1/S checkpoint control is satisfied. Thus, we decided 

to explore the role of Kv10.1 in cell cycle progression by knocking down the 

expression through RNA interference. Specific siRNA against Kv10.1 was transfected 

into HeLa cells, and the knockdown efficiency was determined using qRT-PCR 

(Figure 17C). After siRNA treatment, the relative Kv10.1 mRNA levels significantly 

dropped compared to siRNA control (One-Way ANOVA, P=0.0012).  

Cell cycle profile was determined in asynchronous population of growing HeLa cells, 

transfected with specific siRNA against Kv10.1 or control siRNA. FACS analysis 

using propidium iodide (PI) as a DNA stain was performed to evaluate the DNA 

content (Figure 17A). siRNA against Kv10.1 induced a significant increase of the cell 

fraction corresponding to G2/M compared to siRNA control (t-test, P=0.0152), while 

the cell fraction corresponding to G1 (t-test, P=0.1136) and S (t-test, P=0.2275), 

remained in the same proportion compared to the controls (Figure 17 B).  

An increase of the fraction of cells in a particular phase indicates that cells spend a 

longer time in that phase. Thus, the G2/M arrest of HeLa cells suggests that Kv10.1 

expression is involved in the entry or progression through mitosis.  
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Figure 17. Kv10.1 knockdown induced G2/M arrest in HeLa cells. (A) Cells were 

transfected with control siRNA or Kv10.1 siRNA. After 48h cells were stained using 

propidium iodide (PI) for FACS analysis. (B) Kv10.1 siRNA significantly induced 

G2/M arrest in HeLa cells (t-test, P=0.0152). The cell fraction corresponding to G1 

(t-test, P=0.1136) and S (t-test, P=0.2275) remained in the same proportion compared 

to siRNA control. (C) Knockdown efficiency was determined using qRT-PCR (One-

Way ANOVA, P=0.0012).  
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 Kv10.1 expression in normal non-neural tissue 

Previous studies indicated that Kv10.1 expression is enriched in human brain, but is 

not detectable in non-neuronal tissue (Pardo, del Camino et al. 1999). However, 

positive signal has been reported in restricted cell populations, which correspond to 

terminal developmental stages of different cell lineages (Hemmerlein, Weseloh et al. 

2006). We have found that Kv10.1 expression is temporally correlated with the 

kinetics of cyclins A2 and B1 (Figure 10 and Figure 17). Both cyclins, as well as 

Kv10.1, are E2F1-regulated genes and are expressed at the G2/M border and during 

mitosis (Pines and Hunter 1991, Pines and Hunter 1994, Takahashi, Rayman et al. 

2000, Zhu, Giangrande et al. 2004). We therefore hypothesized that Kv10.1 could be 

expressed in all cell types at a particular time window. If this window would represent 

a small fraction of the duration of the cell cycle, determination of the expression in the 

whole tissue would be frequently negative. In fact, cell cycle regulation of Kv10.1 

expression was first reported during myoblast fusion. Kv10.1 expression has been 

linked with the hyperpolarization of the resting potential necessary for myoblast 

differentiation (Bijlenga, Occhiodoro et al. 1998).  

We therefore set out to test whether Kv10.1 expression could be found in non-neuronal 

tissues during G2/M transition. To this end, immunohistochemistry was performed in 

normal tissue characterized by on-going proliferation. Intestinal epithelium contains 

continuous proliferating and differentiation programs. Stem cells located in the crypts 

undergo several rounds of amplification, giving rise to a proliferating progenitor cell 

population. Later, differentiation programs are activated and post mitotic cells undergo 

migration from the crypt to the tips of the adjacent villi or surface epithelium 

(Kosinski, Li et al. 2007, Humphries and Wright 2008, Shaker and Rubin 2010). Thus, 
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human intestine provides an excellent model to study Kv10.1 expression during the 

course of G2 and mitosis (Figure 18).  

Sections from paraffin-embedded normal colon were immunostained against Kv10.1 

and Cyclin B1. As expected, Cyclin B1 immunostaining was localized to the bottom 

and sides of the crypt, where the proliferative compartment is found (Figure 18 and 

Figure 19). Kv10.1 immunostaining followed the same pattern as Cyclin B1. Kv10.1 

positive cells found in the proliferative compartment of the colon crypt were also 

Cyclin B1 positive (Figure 20), indicating that Kv10.1 expression is enriched during 

G2/M progression.  

 

Figure 18. Illustration of the crypt axis. Stem cells are located at the bottom of the 

crypt, they give rise to progenitor cells which are located in the proliferative 

compartment. Afterwards, cells differentiate and migrate to the surface epithelium 

(Kosinski, Li et al. 2007).  
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Figure 19. Immunohistochemistry of paraffin colon section. Cyclin B1 positive 

cells were localized to the proliferative compartment, at the bottom and sides of the 

crypt. Kv10.1 positive cells were also found in the proliferative compartment of the 

colon crypt. White arrows indicate Kv10.1 and Cyclin B1 enriched populations. Scale 

bar 25 µm.  
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Figure 20. Kv10.1 enriched cells undergo G2/M progression in the proliferative 

compartment. Cyclin B1 immunostaining was used to determine cells undergoing 

G2/M progression. Scale bar 20 µm. 
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4 DISCUSSION 

In this study, we report that Kv10.1 is expressed in a defined time window during 

G2/M. This expression kinetics is regulated by the Rb/E2F1 pathway. Rb/E2F1 

complex represses Kv10.1 transcriptional activity, and the disruption of the Rb/E2F1 

complex by HPV-E7 leads to release of E2F1 transcription factor, which directly binds 

to Kv10.1pr to activate transcription. Furthermore, we show that in asynchronous 

HeLa cells Kv10.1 knockdown increases the G2/M fraction, suggesting that in the 

absence of Kv10.1, cells spend on average more time in G2/M. Finally, by taking into 

account the Kv10.1 expression kinetics (its short time-window of expression), we 

found Kv10.1 expression in normal non-neuronal tissue. Proliferating population of 

cells located at the bottom and sides of colonic crypts show positive Kv10.1 signal. 

The small fraction of proliferating cells passing through G2/M are also positive for 

Kv10.1. These findings are crucial to mechanistically find an explanation of the 

influence of Kv10.1 on tumor cell proliferation and its aberrant expression in tumors. 

 

 Rb/E2F1 transcriptional control 

We identify that the Rb/E2F1 pathway, which appears to be disrupted in almost all 

cancer cells (Sherr and McCormick 2002), is directly involved in Kv10.1 transcription. 

Our data show that the disruption of the Rb/E2F1 complex by HPV-E7 overexpression 

results in increased free E2F1 levels, which, in turn, increase Kv10.1 promoter activity 

and protein expression. In contrast, when the Rb/E2F1 repressor complex is 

maintained by preventing Rb degradation, both E2F1 and Kv10.1 expression are down 

regulated. 
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Rb tumor suppressor activity resides mainly in its ability to restrict cell cycle 

progression. Rb actively represses gene expression by binding to E2F1 transcription 

factor, and recruiting HDAC (Harbour and Dean 2000, Rayman, Takahashi et al. 2002, 

Takaki, Fukasawa et al. 2004). Rb mutations, or loss of function due to deregulation 

of its upstream regulators, such as cyclin inhibitors and cyclin-cdk complexes, have 

been associated with lung (Xue, Sano et al. 2001, Coe, Thu et al. 2013), pancreatic 

(Mettus and Rane 2003, Carriere, Gore et al. 2011), and breast cancer (Ertel, Dean et 

al. 2010, Witkiewicz, Cox et al. 2013), as well as glioblastoma multiforme (Cen, 

Carlson et al. 2012). Interestingly, Kv10.1 expression has also been reported in an 

overlapping broad range of tumors (Hemmerlein, Weseloh et al. 2006). Our results 

suggest that frequent Kv10.1 aberrant expression might be explained by loss of Rb 

repression.  

Upon growth-factor stimulation, signaling cascades are activated to target Cyclin D-

Cdk4/6 and Cyclin E-Cdk2 complexes, which promote Rb hyperphosphorylation and 

the subsequent E2F1 release. Since E2F1 activates E2F1-responsive promoters of 

genes that encode DNA replication proteins, and also proteins required for G2 

progression and mitosis, e.g. cyclin B, the Rb/E2F1 pathway appears as a link between 

growth signals and the cell cycle gene expression (Wong, Dong et al. 2011). Our 

results show that upon Rb/E2F1 complex disruption, E2F1 binds directly to Kv10.1pr 

to enhance gene expression. Previous studies in MCF-7 breast cancer cell line have 

indeed associated the mitogenic factor IGF-I signaling with enhanced Kv10.1 

expression (Borowiec, Hague et al. 2007). IGF-1 signaling cascade is transduced by 

phosphatidylinositol-3 kinase (PI3K) and Akt protein kinase, known for targeting 

substrates that prompt cell cycle progression (Dufourny, Alblas et al. 1997, 

Vanhaesebroeck and Alessi 2000, Dupont and Le Roith 2001). Cell cycle reentry after 
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IGF-I stimulation results in increased Cyclin D-Cdk4/6 and Cyclin E-Cdk2 activity, 

which promote Rb phosphorylation and therefore cell cycle progression. This would 

mean that enhanced Kv10.1 expression seen after IGF-I stimulation happens as a result 

of Rb/E2F1 complex disruption, and transcriptional E2F1 activity. Additionally, 

Kv10.1 would appear as a downstream effector of growth signals and G1/S check 

point pathways. Compatible with this idea, Kv10.1 blockage has been shown to 

abrogate the effect of IGF-I on cell cycle progression (Borowiec, Hague et al. 2007, 

Borowiec, Hague et al. 2011).  

In addition to cyclin-cdks mediated phosphorylation, p38 MAP kinase 

phosphorylation on Rb also prevents its association with both HDACs and E2F1, to 

enable gene expression of E2F1 target genes. The p38 MAPK pathway is mostly 

activated in response to cellular stress, but it can also be activated by mitogenic 

stimulation (Faust, Schmitt et al. 2012). In the MG-63 osteosarcoma cell line, p38 

MAPK inhibition induces Kv10.1 down regulation and slows down proliferation (Wu, 

Zhong et al. 2013). The HDAC inhibitor SAHA (suberoylanilide hydroxamic acid) 

has been shown to increase Kv10.1 in HNSCC- derived cell lines. This up regulation 

is also associated with acetylation on histones H3 and H4K16 (Menendez, Villaronga 

et al. 2012). These observations together with our findings point towards Rb as a key 

repressor of Kv10.1 expression. Thus, Rb repression on Kv10.1 might depend on 

binding to E2F1 transcription factor, to repress its transcriptional activity, and HDAC 

recruitment so the chromatin is less accessible to the transcriptional machinery. 

Compatible with the negative regulation of Kv10.1 by Rb, previous observations have 

shown that Rb is frequently inactivated by HPV-E7 expression in cervical cancer and 

other squamous cell carcinomas (Moody and Laimins 2010, Andersen, Koldjaer 

Solling et al. 2013). Consequently, Kv10.1 expression has also been detected in 
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cervical cancer biopsies, as well as in head and neck squamous cell carcinoma 

(HNSCC) (Farias, Ocana et al. 2004, Menendez, Villaronga et al. 2012). Further 

evidence has been reported in primary keratinocytes, which express Kv10.1 only after 

being immortalized by HPV-E7 (Diaz, Ceja-Ochoa et al. 2009). 

Some models suggest that deregulation of E2F1 due to loss of Rb is a critical event 

during tumor formation. For example, Rb-deficient mice have been shown to develop 

pituitary tumors (Jacks, Fazeli et al. 1992), but have a reduced frequency of pituitary 

tumor formation when crossed with E2F1-/- mice (Yamasaki, Bronson et al. 1998). 

Increased E2F1 levels, due to aberrant Rb function, are commonly found in lung, 

breast, and pancreatic cancers (Eymin, Gazzeri et al. 2001, Gorgoulis, Zacharatos et 

al. 2002, Han, Park et al. 2003, Yamazaki, Yajima et al. 2003). Amplification of the 

E2F1 gene has also been observed in esophageal, colorectal cancer and leukemia cell 

lines (Saito, Helin et al. 1995, Suzuki, Yasui et al. 1999). Remarkably, KV10.1 

expression is also reported in these E2F1-positive tumor types, and is correlated with 

poor prognosis for patients of gastric (Ding, Luo et al. 2007), and colon cancer 

(Ousingsawat, Spitzner et al. 2007), as well as leukemias (Agarwal, Griesinger et al. 

2010).  

It is believed that E2F1 oncogenic potential comes from its ability to stimulate 

proliferation, owing to transcriptional activation of genes involved in cell cycle 

progression. However, the scenario seems more complex, as E2F1 has also been 

reported as tumor suppressor (Pierce, Schneider-Broussard et al. 1999, Johnson and 

Degregori 2006). Loss of E2F1 reduces the incidence of pituitary tumors in Rb+/-, and 

mice lacking E2F1 have a relative low incidence of tumors. Nevertheless, 

abnormalities are evident in E2F1-/- mice with increasing age. These mice are 

predisposed to testicular atrophy, salivary gland dysplasia, and to develop lung 
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adenocarcinoma, lymphomas and reproductive tract sarcomas (Yamasaki, Jacks et al. 

1996, Yamasaki, Bronson et al. 1998). This paradox is thought to be context 

dependent, since E2F1 also activates genes important for apoptosis and senescence. 

E2F1 limits tumor development by transcriptional activation of ARF, which in turn 

induces p53 accumulation and the subsequent tumor suppression (Johnson and 

Degregori 2006, Russell, Weaks et al. 2006). Previous studies have suggested p53 

regulation on Kv10.1. p53 induces miR34a activation, and miR34a binds directly to 

the 3’UTR of Kv10.1 promoter to suppress its expression (Lin, Li et al. 2011). In the 

context of our findings, these observations suggest that Kv10.1 expression is 

controlled upstream by E2F1 transcription factor, and that loss of regulatory pathways 

controlling cell cycle progression and tumor formation e.g. Rb and p53 would 

determine the oncogenic potential of E2F1 and Kv10.1.  

 

 Kv10.1 expression towards G2/M 

We have found that Kv10.1 expression changes periodically during the cell cycle, 

rather than being constitutive. Kv10.1 mRNA and protein levels increase and reach a 

peak after mitosis and they decline gradually as cells reenter a new cycle. Furthermore, 

knockdown experiments reveal that Kv10.1 down regulation induces accumulation of 

cells towards G2/M, which indicates that cells take, on average, a longer time to 

complete mitosis.  

Our results in HeLa cells show that Kv10.1 expression is temporally restricted to a 

short time window during G2/M. Such kinetics could explain the low expression levels 

detected in normal tissues outside the CNS, since end-differentiated normal tissues 

show low proliferation, and therefore very few cells in a given tissue would be at that 
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point of the cell cycle. Nevertheless, we have found that proliferating cells outside the 

CNS express Kv10.1. Cells of human colon crypts undergo continuous proliferation 

and differentiation programs. Stem cells go through several rounds of amplification, 

giving rise to proliferating progenitor cell population located at the bottom of the crypt 

(Humphries and Wright 2008). We found a small percentage of cyclin B1-positive 

cells at the bottom of the crypt, and strikingly those cells were also positive for Kv10.1. 

This data suggests that in peripheral tissues, as well as somatic cancer cells, Kv10.1 is 

expressed in proliferating cells progressing through G2/M, when cyclin B1 expression 

starts increasing. 

Recently, our group has reviewed the mechanism by which potassium channels are 

involved in cell cycle regulation (Urrego, Tomczak et al. 2014). In proliferating cells, 

changes in the transmembrane potential have been associated with cell cycle 

progression (Blackiston, McLaughlin et al. 2009). For example, the membrane 

potential of MCF-7 cells hyperpolarizes during G1/S and G2/M transitions 

(Wonderlin, Woodfork et al. 1995), whereas quiescent CHO cells enter the cell cycle 

after membrane depolarization (Cone 1971). K+ channels control alterations in 

membrane permeability, and thus determine the resting potential along the cell cycle. 

Shifting the membrane potential towards the equilibrium for K+ increases the driving 

force available for Ca2+ entry. Ca2+ functions as second messenger to elicit 

intracellular signals, implicated, among other crucial processes in cell physiology, in 

the control of proliferation. (Lee, Sayeed et al. 1993, Lin, Boltz et al. 1993, Lepple-

Wienhues, Berweck et al. 1996, Lallet-Daher, Roudbaraki et al. 2009). Myoblasts fuse 

to form multinucleated skeletal muscle fibers, contributing to muscle growth (Rochlin, 

Yu et al. 2010). Expression of Kv10.1-mediated current has been associated with the 

initial hyperpolarization of the resting potential before myoblast fusion: the current 
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density reaches a peak in fusion-competent myoblasts and then declines after fusion 

(Bijlenga, Occhiodoro et al. 1998, Occhiodoro, Bernheim et al. 1998). This would be 

compatible with Kv10.1 expression shortly before the membrane fusion, when 

myoblasts progress through mitosis to leave the cell cycle. Our results show that 

enriched Kv10.1 expression towards the beginning and the exit from mitosis is not an 

isolated event in differentiating myoblast, but can rather be extrapolated to other cell 

types. 

Apart from changes in the expression level of Kv10.1 during G2/M, our group has 

reported that electrophysiological properties of Kv10.1 heterologously expressed in 

Xenopus oocytes also change during oocyte maturation. Xenopus oocytes are arrested 

in G2 phase for an indefinite period of time, and in response to the steroid hormone 

progesterone they are induced to complete the first meiotic division and develop into 

fertilizable eggs. Progesterone activates signaling cascades that target MPF (mitosis 

promoting factor, the catalytic subunit p34cdc2 and its regulatory partner cyclin B). 

MPF is responsible for the control of G2/M transition during both meiotic and mitotic 

divisions. During progesterone-dependent maturation, the electrophysiological 

properties of Kv10.1 channels heterologously expressed in Xenopus oocytes are 

strongly modulated, owing to a voltage-dependent block by intracellular Na+ that 

causes a reduction of Kv10.1-mediated current (Bruggemann, Stuhmer et al. 1997, 

Pardo, Bruggemann et al. 1998). The resulting net loss of K+ conductance at the G2/M 

transition may be a way to achieve membrane depolarization associated with mitosis. 

Thus, Kv10.1 expression and permeation properties appear to be modulated by the cell 

cycle, suggesting that Kv10.1 channels are relevant targets of cell cycle regulatory 

pathways, a notion compatible with a contribution to cell cycle progression.  
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Besides the permeation-dependent mechanisms controlling progression through the 

cell cycle, e.g., like in the case of myoblast fusion, Kv10.1 has also been reported to 

influence cell proliferation and tumorigenesis in the absence of K+ permeation (Hegle, 

Marble et al. 2006, Downie, Sanchez et al. 2008). Recently, our group has described 

a permeation-independent mechanism relying on protein-protein interaction between 

the C-terminus of Kv10.1 and Rabaptin5 as well as cortactin (Herrmann, Ninkovic et 

al. 2012, Ninkovic, Mitkovski et al. 2012). Through these interaction partners, Kv10.1 

is proposed to induce disassembly of the primary cilium (Sánchez, Urrego et al. 2014). 

The primary cilium behaves like an antenna to sense chemical and mechanical growth 

cues. G0 cells and cells progressing through G1 retain the primary cilium. It is 

assembled during cell cycle exit, and disassembled before the appearance of the 

mitotic spindle. The crosstalk between ciliary factors and regulators of the cell cycle 

influence cell cycle reentry (Pan, Seeger-Nukpezah et al. 2013). Moreover, it 

coordinates the activation and transduction of signaling pathways such as sonic 

hedgehog (SHH), important during development (Seeley and Nachury 2010). Our 

results indicate that Kv10.1 is expressed during G2/M, when it might contribute to 

disassembly of primary cilium. Thus, Kv10.1 role in tumorigenesis could be 

associated with destabilization of the primary cilium, which might result in faster 

ciliary resorption and faster cell cycle reentry.  

 

 Rb/E2F1 restricts Kv10.1 expression to the G2/M border 

We have described a mechanism that might control Kv10.1 expression kinetics during 

G2/M. E2F1 transcription factor binds directly to Kv10.1 promoter to induce gene 

expression, when binding of E2F1 to Kv10.1 promoter was prevented by mutation on 
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the E2F1-responsive element, Kv10.1 periodicity and promoter activity were 

abolished.  

Nevertheless, the kinetics of expression of E2F1 and Kv10.1 do not match in time. 

E2F1 shows peak expression during G1/S, whereas Kv10.1 reaches a maximum 

during G2/M. The role of E2F1 in controlling the expression of genes important for 

cell cycle progression relies on both repression, when it forms part of the repressor 

complex together with Rb, and activation. Although the majority of studies have 

focused on the role of E2F1 in controlling gene expression during G1/S, previous 

studies have provided evidence that E2F1 also controls the transcription of genes 

involved in later events, such as DNA repair and mitosis (Ishida, Huang et al. 2001, 

Ren, Cam et al. 2002, Polager and Ginsberg 2003, Zhu, Giangrande et al. 2004). 

Cyclin B and cyclin A, which are rate-limiting factors at the G2/M transition, are 

targets for E2F1 (Zhu, Giangrande et al. 2004). However, Cyclin A and B expression 

also diverge from Kv10.1 expression kinetics. Cyclin B for example, reaches a peak 

in G2/M and declines upon activation of the anaphase promoting factor, before the 

end of mitosis. In contrast, Kv10.1 transcription is induced during G2/M, but the peak 

expression is reached after the completion of mitosis. This expression pattern indicates 

that although E2F1 activation is the triggering event, Kv10.1 is subject to a 

combination of additional regulatory mechanisms.  

For example, posttranscriptional control mechanisms might also be implicated during 

this process. It is known that E2F1 activates ARF, which is a positive regulator of p53 

(del Arroyo, El Messaoudi et al. 2007). Activation of p53, would in turn target 

miR34a, which, as already mentioned can bind directly to the 3’UTR of Kv10.1 

promoter to suppress its expression and therefore delay its accumulation (Lin, Li et al. 

2011).  
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The mechanisms underlying Kv10.1 degradation could also contribute to Kv10.1 

expression kinetics. The ubiquitin proteasome system (UPS) has emerged as a crucial 

intrinsic regulator of the cell cycle (Teixeira and Reed 2013). Yeast two-hybrid assays 

have revealed that the E3 ligase FBXO31-SCF (Skp1/Cullin-1/F-box protein) interacts 

with Kv10.1 (unpublished data). F-box proteins are interchangeable subunits of the 

Cullin-1 based E3 ubiquitin ligase, responsible for substrate recognition and 

recruitment. Interestingly, FBXO31-SCF localizes to the centrosome (Vadhvani, 

Schwedhelm-Domeyer et al. 2013), which is in close proximity to the primary cilium, 

since the basal body of the primary cilium originates there. Thus, if Kv10.1 helps in 

the promotion of cilium resorption, it could appear that Kv10.1 expression is regulated 

by the Rb/E2F1 pathway during G2/M, just before the primary cilium disassembles, 

and once the cell exits the cell cycle, FBXO31-SCF would target Kv10.1 for 

degradation and favors primary cilium assembly. Nevertheless, this has to be studied 

in more detail. Our group has been able to detect interaction by co-

immunoprecipitation assays only in one direction (IP: Kv10.1 / WB: FBXO31-SCF).  

The tumor suppressor von Hippel-Lindau (VHL) is another E3 ligase, and it has been 

shown to support ciliary formation and maintenance (Kaelin 2008). Our group has 

reported that VHL promotes Kv10.1 ubiquitination (Downie 2009). A functional 

correlation has been reported between VHL expression and Kv10.1 current, Kv10.1 

current density being reduced upon VHL expression in SH- SY5Y neuroblastoma cell 

line (Murata, Tajima et al. 2002). VHL contribution to cilium formation is also related 

to interaction with the hypoxia-inducible factor (HIF-1α)/ Rabaptin5 axis. RPE-1 cells 

silenced for HIF-1α fail to form primary cilium, this reduction of cilia formation is 

rescued by co-depletion of Rabaptin5 (Troilo, Alexander et al. 2014). Our group has 

shown physical and functional interaction of Kv10.1 with Rabaptin-5 (Ninkovic, 
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Mitkovski et al. 2012), whereas only functional interaction between HIF-1 and Kv10.1 

expression has also been reported. (Downie, Sanchez et al. 2008). Additionally, VHL 

loss of function induces the expression of the Aurora-A kinase (AURKA) and NEDD9 

complex, both of them well known to induce ciliary resorption. NEDD9 regulates the 

actin cytoskeleton through cortactin deacetylation in an AURKA- dependent manner. 

NEDD9 deficiency leads to a decrease in the persistence and stability of lamellipodial 

protrusions, similar to the phenotype of cortactin knockdown (Kozyreva, McLaughlin 

et al. 2014). Kv10.1 has been shown to interact with cortactin (Herrmann, Ninkovic et 

al. 2012), and it is suggested that this interaction controls the abundance of Kv10.1 at 

the plasma membrane and is required for functional expression of Kv10.1 channels. 

Thus, it seems that Kv10.1 expression and stability in the membrane might be 

regulated by overlapping pathways controlling ciliary assembly/disassembly. This 

would also be compatible with the fast surface turnover that controls the subcellular 

distribution and life cycle of Kv10.1 described by Kohl et al. (2011). Moreover, these 

observations reinforce the idea of Kv10.1 as an active regulator of cell cycle 

progression. Kv10.1 appears then as a switch helping to regulate the assembly and 

disassembly of primary cilium, and therefore exit/entrance to the cell cycle. 

 

 Summary 

Kv10.1 is a voltage dependent potassium channel. Its expression has been reported to 

be widespread in clinical tumors samples of diverse origin. In contrast, expression in 

normal non-neural tissue has been detected at low levels, and only in restricted 

populations of cells (Hemmerlein, Weseloh et al. 2006). Kv10.1 is shown to be 

associated with poor survival, and channel expression also appears to be increased 
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upon mitogen factor stimulation (Borowiec, Hague et al. 2007), favors cell 

proliferation, and tumor progression (Pardo, del Camino et al. 1999, Weber, Mello de 

Queiroz et al. 2006, Downie, Sanchez et al. 2008). It is believed that tumor cells 

expressing Kv10.1 acquire selective advantages that allow them to maintain chronic 

proliferation.  

Through this study we identified a dependency of Kv10.1 expression on cell cycle, 

and a possible mechanism underlying Kv10.1 expression in cancer cells. Kv10.1 is 

expressed at a defined, narrow time window during G2/M. The Rb/E2F1 pathway 

regulates its expression time course. Rb/E2F1 complex represses transcription of 

Kv10.1, and the disruption of the Rb/E2F1 complex by HPV-E7 leads to release of 

E2F1 transcription factor, which directly binds to Kv10.1pr to activate transcription. 

Furthermore, we show that in asynchronous HeLa cells, Kv10.1 knockdown increases 

the G2/M fraction, suggesting that in the absence of Kv10.1 cells spend, on average, 

more time in G2/M. Finally, taking into account Kv10.1 expression kinetics, we found 

Kv10.1 expression in normal non-neuronal tissue. A proliferating population of cells 

located at the bottom and sides of colonic crypts is positive for Kv10.1.  

These findings can help mechanistically explain the influence of Kv10.1 on tumor cell 

proliferation and its aberrant expression in tumors. The results reinforce the idea of 

Kv10.1 as a switch that participates in the regulation, assembly and disassembly of the 

primary cilium, and therefore controls the exit and entrance into the cell cycle. 
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