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ABSTRACT 

The specific role of the chloride anion (Cl–) as a signalling effector or second 

messenger has been increasingly recognized in recent years. It could represent a key 

factor in the regulation of cellular homeostasis. Changes in intracellular Cl– 

concentration affect diverse cellular functions such as gene and protein expression and 

activities, post-translational modifications of proteins, cellular volume, cell cycle, cell 

proliferation and differentiation, membrane potential, reactive oxygen species levels, 

and intracellular/extracellular pH. Cl– also modulates functions in different organelles, 
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including endosomes, phagosomes, lysosomes, endoplasmic reticulum, and 

mitochondria. A better knowledge of Cl– signalling could help in understanding the 

molecular and metabolic changes seen in pathologies with altered Cl– transport or under 

physiological conditions. Here we review relevant evidence supporting the role of Cl– as 

a signalling effector.  

 

Key words: chloride anion, Cl–, second messenger, inflammation, proinflammatory 

signal, oxidative stress, intracellular signalling, signal transduction, CFTR. 
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 I. INTRODUCTION 

 The chloride anion (Cl–), the most abundant anion in nature (Berend, van 

Hulsteijn & Gans, 2012; Bonifacie et al., 2008; Turekian, 1968), is involved in general 
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biophysical processes such as osmotic equilibrium (Barrett et al., 2015; Houssay, 

Lewis & Orias, 1951; West, 1997; Willumsen, Davis & Boucher, 1994) and the 

transport of water and salt through epithelia (Hubner & Jentsch, 2008; Jentsch, 

Maritzen & Zdebik, 2005; Lee et al., 2012). However, in addition to these general 

functions, Cl– has other specific roles, acting as a signalling effector or modulator of 

specific cell functions, including cell volume (Pedersen, Hoffmann & Novak, 2013; 

Treharne, Crawford & Mehta, 2006), membrane potential (Crutzen et al., 2016; 

Funabashi et al., 2010; Liang et al., 2009), intracellular pH (Paredes et al., 2016) and 

extracellular pH (Massip-Copiz & Santa-Coloma, 2018; Valdivieso et al., 2019). It 

also affects the function of endosomes (Matsuda et al., 2010; Miller et al., 2007), 

phagosomes (Painter et al., 2010; Riazanski et al., 2015), endoplasmic reticulum (ER) 

(Barro-Soria et al., 2010), and mitochondria (Nunes et al., 2015; Tomaskova & 

Ondrias, 2010). It might have even more specific roles, perhaps as a second messenger 

(Orlov & Hamet, 2006), affecting the activity of channels (Bachhuber et al., 2005; 

Bekar & Walz, 1999; Broadbent et al., 2015; Sirianant et al., 2016; Succol et al., 

2012), and enzymes (Bazua-Valenti et al., 2015; Huang & Cheng, 2015; Piala et al., 

2014; Terker et al., 2016). It is also involved in the regulation of specific genes 

(Clauzure et al., 2017; Miyazaki et al., 2008; Roessler & Muller, 2002; Sanders, 

Venema & Kok, 1997; Valdivieso et al., 2016). Some examples of proteins and genes 

modulated by Cl– are provided in Tables 1 and 2. 

An early record of Cl– effects in pathophysiology can be found in medieval 

reports describing the symptoms of what we know today as cystic fibrosis, although 

then attributing the disease to ‘being bewitched’ (Busch, 1990). Another interesting 

historical precedent evidencing the relevance of Cl– functions in physiology are early 

observations on the stomach fluids and initial physiological studies carried out in the 
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18th century (reviewed in (Kousoulis et al., 2012). In the 19th century, Sydney Ringer 

(DeWolf, 1977), the developer of the popular ‘Ringer’s salt solution’ (Miller, 2004; 

Ringer, 1883), was a pioneer in studies concerning the possible role of NaCl in 

physiology. One of his observations was the possible correlation between “the heat of 

the body” and the amount of NaCl excreted (Ringer, 1859). 

In 1823, William Prout (1785–1850) identified HCl as the main acid in the 

stomach, determining Cl– and H+ concentrations by titrating with silver nitrate and 

caustic potash solution (KOH) (Prout, 1974) [reviewed in (Kousoulis et al., 2012; 

Rosenfeld, 2003)]. However, his work, presented at the Royal Society of London, was 

not widely accepted for many years. Claude Bernard (1813–1878), the notable French 

physiologist, believed that the main acid in the stomach was lactic acid (Baron, 1973). 

This disagreement led to more than 100 years of controversy, until Prout’s results 

were finally accepted [reviewed in (Baron, 1973; Kousoulis et al., 2012)].  

Another interesting precedent is the discovery of angiotensin and the Cl– 

dependency of angiotensin-converting enzyme (ACE). J.B. Señorans (1859–1933) 

studied under Bernard’s disciples and continued to promote his physiological interests 

(Charreau, 2016; Houssay & Buzzo, 1937), among them, the problem of hypertension 

(Fasciolo, Houssay & Taquini, 1938; Irving, 1965). This led eventually to the 

discovery of the renal factor involved in hypertension, named ‘hypertensin’ (Braun-

Menendez, 1939; Fasciolo et al., 1938; Fasciolo, 1990). The influence of Bernard’s 

ideas was also strong in the USA (Olmsted, 1935), leading to the parallel discovery of 

the same hypertensive factor in the Lilly Laboratory for Clinical Research in 

Indianapolis, there named ‘angiotonin’ (Page & Helmer, 1940). Finally, both 

laboratories agreed to name the factor ‘angiotensin’ (Menendez et al., 1943; Smulyan 

& Villarreal, 2019). In 1954, the angiotensin-converting enzyme (ACE) was 
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characterized and interestingly, was found to be activated by Cl– (Skeggs et al., 1954; 

Skeggs, Kahn & Shumway, 1956). Bünning (1983) described the possible catalytic 

mechanism of ACE and the effects of Cl–. Knowledge of its three-dimensional (3D) 

structure allowed a better understanding of how Cl– could function in ACE activation, 

although the exact sites of Cl– action and specificity are still a matter of debate 

(Masuyer et al., 2014; Zhang, Wu & Xu, 2013). It is now thought that Cl–, and not 

only Na+, may have an important role in hypertension (McCallum, Lip & 

Padmanabhan, 2015). The binding of Cl– to ACE has been also useful in studies 

investigating the effects of Cl– in Photosystem II, α-amylase and other Cl–-modulated 

enzymes (Coleman, 1990). 

The aim of this review is to update knowledge regarding the specific functions of the 

chloride anion as a signalling effector, acting as a modulator of other signals, as a 

specific ligand for certain enzymes and proteins, or as a second messenger for receptors 

and channels. We will not review the specific roles of Cl– channels in cell signalling, 

physiology and pathophysiology, which have been extensively reviewed elsewhere 

(Alvarez-Leefmans & Delpire, 2010; Hartzell, 2010; Kunzelmann, 2016; Kunzelmann 

et al., 2016; Pedersen et al., 2016; Sabirov et al., 2016; Sala-Rabanal et al., 2015; 

Wanitchakool et al., 2016). 

 

II. Cl– EFFECTS IN BACTERIAL CELLS 

One of the earliest studies assigning a possible specific role to Cl– came from work 

on bacteria. MacLeod & Onofrey (Macleod & Onofrey, 1956; Macleod & Onofrey, 

1957) performed studies on isolated marine bacteria and suggested that Cl– might have a 

specific function, since these bacteria needed Cl– for growth. Subsequently, Sanders et 

al. (Sanders et al., 1998), using a lacZ gene reporter, showed the existence of a 

promoter that was sensitive to Cl– in Lactococcus lactis. Although the mechanisms by 
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which Cl– was able to induce the activation of this promoter were unknown, it was 

established that this regulation was independent of osmolarity, ionic strength and Na+ 

concentration (Sanders et al., 1998). They also reported the nucleotide sequence and 

functional analysis of two genes transcribed from this promoter, gadC and gadB, that 

conferred Cl–-inducible acid resistance to Lactococcus lactis. GadB showed similarity 

to glutamate decarboxylases and GadC was homologous to putative glutamate-gamma-

aminobutyrate antiporters (Sanders et al., 1998b). These functions were later confirmed 

and constitute the basis for the mechanism involved in the pH resistance of bacteria able 

to transit through the gut (De Biase & Pennacchietti, 2012). Gut et al. (2006) showed 

that Cl– was an allosteric activator of glutamate decarboxylase and identified the halide-

binding sites, showing how halide binding is responsible for activation of the enzyme. 

Roessler & Muller (Roessler & Muller, 2002) proposed that Cl– can act as an 

environmental signal effector that regulates gene expression in the halophilic bacterium 

Halobacillus halophilus. These authors reported Cl– dependency of the expression of 

fliC (encoding flagellin, the major subunit of the flagellum) involving a chloride regulon 

(Roessler & Muller, 2002). Other Cl–-dependent proteins were identified in addition to 

FliC, suggesting the existence of a chloride regulatory network, at least in H. halophilus 

(Roessler & Muller, 2002; Sewald et al., 2007). These observations suggested an 

important role of Cl–in signal transduction, modulating gene expression and protein 

synthesis in bacteria.  

Other studies in prokaryotic organisms showed the importance of Cl– in the 

metabolism of different groups of halophilic prokaryotes, both archaeal and bacterial 

[reviewed by Müller & Oren (Muller & Oren, 2003; Roessler, Sewald & Muller, 2003)]. 

However, apart from the above-mentioned work, there has been relatively little interest 

in the effects of Cl–in bacteria, an area which needs further development. 
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III. Cl– EFFECTS IN EUKARYOTIC CELLS 

In eukaryotic cells, intracellular chloride concentration ([Cl–]i) may play a role 

in the regulation of different proteins (Cigic & Pain, 1999; Coleman, 1990; Feller et 

al., 1996; Liu et al., 2001; Sangan et al., 2002; Treharne, Marshall & Mehta, 1994; 

Yuan et al., 2000) and genes (Cheng et al., 2000; Niisato, Taruno & Marunaka, 2007; 

Succol et al., 2012; Valdivieso et al., 2016; Yang et al., 2000). These intracellular 

regulatory functions of Cl– might have significant effects on important cellular 

processes such as proliferation (Klausen et al., 2010; Lai, Chen & Nishi, 2003; 

Miyazaki et al., 2008; Ohsawa et al., 2010), apoptosis (Kunzelmann, 2016; 

Wanitchakool et al., 2016), inflammation (Maldonado et al., 1991; Yang et al., 2012; 

Yang et al., 2000) and immunity (Lai et al., 2003; Menegazzi et al., 2000). The study 

of Cl– in mammalian cells has been strongly motivated by the existence of several 

pathologies related to altered Cl– transport or Cl– homeostasis (Jentsch et al., 2005; 

Planells-Cases & Jentsch, 2009; Puljak & Kilic, 2006), including cystic fibrosis (CF) 

(Quinton, 1983), congenital myotonia (Koch et al., 1992; Pusch, 2002), Bartter 

syndrome (Birkenhager et al., 2001; Estevez et al., 2001; Simon et al., 1997), kidney 

failure (Birkenhager et al., 2001), deafness (Birkenhager et al., 2001), and the bone 

disease osteopetrosis (Kornak et al., 2001). However, for many years Cl– was 

considered an inert anion since in the model systems initially used – erythrocytes and 

muscle cells – the resting permeability was very high and, therefore, Cl– was at 

electrochemical equilibrium even in the presence of active Cl– transport (Duran et al., 

2010). Later, despite the clear inhibitory effects of enhanced Cl– conductance on 

gamma aminobutyric acid (GABA) signalling, the effects of Cl– did not attract much 

attention (Duran et al., 2010). Thus, until recently, Cl– was rather neglected as a 
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possible signalling effector. Clearly, a deep understanding of the mechanisms 

involved in protein and gene regulation by Cl– is important to understand better the 

pathologies associated with different Cl– channels (channelopathies) (Poroca, Pelis & 

Chappe, 2017; Statland, Phillips & Trivedi, 2014; Suetterlin, Mannikko & Hanna, 

2014). The role of Cl– channels in disease has been extensively reviewed elsewhere 

(Abeyrathne, Chami & Stahlberg, 2016; Hoffmann et al., 2015; Ito, 2016; 

Kamaleddin, 2018; Kunzelmann & Mall, 2002; Pedemonte & Galietta, 2014; Poroca 

et al., 2017; Whitlock & Hartzell, 2016). The early history of the role of Cl– in muscle 

was recently reviewed by Hutter (Hutter, 2017).  

In eukaryotic cells, several studies focused initially on the effects of hypotonicity 

on gene expression regulation by incubating cells in media with low Cl– concentrations 

(Cheng et al., 2000; Niisato et al., 2007; Rozansky et al., 2002; Yang et al., 2000). This 

approach uncovered the osmoregulation of several genes, which could be mediated by 

cytosolic Cl– changes or not, depending on the strategy used (hyper-, iso- or hypo-

osmotic media). Later, the focus changed to include more specific Cl– effects, under 

isosmotic and isovolumetric conditions, using a double-ionophore strategy (nigericin 

and tributyltin) (Clauzure et al., 2017; Nunes et al., 2015; Valdivieso et al., 2016; 

Zhang et al., 2018) previously used to measure [Cl–]i (Chao et al., 1989; Krapf, Berry & 

Verkman, 1988; Valdivieso et al., 2011). It should be pointed out here that it is 

important to distinguish the less-specific ionic effects of Cl–, such as changes in ionic 

strength and osmolality, from more-specific effects mediated by Cl– channels and 

transporters, which modify the Cl– concentration indirectly and affect, for example, 

cellular volume, membrane potential and intracellular pH. It is also important to 

distinguish these indirect effects from the highly specific and direct effects of Cl– on the 

structure of enzymes, acting close to or inside their active sites. The most informative 
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studies regarding the influence of Cl– in different proteins are described below and 

summarized in Table 1. 

 

(1) Effects of Cl– on enzymes 

Changes in the [Cl–]i (Δ[Cl–]i) or direct effects of Cl– have been postulated as 

regulatory factors of many different enzymes and proteins (Cigic & Pain, 1999; Liu et 

al., 2001; Moriyama & Nelson, 1987; Nakajima, Sugimoto & Kurachi, 1992; Pazoles et 

al., 1980; Prange et al., 2001).  

Direct effects of Cl– on enzymes have been described for the photosynthetic oxygen-

evolving complex (OEC) of Photosystem II (PSII) (Pokhrel, McConnell & Brudvig, 

2011), ACE (Bunning, 1983; Masuyer et al., 2014; Skeggs et al., 1956) and α-amylase 

(Feller et al., 1996), where the Cl– binding site has been identified. Coleman (1990) 

reviewed the initial studies regarding Cl– binding proteins. Comparing similarities 

between the structures and catalytic mechanisms of the OEC with other Cl–-dependent 

enzymes, Coleman (1990) suggested that the mechanism by which Cl– regulates the 

activity of target enzymes could involve effects on the ionization state of residues in the 

active site or effects on the stabilization of a particular conformation. More recently, 

Pokhrel et al. (Pokhrel et al., 2011), using new structural information about PSII, and 

comparing with ACE and α-amylase, described novel and detailed interactions of Cl– 

binding sites. These enzymes are activated by Cl–, and the presence of a positively 

charged Arg or Lys is crucial for the interaction with the anion. In the absence of Cl–, 

the residues D2 and K317 of PSII form a salt bridge (D2:K317) together with D1:D61 

(and/or D1:E333), causing a conformational shift in D1:D61 that affects its ability to act 

as a H+ acceptor. The exact site of Cl– action in ACE is still subject to debate (Masuyer 

et al., 2014; Pokhrel et al., 2011; Zhang et al., 2013). 
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Interest in characterizing the mechanisms of Cl– binding to proteins has increased in 

recent years. Carugo (Carugo, 2014) performed a bioinformatic analysis using data from 

the Protein Data Bank (www.rcsb.org) to identify the preferred amino acids and the 

coordination stereochemistry occurring in interactions with Cl–. It was concluded that 

the first coordination spheres of Cl– are mainly formed by hydrogen bond donors and 

that Arg interacts more frequently than Lys, with a coordination number of 4 or 5 

depending on the protein. This study could be of value to analyse new protein crystal 

structures containing Cl– and to identify possible Cl– binding sites (Carugo, 2014). 

Changes in extracellular chloride concentration ([Cl–]e) or [Cl–]i may directly affect 

many enzymes.  

 

(2) Kinases as Cl– sensors  

Following the precedent set by other authors, we here use ‘sensor(s)’ to describe 

Cl–-dependent proteins that are involved in signalling pathways, to distinguish them 

from metabolic enzymes or structural proteins that may also respond to Cl– changes. 

Treharne et al. (Treharne et al., 1994) reported the presence of a Cl–-dependent GTP-

utilizing protein kinase in the apical membrane of human respiratory epithelial cells, 

and postulated a molecular mechanism for the transduction of [Cl–]into a guanosine 5'-

triphosphate-selective protein kinase signal. Later, they suggested the involvement of a 

protein histidine kinase, the nucleoside diphosphate kinase (NDPK); however, a Cl–-

sensing mechanism could not be demonstrated with the purified kinase or by using 

specific inhibitors (Treharne et al., 2006). More recently, several reports focused on a 

role of the with-no-lysine kinases (WNK) family as ‘Cl–-sensing kinases’ (Bazua-

Valenti et al., 2015; Huang & Cheng, 2015; Piala et al., 2014; Terker et al., 2016). 

WNKs are a family of serine-threonine kinases (WNK1–4) (Xu et al., 2000) involved in 
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the phosphorylation of several cotransporters, mainly those transporting Na+, K+, and 

Cl– (NKCC), Na+ and Cl– (NCC), and K+ and Cl– (KCC) (for recent reviews see (Huang 

& Cheng, 2015; Piala et al., 2014; Shekarabi et al., 2017; Terker et al., 2016). WNK1 

and WNK4 negatively regulate cystic fibrosis trans-membrane conductance regulator 

(CFTR) activity (Yang et al., 2007). It has been shown that Cl– binds to the kinase 

domain of WNK1 inhibiting its activity (Piala et al., 2014) and that WNK4 senses [Cl–]i 

(Chen et al., 2019). The discovery that WNK kinases act as intracellular Cl– sensors 

opens a new avenue in the study of the role of Cl–as a second messenger and reveals 

another pathway of Cl– signalling through the activation of these kinases.  

Zhang et al. (Zhang et al., 2018) recently showed that serum glucocorticoid 

regulated kinase 1 (SGK1) activity is under Cl– modulation and that this kinase might 

be involved in the mechanism by which Cl– acts as a proinflammatory signal (Clauzure 

et al., 2017; Zhang et al., 2018). Intriguingly, increasing Cl– concentration has opposing 

effects on WNK1 and SGK1 activities, decreasing the activity of WNK1 and increasing 

that of SGK1. Direct effects of Cl– on SGK1 structure have not yet been reported, 

although in vitro incubation with different Cl– concentrations supports a direct 

dependency with Cl– (Zhang et al., 2018). However, until the effects of Cl– on the 3D 

structure of SGK1 are demonstrated, an indirect effect of [Cl–]i changes affecting SGK1 

activity or expression cannot be ruled out. 

 

(3) Effects of Cl–on channels and receptors 

Several channels and transporters regulate [Cl–]i (Krall et al., 2015; Kunzelmann 

et al., 2011b; Kunzelmann, 2015; Oh & Jung, 2016; Plans, Rickheit & Jentsch, 2009; 

Stauber, 2015), and conversely, changes in [Cl–]i regulate their activity (Broadbent et 

al., 2015; Choi et al., 2001; Plested, 2011; Xie & Schafer, 2004; Yu et al., 2013).  
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One such transporter regulated by [Cl–]i is the Na+-K+-2Cl– cotransporter 

(NKCC1/SLC12A2). This is a secondary active transporter that contributes to the 

accumulation of Cl– above its Nernst equilibrium potential (against its electrochemical 

gradient) by using the potential energy stored in the Na+ chemical gradient (Russell, 

2010). Thus, in many epithelial cells NKCC1 inhibition with bumetanide significantly 

reduces [Cl–]i (Orlov & Hamet, 2006). The accumulated Cl– creates a feedback signal 

that inhibits NKCC1 (cell shrinkage produces the same effect). That ATP is an absolute 

requirement was demonstrated in squid giant axons (Russell, 1979). Lytle & Forbush 

(Lytle & Forbush, 1992) showed that this was due to phosphorylation in serine and 

threonine residues. (Haas, McBrayer & Lytle, 1995) found [Cl–]i-dependent 

phosphorylation of NKCC1 in primary cultures of dog tracheal epithelial cells and 

Russell (Russell, 2000; Russell, 2010) showed that increasing [Cl–]i from 20 to 150 mM 

produced a dramatic decrease in the activity of this cotransporter, reducing both its 

phosphorylation and activation. Similar effects were observed with the NCC 

cotransporter (Pacheco-Alvarez et al., 2006). The kinase responsible for this 

phosphorylation was shown to be serine/threonine kinase 39 (STK39)/ Ste20-related 

proline alanine-rich kinase (SPAK /PASK) (Dowd & Forbush, 2003; Piechotta, Lu & 

Delpire, 2002). Further studies reported that WNK4 was a modulator of NKCC1 

upstream of SPAK and Odd-Skipped Related Transcription Factor 1 (OSR1) (Gagnon, 

England & Delpire, 2006a; Gagnon, England & Delpire, 2006b; Shekarabi et al., 2017). 

WNK kinases were then shown to be Cl– sensor molecules inhibited by high [Cl–]i 

(Huang & Cheng, 2015; Pacheco-Alvarez & Gamba, 2011; Piala et al., 2014; Terker et 

al., 2016), leading to NKCC1 dephosphorylation by phosphatases (reviewed in 

(Shekarabi et al., 2017), explaining the ability of intracellular Cl– to inhibit NKCC1. 

The WNK–SPAK pathway also modulates cell volume and the activity of the 



13 
 

electrogenic sodium bicarbonate cotransporter 1 (NBCe1), the Cl–/HCO3
– exchanger 

family SLC26A(1,6,7), and the Cl– channel CFTR (Shekarabi et al., 2017). 

Chloride also affects the epithelial sodium channel (ENaC). The inhibition of the 

ENaC by the CFTR in Xenopus laevis oocytes requires high [Cl–]e (Briel, Greger & 

Kunzelmann, 1998). Inhibition is not specific to CFTR since coexpression of the 

chloride channel (ClC) family members ClC-0 and ClC-2 produced similar results 

(Konig et al., 2001). These authors concluded that the ENaC can be inhibited by any 

effector/channel that increases [Cl–]i (Konig et al., 2001; Kunzelmann, 2003). In 

agreement with these results, Xie & Schafer (2004) demonstrated that ENaC activity 

may be progressively inhibited by increasing the [Cl–] in the basolateral solution in the 

presence of nystatin.  

Modulation of glutamate inotropic receptor kainite (GRIK)-type subunits by Na+ 

and Cl–, is known to stabilize the active dimer conformation (Plested, 2011). Another 

example of a Cl–-regulated channel is transient receptor potential cation channel 

subfamily M member 7 (TRPM7), a divalent-selective cation cannel, with a role in 

regulation of cell growth and proliferation (Yu et al., 2013).  

Chloride may have different parallel pathways of signalling, acting either 

indirectly, through the modulation of kinase cascades [e.g. c-jun N-terminal kinase 

(JNK) and mitogen activated protein kinase p38 (p38MAPK) that regulate cyclin 

dependent kinase (CDK) inhibitor p21 (Miyazaki et al., 2008; Ohsawa et al., 2010), or 

WNKs (Bazua-Valenti et al., 2015; Gagnon et al., 2006a; Moriguchi et al., 2005; 

Pacheco-Alvarez & Gamba, 2011; Piala et al., 2014; Yang et al., 2007)], or more 

directly, by modifying the activity of transcription factors [perhaps runt-related 

transcription factor 1 (RUNX1) (Backstrom et al., 2002; Wolf-Watz et al., 2001)] or 

kinases that might regulate the expression or activity of these transcription factors 
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(Miyazaki et al., 2008; Ohsawa et al., 2010). In addition, possible parallel effects 

induced by changes in membrane potential or Ca2+ signalling (Antigny et al., 2011; 

Nilius et al., 2003; Riazanski et al., 2015), due to Δ[Cl–]i and vice versa, or effects of 

Ca2+ signalling on [Cl–]i (Cabrita et al., 2017; Kunzelmann & Schreiber, 2014; 

Kunzelmann et al., 2016; Pokhrel et al., 2011; Schreiber et al., 2015; Sirianant et al., 

2016; Tian, Schreiber & Kunzelmann, 2012; Wanitchakool et al., 2017), may be 

involved in regulation of Cl–-dependent genes. In this regard, the role of transmembrane 

member 16 (TMEM16) channels as Ca2+-dependent regulators of Cl– homeostasis is 

also important (Buchholz et al., 2014; Cabrita et al., 2017; Forschbach et al., 2015; Jin 

et al., 2016; Juul et al., 2014; Kunzelmann et al., 2009; Kunzelmann et al., 2011a; 

Kunzelmann, 2015; Kunzelmann et al., 2016; Lerias et al., 2018a; Schreiber & 

Kunzelmann, 2016; Sirianant et al., 2016; Wanitchakool et al., 2014). Thus, the 

crosstalk between Ca2+ and Cl– signalling is significant and quite complex. 

 

(4) Channels as Cl– ‘sensors’ 

Jiang et al. (1998), working on Xenopus laevis oocytes, suggested that the CFTR 

could respond to changes in [Cl–]e by modulating an ATP efflux pathway, thus acting as 

a ‘chloride sensor’. By mutagenesis of the CFTR, they showed that alterations in 

residues R347 and R334 of the channel pore might be necessary for activation of ATP 

efflux in response to increased [Cl–]e (Jiang et al., 1998). Subsequently, Broadbent et al. 

(Broadbent et al., 2015) found that increased [Cl–]e stimulates CFTR activity, and 

similarly proposed that CFTR may act as an [Cl–]e sensor (Broadbent et al., 2015). This 

characteristic was conferred by arginine residue R899, located in extracellular loop 4 of 

the CFTR, linking [Cl–]e sensing to changes in the ATP binding energy at nucleotide 

binding domain 1 (NBD1) that affected dimerization with NBD2 and ATP turnover 
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(Broadbent et al., 2015). By contrast, Shcheynikov et al. (2015) described the molecular 

mechanism of Cl– modulation over several electrogenic Na+/HCO3
– transporters as 

involving a GxxxP motif in Cl– sensing. Amino acid residues from several regions 

linked to the GxxxP motif become associated to create Cl–-binding sites. These non-

chloride transporters were able to sense [Cl–]i, suggesting an important role of Cl– in 

regulating cellular ionic balance (Shcheynikov et al., 2015).  

 

(5) Effects of Cl– on gene expression 

Cyclooxygenase 2 (COX2 or prostaglandin-endoperoxide synthase 2, PTGS2) 

provides one example of an enzyme whose expression is regulated by Δ[Cl–]i. In studies 

performed in cortical thick ascending limb of loop of Henle (cTALH) cells from rabbit 

kidney, increased expression of immuno-reactive COX2 was found when cells were 

incubated in low-NaCl medium NaCl (Cheng et al., 2000). In addition, selective Cl– 

substitution induced increased COX2 expression while selective Na+ substitution had no 

effect, suggesting that changes in [Cl–]i may have been responsible for the regulation of 

COX2 expression (Cheng et al., 2000). A similar result was obtained after incubation in 

the presence of the NKCC inhibitor bumetanide. Interestingly, incubation of the cells in 

low-salt or low-Cl– media induced the activation of mitogen activated protein kinase 

p38 (p38MAPK), JNK and extracellular signal–regulated kinase (ERK). Among these 

kinases, p38 was primarily responsible for COX2 regulation (Cheng et al., 2000). 

Similar results regarding COX2 expression and prostaglandin E2 release were obtained 

by Yang et al. (Yang et al., 2000) using a mouse macula densa cell line. The exact 

target for Cl– in the regulation of COX2 expression is still unknown.  

(Niisato, Eaton & Marunaka, 2004) reported osmoregulation of the α-subunit 

messenger RNA (mRNA) of the epithelial Na+ channel (α-ENaC) in renal A6 cells (a 
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cell line derived from Xenopus laevis distal nephron). Their experimental conditions 

involved incubation of these cells in hypotonic medium, to decrease [Cl–]i. Cytosolic 

[Cl–]was modulated in different ways: by activating or blocking the NKCC with the 

flavone apigenin and bumetanide, respectively, and by blocking Cl– channels using 5-

nitro-2-(phenylpropylamino)-benzoic acid (NPPB) (Niisato et al., 2004). It was 

observed that low [Cl–]i caused increased α-ENaC expression and increased Na+ 

reabsorption. The same authors later observed that [Cl–]i reduction caused by incubation 

in hypotonic medium also led to increased expression of the β and γ-subunits of the 

ENaC (Niisato et al., 2007). Increased expression of the β and γ-subunits was mediated 

through the p38 mitogen-activated protein kinase (MAPK), while the α-subunit was not 

modulated by this pathway (Niisato et al., 2007). These results suggest that changes in 

[Cl–]i, in this case induced by incubating cells in hypotonic media, might regulate 

several signalling pathways, with consequences for gene regulation. However, the 

specific mechanisms by which Cl– regulated the expression of these subunits remain 

unclear. They may include direct Cl– effects, acting as a second messenger for certain 

Cl–-sensor proteins or transcription factors, or indirect Cl– effects resulting from the 

incubation in hypotonic media, or the presence of impermeable ions (gluconate, 

isethionate, N-methyl-D-glucamine, choline, etc.), which may result in changes in 

plasma transmembrane potential, cell volume, or other general effects. 

Succol et al. (Succol et al., 2012), in an interesting study involving the GABA type 

A receptor subunits (GABAA receptor/GABA AR/GABR/GABA-gated chloride 

channel subunits) in mouse primary cerebellar neurons, used electrophysiological and 

immunocytochemical methods to show that [Cl–]i regulates expression of the α3-1 and δ 

subunits of this receptor and Cl– channel. Over-expression of potassium chloride 

cotransporter 2 (KCC2) or treatment with bumetanide, a pharmacological inhibitor of 

https://www.genenames.org/data/genegroup/#!/group/563
https://www.genenames.org/data/genegroup/#!/group/563
http://flybase.org/reports/FBgg0000556.html
http://flybase.org/reports/FBgg0000556.html
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the NKCC1, were used to alter [Cl–]i. To increase [Cl–]i, mature neurons were 

transfected with KCC2 short hairpin RNA (shRNA) or chronically treated with the 

KCC2 inhibitor R-(+)-[(dihydroindenyl)oxy]alkanoic acid (DIOA) without affecting the 

expression level of KCC2. The results suggest that changes in the [Cl–]i were 

responsible for regulation of the α3-1 and δ subunits of the GABAA receptor. Although 

the mRNA expression levels of these subunits were not measured, the differential 

protein expression and composition of these GABAA receptor subtypes could involve 

transcriptional regulation. Therefore, it would be of interest to determine if [Cl–]i 

changes in neurons affect the GABAA receptor at the transcriptional or translational 

level, and to find the mechanism of signal transduction for Cl–. The GABAA receptor is 

known to be involved in developmental regulation (Laurie, Wisden & Seeburg, 1992). 

Taken together, these results a physiological role of [Cl–]i in the modulation of 

GABAergic inhibition, and support a role for Cl– as a intracellular signal controlling 

GABAA receptor function (Succol et al., 2012).  

In recent experiments, using differential display and incubating cells in different [Cl–

] in the presence of nigericin and tributyltin, we observed several differentially 

expressed gene products, and identified two of these as glutaredoxin 5 (GLRX5) and 

ribosomal protein S27 (RPS27) (Valdivieso et al., 2016). Although the mechanisms of 

regulation of these genes by Cl– are not yet clear, these results demonstrate the existence 

of a number of Cl–-dependent genes, that could be directly or indirectly modulated by 

Cl–. Examples of known Cl–-dependent genes and proteins are provided in Table 2. 

 

(6) Effects of Cl– on transcription factors 

One group of proteins potentially able to sense changes in [Cl–]i is the 

transcription factors (TFs). However, the only report of a TF responding to changes in 
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[Cl–] is for RUNX1 (Backstrom et al., 2002). The nuclear magnetic resonance (NMR) 

structure of RUNX1 [also named acute myeloid leukemia-1 (AML-1a)] showed that 

two Cl– anions are associated with this protein (Wolf-Watz et al., 2001). Interestingly, 

in a later study, it was found that binding of RUNX1 to DNA was modulated in a Cl–-

dependent manner (Backstrom et al., 2002), suggesting that RUNX1 could regulate the 

expression of some Cl–-dependent genes. However, a direct effect of Cl– on RUNX1-

dependent genes has not yet been demonstrated. Nevertheless, these data suggest that 

Cl–, in addition to other cytoplasmic effects, might directly modulate the transcriptional 

activity of some TFs. The possible existence of a Cl–-modulated TF family is an 

interesting area yet to be explored, and perhaps could open new frontiers of research for 

the study of diseases involving Cl– homeostasis. 

 

IV. CELLULAR PROCESSES REGULATED BY INTRACELLULAR 

CHLORIDE CHANGES 

 The regulation of several cellular processes has been associated with changes in 

[Cl–]i, modulated by Cl– channels and transporters (Duran et al., 2010). This function of 

Cl–as a second messenger (Orlov & Hamet, 2006; Valdivieso et al., 2016) could be of 

great importance in diverse pathologies where [Cl–]i is altered. In this section, we 

consider the effects of [Cl–]i changes in regulating different cellular processes.  

 

(1) Cytoskeletal dynamics 

Nunes et al. (Nunes et al., 2015) showed that the ionic imbalance produced in 

cells challenged with high [Cl–]i affected cytoskeletal dynamics, vesicle motility, and 

mitochondrial function. These effects were seen following isovolumetric elevation of 

[Cl–]i, using the double-ionophore strategy (nigericin and tributyltin) (Krapf et al., 1988; 
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Valdivieso et al., 2016). Cells responded to small increases in [Cl–]i independently of 

the molecular crowding that occurs due to the shrinkage of cells during their adaptation 

to high osmolality (Nunes et al., 2015). Thus, [Cl–]i changes might represent the initial 

events in adaptation to environmental changes, modifying some enzymatic activities in 

response to extracellular hypertonicity.  

 

(2) Cell cycle and proliferation 

Chloride channels, and therefore Cl–, play important roles in the regulation of cell 

cycle progression and proliferation (Hiraoka et al., 2010; Klausen et al., 2010; 

Nakajima & Marunaka, 2016). Lai et al. (Lai et al., 2003) investigated the role of [Cl–]i 

in the activation and proliferation of Jurkat leukemic T-lymphocyte cells. Treatment of 

these cells with phytohemagglutinin or concanavalin A led to increased [Cl–]i 

accompanied by Cl– oscillations (Lai et al., 2003). Lectin-induced [Cl–]i increase was 

blocked by removal of extracellular Cl– or by using an inhibitor of Cl– channels 

(anthracene-9 carboxylate), which also inhibited Jurkat cell proliferation. These results 

suggested, for the first time, that [Cl–]i oscillations, like Ca2+ oscillations, could play a 

role in cell proliferation (Lai et al., 2003). 

[Cl–]i may modulate the G1/S cell-cycle checkpoint by regulating the expression 

of p21 (Miyazaki et al., 2008; Ohsawa et al., 2010). Low [Cl–]i was associated with 

reduced cell growth characterized by an arrested G1 to S phase in MKN28 cells (a 

human gastric cancer cell line). The process involved increased expression of p21, 

which is a cyclin-dependent kinase (CDK) inhibitor (Miyazaki et al., 2008). p21 up-

regulation caused by low [Cl–]i was independent of p53, which is a common 

transactivator of p21 (Miyazaki et al., 2008). However, p21 upregulation was mediated 

by MAPKs, since the inhibitors SB202190 (inhibitor of p38) and SP600125 (inhibitor 
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of JNK) abolished p21 overexpression and normalized cell proliferation (Ohsawa et al., 

2010). The ERK-kinase inhibitor FR180204 did not affect p21 expression or 

proliferation.  

Nakajima & Marunaka (2016) identified a role of [Cl–]i in growing neurites of 

PC12 cells. Detecting Cl– using the fluorescent probe 1-(Ethoxycarbonylmethyl)-6-

methoxyquinolinium bromide (MQAE), they found higher [Cl–]i in the tip of the 

outgrowing neurite compared to the cell body. A positive correlation was found 

between [Cl–]i and the length of growing neurites. Using bumetanide to inhibit NKCC1 

led to decreases in [Cl–]i and neurite outgrowth. These results suggest that high [Cl–]i is 

important for efficient neurite outgrowth. It should be noted that the use of a medium 

with a low [Cl–]e (replacing Cl– with NO3
–) in these experiments might have had both 

direct effects on p38 and JNK modifier kinases, and indirect effects due to changes in 

plasma membrane potential, cell volume, molecular crowding, intracellular pH, etc. 

Further studies are needed to understand these very interesting observations better. 

Klausen et al. (Klausen et al., 2010) reported a role of monovalent ions in the 

control of proliferation in Ehrlich-Lettre Ascites (ELA) tumour cells. Through 

monovalent ion-substitution experiments using impermeable anions, it was found that 

Cl– substitution strongly inhibited proliferation and increased intracellular Ca2+ 

concentration ([Ca2+]i). The authors suggested that Cl– might regulate proliferation by 

fine-tuning the transmembrane potential (Em) in the S phase and modifying Ca2+ 

signalling. They also showed that Na+ may modulate ELA cell proliferation by 

regulating intracellular pH (pHi), with a much stronger effect than Cl– itself (Klausen et 

al., 2010). They suggested that Na+ and Cl– act via different mechanisms to regulate 

proliferation, proposing ‘anion permeability’ rather than [Cl–]as the event that regulates 

proliferation via changes in Em (Klausen et al., 2010). In contrast with the work of 
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(Miyazaki et al., 2008; Ohsawa et al., 2010), Klausen et al. (Klausen et al., 2010) 

suggested that Cl– does not function as a messenger since its concentration did not 

change between the G1 and S phases. It is likely that several mechanisms are 

simultaneously in operation when [Cl–]i changes: direct and specific Cl– effects, changes 

in membrane potential and changes in Ca2+ and other second messengers and signalling 

pathways. The Ca2+-activated Cl– channel (CaCC) TMEM16A/ANO1/TAOS2/DOG1 is 

known to induce ERK1/2 and cyclin D1, contributing to tumorigenesis and cancer 

progression (Duvvuri et al., 2012). Pharmacological inhibition of mitogen-activated 

protein kinase kinase MEK/ERK signalling pathway or genetic inactivation of ERK 

resulted in the opposite effect, abrogating cell proliferation (Duvvuri et al., 2012). In 

addition, when a hypomorphic mutant of TMEM16A is expressed, ERK is not 

activated. Other reports suggest that CaCCs can both promote and retard cell 

proliferation (Lerias et al., 2018b; Spitzner et al., 2008), with the reasons behind these 

contradictory results still unknown. TMEM16A is also a key factor in the activity of the 

Cl– channel CFTR (Kunzelmann et al., 2012; Ousingsawat et al., 2011; Wanitchakool et 

al., 2016). Interestingly, TMEM16A also has effects on endosomal pH acidification and 

renal proximal protein reabsorption; TMEM16A currents were activated by acidic pH 

(Faria et al., 2014). CFTR failure induces reduced extracellular pH in cultured epithelial 

cells due to the overexpression and increased activity of lactate dehydrogenase (LDH), 

partially through SRC proto-oncogene, non-receptor tyrosine kinase (c-Src) and JNK 

signalling (Massip-Copiz & Santa-Coloma, 2018; Valdivieso et al., 2019). 

 

(3) Changes in intracellular Cl– and apoptosis 

An important initial event during apoptosis is cell shrinkage, which is mediated by 

the activation of ion channels that release K+, Cl– and organic molecules that drive 
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water out of the cells by osmotic pressure (Kunzelmann, 2016; Wanitchakool et al., 

2016). In Cl– extrusion, leucine-rich repeat-containing 8 (LRRC8), TMEM16/anoctamin 

and CFTR Cl– channels are particularly important (Wanitchakool et al., 2016).  

In Jurkat T-cells, a specific effect of [Cl–]i has been identified in the regulation of 

apoptosis, impairing the intrinsic but not the extrinsic apoptotic pathway through 

signalling upstream of mitochondria (JNK signalling) (Heimlich & Cidlowski, 2006). 

Modulation of the [Cl–]i was achieved using the non-specific anion channel inhibitor 

disodium 4-acetamido-4′-isothiocyanato-stilben-2,2′-disulfonate (SITS), to increase [Cl–

]i, and the Roswell Park Memorial Institute (RPMI) culture medium with reduced [Cl–]e, 

to reduce [Cl–]i. The effects of SITS and low-Cl– RPMI on [Cl–]i were visualized by 

using 6-Methoxy-N-ethylquinolinium iodide (MEQ) fluorescence. Ultraviolet-C (UV-

C) exposure reduced the [Cl–]i and induced apoptosis through activation of JNK, an 

effect inhibited in the presence of SITS or by reducing [Cl–]e (Heimlich & Cidlowski, 

2006). It was not clear how reduced [Cl–]i could have the same effect as increased [Cl–]i. 

It is possible that JNK has a biphasic response to Cl–, with maximal activity at 

intermediate [Cl–] – a pattern known for interleukin-1β (IL-1β), which also has a 

biphasic response to Cl– (Clauzure et al., 2017). 

The TMEM16/anoctamin channels have effects on several cell death pathways 

(Hammer et al., 2015; Ousingsawat et al., 2015; Simoes et al., 2018; Skals et al., 2010; 

Skeggs et al., 1954; Wanitchakool et al., 2016; Wanitchakool et al., 2017). However, 

the role of Cl– itself in these apoptotic processes is largely unknown. Beyond its osmotic 

effect on cell shrinkage, Cl– may have a specific intracellular signalling role during the 

apoptotic process. The mechanisms by which changes in [Cl–]i affect apoptosis and the 

downstream effects of Cl– still require investigation. 

  

(4) Effects of Cl– on intracellular organelles 
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Miller et al. (Miller et al., 2007) showed that, in response to IL-1β and tumour 

necrosis factor (TNF), NADPH oxidase (NOX1) generates reactive oxygen species 

(ROS) in early endosomes, and this is potentiated by activity of the ClC-3 channel. 

They postulated that ClC-3-dependent Cl– transport in these endosomes was required to 

equilibrate the charges of electron flow generated by NOX1, maximizing ROS 

generation and nuclear factor kappa B (NF-kB) activation (Miller et al., 2007). More 

recently, the same laboratory reported that activation of swelling-activated chloride 

current (IClswell) by TNF requires ClC-3-dependent endosomal ROS production and that 

LRRC8A, a required component of volume-regulated anion channels (VRACs), is 

involved in TNF-induced superoxide production by NOX1 (Choi et al., 2016). It is 

evident that the signalling mechanisms of TNF and IL-1β are quite complex.  

A similar mechanism of charge neutralization has been postulated for the Ca2+ 

channel TRPC6 and the chloride channel CFTR, allowing pH reduction in phagosomes 

(Riazanski et al., 2015). Painter et al. (Painter et al., 2010) reported a role of Cl– in the 

phagosome of human neutrophils as a substrate for hypochlorite (HOCl) production, 

catalysed by myeloperoxidase (MPO). They suggested that CFTR activity is involved in 

halide transport into the phagosome lumen. Thus, the intracellular and intraorganellar 

Cl– concentration could play a role in host defence against infection, underlining the 

importance of Cl– homeostasis and its effects as second messenger on innate immunity. 

Antigny et al. (Antigny et al., 2011) showed that TRPC6 links Ca2+ mishandling in 

cystic fibrosis to CFTR channel dysfunction, and that both channels are functionally and 

reciprocally coupled within a molecular complex in the phagosomes of airway epithelial 

cells.  

Nunes et al. (Nunes et al., 2015) reported direct effects of Cl– on mitochondrial 

membrane potential and ATP production. Recent work has shown that IL-1β, which is 
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also produced by a Cl–-dependent gene, is involved in the reduction of mitochondrial 

Complex I and increased ROS activity in cells with impaired CFTR activity, cells that 

have an increased [Cl–]i since their anion extrusion is affected (Clauzure et al., 2014; 

Clauzure et al., 2017; Massip-Copiz et al., 2017; Valdivieso et al., 2012; Valdivieso & 

Santa-Coloma, 2013). 

 

(5) Effects of Cl– on inflammation and immunity  

(Shapiro & Dinarello, 1997) made the interesting observation that a hyperosmotic 

stress stimulates proinflammatory cytokine production. Using hyperosmotic NaCl stress 

in human peripheral blood mononuclear cells (PBMCs) in vitro, they showed that NaCl 

induced increased mRNA levels for IL-1α and IL-1β. These mRNA levels increased by 

50- and sevenfold over controls, respectively, but were poorly translated into protein. 

The addition of femtomolar concentrations of bacterial lipopolysaccharide, IL-1α, or 

1% normal human serum resulted in the synergistic protein synthesis of IL-1α, IL-1β, 

TNF, and IL-8. Similarly, Tabary et al. (Tabary et al., 2000) reported that primary 

human CF bronchial gland cells exhibit abnormally high IL-8 production through 

constitutively activated NF-κB (nuclear factor kappa-light-chain-enhancer of activated 

B cells) and high IκBα (nuclear factor of kappa light polypeptide gene enhancer in B-

cells inhibitor, alpha) kinase levels. In CF gland cells, compared with high IL-8 levels 

present in a hypertonic solution, the release of IL-8 was significantly reduced by 

twofold in an isotonic solution and fivefold in a hypotonic solution. Intriguingly, this 

reduced expression was not accompanied by inhibition of the activated NF-κB. Chan et 

al. (Chan, Chmura & Chan, 2006), using IB3-1 epithelial CF cells, also showed 

increased constitutive IL-8 secretion in response to NaCl compared to CF-corrected C38 

cells, and that this effect was not entirely due to osmolarity, since sorbitol had less 
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impact than NaCl. These studies clearly demonstrate a proinflammatory effect of NaCl 

although the specific effects of Cl– or Na+ were not addressed. However, they agree 

with recent observations that Cl– by itself can induce IL-1β secretion and autocrine 

signalling (Clauzure et al., 2017), and with previous studies showing that mutant CFTR 

accumulates in the ER, leading to ER stress and Ca2+ release, with ΔF508 (deletion of 

phenylalanine 508)-CFTR as a Cl– counter-ion channel, culminating in IL-8 release 

(Barro Soria et al., 2009; Martins et al., 2011). Counter-ion effects of Cl– were 

originally observed for ER Ca2+ release from skeletal muscle (Fink & Veigel, 1996), 

and more recently in endosomes during the activation of NOX1 through the chloride 

channel CLC-3 (Miller et al., 2007), and in the activation of the TRPC6 Ca2+ channel 

(Riazanski et al., 2015), where Cl–, through the CFTR channel, shunts the 

transmembrane potential generated by movement of protons. LRRC8A has a similar 

effect in TNFα signalling (Choi et al., 2016). 

Maldonado et al. (Maldonado et al., 1991) reported evidence for the activation of 

Cl– currents induced by prostaglandin E1 (PGE1) via a protein kinase A (PKA)-

dependent pathway in Jurkat T cells. This Cl– current activated by cyclic AMP (cAMP) 

could involve CFTR activity, since this channel is activated by PKA (Anderson et al., 

1991). Given that prostaglandins are involved in immunosuppression and inhibition of 

proliferative responses in T lymphocytes, as is known for PGE2 (Makoul et al., 1985), it 

is possible that there is a link between [Cl–]i changes and the proliferation of these cells. 

This interesting issue should be explored in the future.  

A possible role of Cl– as a second messenger in inflammation and immunity was 

postulated by Menegazzi et al. (Menegazzi et al., 2000), who reported the activation of 

β2 integrins in neutrophilic polymorphonuclear leukocytes (PMNs) triggered by TNF 

and induced by Cl–. It was suggested that TNF regulates the functional activity of 
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neutrophil β2 integrins through modulation of conformational changes that depend on 

[Cl–]i. A drop in [Cl–]i was necessary for TNF-induced β2 integrin activation 

(Menegazzi et al., 2000). Lai et al. (Lai et al., 2003) using human Jurkat T lymphocytes 

as cellular model, showed increased [Cl–]i in lectin-activated Jurkat cells. The lectin-

induced proliferation was blocked in the presence of a Cl– transporter inhibitor, 

anthracene-9-carboxylate (9-AC) or in Cl–-free conditions when Cl– was replaced with 

gluconate (Lai et al., 2003). These results show the significance of Cl– in the regulation 

of T cells, perhaps acting as a second messenger for T-cell receptors (TCRs).  

Interestingly, the ClC-3 chloride channel, which is involved in Cl– efflux 

regulation (Zhou et al., 2005), has been also reported as a regulator of NF-κB signalling 

in aortic smooth muscle cells (Miller et al., 2007). Conversely, the chloride current of 

ClC-3 was activated by the cytokines TNF and IL-1β (Matsuda et al., 2010; Miller et 

al., 2007). Yang et al. (Yang et al., 2012) explored the link between the ClC-3, [Cl–]i 

and the proinflammatory responses mediated by TNF, suggesting that intracellular Cl– 

behaves as a second messenger for the ClC-3 channel. In human umbilical vein 

endothelial cells (HUVECs), incubated at low Cl– concentration by replacing 

extracellular Cl– with gluconate, they observed enhanced activation of NF-κB in 

response to TNF stimulation. ClC-3 knockdown cells, obtained by using small 

interfering RNA, also showed a decreased TNF-activated Cl– current and NF-κB 

response. Treatments with IL-1β or angiotensin II produced similar results to those 

obtained with TNF (Yang et al., 2012).  

 

V.  Cl– AS A SIGNALLING EFFECTOR FOR CFTR 

Another well-studied chloride channel is the CFTR, responsible for the disease 

cystic fibrosis (CF) (Frizzell, 1999; Kerem et al., 1989; Riordan et al., 1989; Rommens 
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et al., 1989). The channel is activated by cAMP through PKA phosphorylation and ATP 

binding (Anderson et al., 1991; Berger, Travis & Welsh, 1993; Chang et al., 2002; 

Riordan, 2008; Rommens et al., 1991; Seavilleklein et al., 2008). PKC (Seavilleklein et 

al., 2008), c-Src (Fischer & Machen, 1996) and WNK kinases (Yang et al., 2007) also 

modulate its activity (WNK1 and WNK4 are inhibitory). The 3D structure of the CFTR 

has recently been reported (Liu et al., 2017).  

After the CFTR was cloned by Riordan et al. (Riordan et al., 1989), most studies 

attempting to explain the CF phenotype focused on the non-genomic and extracellular 

effects of CFTR. However, the phenotype was too complex to be explained only by 

failure of Cl– transport and the accompanying Na+ and water permeation. Thus, we 

hypothesized that the complex CF phenotype might be the result of the expression of a 

net of CFTR-dependent genes, modulated by the activity of the CFTR channel (Cl– 

transport). To prove this hypothesis, we applied the differential display method to 

cultured cells. Initially, human blood lymphocytes derived from a CF family were used, 

but the results were inconsistent. To increase reproducibility, we decided to use cultured 

cells. As a first approach, we used T84 coloncarcinoma cells treated with 12-O-

tetradecanoylphorbol (TPA), since TPA negatively regulates CFTR expression and thus 

might emulate a CF phenotype. In this way we identified the phorbol ester induced gene 

1 (PEIG1) as a TPA-dependent gene (now called GPRC5A) (Cafferata et al., 1995; 

Cafferata et al., 1996). [Also by using differential display, this gene was later 

rediscovered as a retinoic acid induced gene (Cheng & Lotan, 1998)]. By testing 

different possible modulators of the CFTR, we also found that IL-1β modulated CFTR 

expression in a biphasic way, through NF-kB (Cafferata et al., 2000; Cafferata et al., 

2001; Cafferata et al., 1997). To improve the model system, we then applied the 

differential display method to find differences in the genes expressed by CFDE cells 
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(CF cells) and their CFTR-corrected counterparts, the latter also treated or not with 

CFTR inhibitors. The use of the CFTR inhibitor NPPB in the CFTR corrected CFDE 

cells (called “CFDE/6Rep-CFTR cells”) allowed us to identify functional differences 

due only to the Cl– transport activity of the CFTR – we selected the differential display 

spots in which the signal reverted to control values in the presence of NPPB – avoiding 

possible off-target effects of wild-type CFTR-transfected cells or effects exclusively due 

to the presence of the CFTR on the plasma membrane, as seems to be the case for 

RANTES (regulated upon activation, normally T-expressed, and presumably secreted) 

(Estell et al., 2003) and other PDZ ( PSD-95(postsynaptic density protein 95 )/Discs 

large/ZO-1(zona occludens protein-1) homologous)-dependent genes (Boucherot, 

Schreiber & Kunzelmann, 2001; Sharma et al., 2016; Watson et al., 2016). In this way, 

we found and characterized several CFTR-dependent genes, including c-Src (Gonzalez-

Guerrico et al., 2002), mitochondrially encoded NADH:ubiquinone oxidoreductase core 

subunit 4 (MTND4) (Valdivieso et al., 2007) and CDGSH Iron Sulfur Domain 1 

(CISD1) (Taminelli et al., 2008). Other laboratories, using microarrays, also found 

CFTR-dependent genes, although without further characterization (Galvin et al., 2004; 

Srivastava, Eidelman & Pollard, 1999; Xu et al., 2003). Thus, the existence of CFTR-

dependent genes was demonstrated. 

c-Src was the first signalling element identified in the CFTR signalling pathway. 

We hypothesized that changes in [Cl–]i could be the first step in the CFTR ‘signalling 

mechanism’, with a role for Cl– as a signalling effector or ‘second messenger’ in the 

modulation of specific genes. The term ‘second messenger’ for Cl– was chosen by 

analogy to the Ca2+ signalling of ligand-gated ion channels (Mahaut-Smith, Taylor & 

Evans, 2016) as proposed by other authors (Bekar & Walz, 1999; Duran et al., 2010; 

Menegazzi et al., 2000; Orlov & Hamet, 2006; Succol et al., 2012). However, although 
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the CFTR can be considered operationally as a ligand-gated channel (Chen & Hwang, 

2008), the Cl– transported by CFTR may also have extracellular effects; therefore, the 

expression ‘Cl– as a signalling effector’, used herein seems more appropriate to describe 

the general effects of Cl–, including intracellular functions as a second messenger for 

CFTR and other channels.  

To demonstrate the hypothesis of Cl– acting as a signalling effector for CFTR, we 

again used the differential display method to analyse the mRNA expression pattern of 

IB3-1 cells, an immortalized human tracheobronchial epithelial cell line derived from a 

CF patient. These cells were incubated at different Cl– concentrations by using a double 

ionophore strategy (Valdivieso et al., 2015) first developed to measure [Cl–]i (Krapf et 

al., 1988). It uses the ionophores nigericin and tributyltin to equilibrate the [Cl–]i and 

[Cl–]e. This strategy of fixing the [Cl–]i allowed us to investigate changes in gene 

expression caused specifically by Cl– and not by the changes in membrane potential, 

cell volume or molecular crowding that may result from incubations using hypo- or 

hypertonic media, or when replacing the extracellular Cl– with another anion such as 

glutamate. It has been shown previously that these ionophores clamp the pH and the cell 

volume while [Cl–] is changed (Krapf et al., 1988; Nunes et al., 2015). Although direct 

proof is still lacking, these ionophores should not affect the membrane potential since 

they are not electrogenic (Antonenko & Bulychev, 1991; Pohl et al., 1997). Using this 

strategy, we found several differentially expressed mRNAs and characterized two of 

these, corresponding to RPS27 and GLRX5 (Valdivieso et al., 2016). We also 

demonstrated that IL-1β is a Cl–-dependent gene (Clauzure et al., 2017; Massip-Copiz et 

al., 2018). Our results demonstrated the existence of numerous Cl–-dependent genes, 

and that changes in [Cl–]i could, directly or indirectly, modulate the expression of 

specific genes in mammalian cells. Our use of nigericin and tributyltin allowed us to 
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attribute the response of these genes specifically to Cl– rather than to indirect changes in 

cell volume, membrane potential or pH. In addition, we recently demonstrated that 

inhibition of CFTR activity in T84 cells can cause RPS27 modulation by CFTR due to 

the consequent Cl– accumulation (Valdivieso et al., 2017). Therefore, Cl– is clearly 

acting as a second messenger for CFTR. Nevertheless, some of the observed changes 

may be due to secondary transport processes such as those involving Na+, K+ and Ca2+ 

under Cl– modulation, and therefore our results in the presence of ionophores must be 

interpreted with caution. 

We have recently identified additional steps in CFTR signalling mechanisms that 

involve Cl– (Valdivieso et al., 2016; Valdivieso et al., 2017), IL-1β (Clauzure et al., 

2017; Massip-Copiz et al., 2018; Massip-Copiz et al., 2017) and c-Src (Massip-Copiz et 

al., 2018; Massip-Copiz et al., 2017), which may explain the reduced mitochondrial 

Complex I activity (Clauzure et al., 2014; Valdivieso, 2009; Valdivieso et al., 2012) and 

increased ROS levels found in cultured CF cells (Clauzure et al., 2014; Clauzure et al., 

2017; Massip-Copiz et al., 2018; Massip Copiz & Santa Coloma, 2016). Cl– modulates 

IL-1β mRNA and protein expression in a biphasic way, with maximal expression at 75 

mM [Cl–]i in the presence of nigericin and tributyltin (Clauzure et al., 2017). We 

postulate that this is the result of two steps: (1) Δ[Cl–]i modulates IL-1β secretion; (2) 

the secreted IL-1β initiates an autocrine positive-feedback loop, increasing its own 

mRNA levels and the synthesis of immature pro-IL-1β, which in turn is cleaved and 

secreted to start a new cycle of IL-1R stimulation, resulting in signal amplification. 

Thus, the effects of Cl– on IL-1β expression appear to be indirect, increasing the amount 

of secreted IL-1β which in turn stimulates its own gene expression. The mechanism by 

which [Cl–]i modulates IL-1β secretion is unknown. However, a recent study reports a 

possible central role of SGK1 as a Cl–-dependent kinase, which might be involved in 
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NLRP3 (nucleotide-binding oligomerization domain-like receptor family, pyrin domain 

containing 3) inflammasome activation through NF-κB (Zhang et al., 2018).  

Using the double-ionophore strategy, we observed that increased [Cl– ] modulates 

IL-1β in a biphasic way, with maximal IL-1β expression and secretion at 75 mM 

(Clauzure et al., 2017). However, other authors (Hiraoka et al., 2010; Miyazaki et al., 

2008; Ohsawa et al., 2010) found a reduction of extracellular Cl–-induced p38 and JNK 

activation. Something similar occurs with WNK Cl– sensors, which are negatively 

modulated by increased [Cl–] (Sun et al., 2018). However, SGK1 showed a response to 

Cl– similar to that seen for IL-1β, in which the activity increased with [Cl–]; in both 

cases in the presence of nigericin and tributyltin (Clauzure et al., 2017; Zhang et al., 

2018). We cannot explain these apparent discrepancies, but perhaps the membrane 

potential changes when the [Cl–]e is modified, displacing the biphasic Cl– curve towards 

lower [Cl–] such that a reduction in the [Cl–]i increases the expression of JNK and IL-

1β-associated responses. The effects of changing [Cl–]e on [Cl–]i, membrane potential, 

cell volume and molecular crowding are not yet understood; all these variables might 

influence the dose–response curve for Cl–, giving apparently contradictory results. Since 

the NLRP3 inflammasome is involved in maturation and secretion of IL-1β, we are now 

studying the effects of Cl– on NLRP3, caspase-1, and SGK1, and the mechanisms 

involved in these effects. The CFTR–Cl– –IL-1β signalling mechanism is illustrated in 

Fig. 1.  

 

VI. CONCLUSIONS 

(1) A role of Cl– as a signalling anion has been observed both in bacterial and 

mammalian cells, implying a conserved function of Cl– as second messenger. 
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(2) Cl– behaves as a signalling effector, modulating the activity of channels, enzymes, 

signalling kinases, and the expression of specific genes.  

(3) Results obtained using differential display suggest that Cl– acts as a second 

messenger regulating the expression of many specific genes.  

(4) The mechanisms by which Cl– acts are unclear. These mechanisms could be direct 

and highly specific to Cl– targets, e.g. possible effects on RUNX1, WNK, and SGK1, or 

indirect and less specific, e.g. changes in membrane potential or cell volume.  

(5) It is important to distinguish between specific effects of Cl– and general or non-

specific ionic/charge effects, such as those involving membrane potential, cell volume 

changes or crowding effects, which could also be modulated by other ions (i.e. PO4H2
–, 

HCO3
–, Na+, K+, etc.). We used a double-ionophore strategy (nigericin and tributyltin) 

to maintain intracellular pH, cell membrane potential and cell volume constant while 

changing [Cl–], to demonstrate specific Cl– effects on gene expression. However, a 

combination of Cl–-specific and general effects, may be present simultaneously. 

(6) At high [Cl–]i, Cl– behaves as a pro-inflammatory effector that induces IL-1β 

expression and secretion, which in turn starts a net of signalling mediators such as ROS, 

NF-κB, p38 and JNK; Cl– also stimulates pathways linked more directly to cell 

proliferation, such as c-Src. It also reduces the activity of the mitochondrial Complex I.  

(7) It has been reported recently that the kinase SGK1 responds to Cl– and might have a 

central role in the activation of NF-kB and in promoting the proinflammatory effects 

induced by Cl–.  

(8) The proinflammatory effect of Cl– might explain earlier observations on diseases 

linking Cl– and chloride channels to inflammation and cell proliferation, such as in 

chronic obstructive pulmonary disease (COPD), asthma, arteriosclerosis, Alzheimer’s 

disease and cancer. 
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(9) Cl– is not an inert anion and at high intracellular concentrations may behave as a 

proinflammatory effector. Thus, excess NaCl might not only be harmful due to high 

levels of Na+ but also to excess Cl–. 
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FIGURE LEGENDS 

Fig. 1. Mechanism involving Cl– signalling that induces interleukin-1 β (IL-1β) 

hypersecretion. Initially a Cl– channel (Cl–Ch) is stimulated through some external 

signal X, as for example the adrenergic receptor in the case of the cystic fibrosis trans-

membrane conductance regulator (CFTR). The activation/inhibition of the Cl– channel 

modulates Cl– concentration, which in turn is sensed by a Cl–-sensitive kinase such as 

serum glucocorticoid regulated kinase 1 (SGK1). Increased [Cl–] stimulates SGK1 

activity, which in turn modulates the nuclear factor kappa B (NF-κB) activation, 

although its exact site of action remains to be determined. This results in induction of 

IL-1β gene expression and later maturation and secretion through the NLRP3 

(nucleotide-binding oligomerization domain-like receptor family, pyrin domain 

containing 3) inflammasome. Increased IL-1β secretion in turn produces an autocrine 

positive-feedback loop that enhances its own expression, creating a proinflammatory 

state This IL-1β signal inhibits the activity of mitochondrial Complex I, induces 

oxidative stress, and leads to the expression of IL-1β-specific genes. In addition, other 

genes and kinases related to IL-1β are activated, including SRC proto-oncogene, non-

receptor tyrosine kinase (c-Src), which modulates mucin 1 (MUC1), among many other 

proteins (x). IL-1β is not the only signal stimulated by Cl–; many genes are now thought 

to be under Cl– modulation. Cl– Ch: Cl– channel; IKBalpha: nuclear factor of kappa 

light polypeptide gene enhancer in B-cells inhibitor, alpha; IKK: IκB kinase; SGK1: 

serum/glucocorticoid regulated kinase 1;IL-1β: interleukin-1β; mRNAs: messenger 

RNAs; NF-κB: nuclear factor kappa B; x: any channel or protein. Figure created using 

the software Network Painter (Karr et al., 2015). 
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Table 1. Examples of proteins affected by Cl– through direct binding of the anion. 

Additional examples of Cl–-binding proteins and a detailed discussion of the 

mechanisms involved in its binding to proteins can be found in the Coleman (1990).  

Protein 

symbol  

Name Protein function Cl- 

function 

References 

ACE Angiotensin converting 

enzyme 

Enzyme, hypertension Activator or 

inhibitor 

depending 

on substrate 

Coleman (1990); Liu 

et al. (2001); 

Masuyer et al.(2014) 

PAA Pancreatic α-amylase  Enzyme, hydrolyses 

oligosaccharides 

Allosteric 

activator 

Claisse et al. (2016); 

Coleman (1990); 

Maurus et al.(2005) 

PII, OEC Photosynthetic oxygen-

evolving complex 

Enzyme complex involved 

in photosynthesis 

Activator Coleman (1990); 

Murray et al. (2008); 

Pokhrel et al. (2011)  

GadB Glutamate 

decarboxylase 

Enzyme, pH regulation Activator De Biase & 

Pennacchietti (2012); 

Sanders et al. (1998) 

RUNX1 Runt related 

transcription factor 1 

Transcription factor Activator Backstrom et al. 

(2002); Wolf-Watz 

et al.(2001) 

SGK1 Serum glucocorticoid 

regulated kinase 1 

Protein kinase, cell 

signalling 

Activator 

unknown 

binding site 

Zhang et al. (2018) 

WNK1 With no lysine (K) 1 Protein kinase, cell 

signalling 

Inhibitor Piala et al. (2014) 

WNK4 With no lysine (K) 4 Protein kinase, cell 

signalling 

Inhibitor Chen et al. (2019) 

MPO Myeloperoxidase Peroxidase, produces 

hypochlorous acid (HOCl) 

from H2O2 and Cl–  

Substrate, 

inhibitor 

Coleman (1990); 

Fiedler et al. (2000) 
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Table 2. Genes/proteins indirectly regulated by Cl–: some examples of Cl–-dependent 

genes and proteins. 

Gene or 

protein symbol  

Name Gene product 

function 

Cl– function 

(increased [Cl–]) 

Reference 

gadB Glutamate 

decarboxylase beta 

Glutamate 

decarboxylase 

Upregulation De Biase & 

Pennacchietti 

(2012); Sanders 

et al. (1998) 

gadC  Glutamate/gamma-

aminobutyrate 

antiporter 

Glu/GABA 

antiporter 

Upregulation De Biase & 

Pennacchietti 

(2012); Sanders 

et al. (1998) 

fliC Flagellin Ciliary movement Upregulation Roessler & 

Muller (2002) 

COX2/ 

PTGS2 

Cyclooxygenase 

2/prostaglandin-

endoperoxide 

synthase 2 

Prostaglandin G/H 

synthase 

Down-

regulation  

Cheng et al. 

(2000); Yang et 

al. 2000) 

GLRX5 Glutaredoxin 5 Mitochondrial 

protein, iron-sulfur 

cluster biogenesis 

Upregulation Valdivieso et al. 

(2016) 

RPS27 Ribosomal protein 

S27 

18S rRNA 

processing 

Biphasic 

regulation 

Valdivieso et al. 

(2016) 

IL1B Interleukin-1β Proinflammatory 

factor 

Upregulation Clauzure et al. 

(2017) 

CFTR Cystic fibrosis 

transmembrane 

conductance regulator 

Cl– channel and Cl– 

sensor 

Activation Broadbent et al. 

(2015); Jiang et 

al. (1998) 

GABAA receptor GABA A receptors Ligand-gated Cl– 

channel 

Upregulates 

alpha 3-1 and 

delta subunits 

Succol et al. 

(2012) 

P21/ CDKN1A Cyclin dependent 

kinase inhibitor 1A 

Signalling kinase 

inhibitor 

Inhibits p21 

expression  

Miyazaki et al. 

(2008) 

NKCC1/ 

SLC12A2 

Solute carrier family 

12 member 2 

Basolateral Na+-K+-

Cl– symporter 

Inhibition Russell (2000); 

Russell (2010) 

SPAK/ STK39 STE20/SPS1 homolog 

(yeast)/ 

serine/threonine 

kinase 39 

Serine threonine 

kinase 

Inhibition of 

WNK4/SPAK 

pathway 

Shekarabi et al. 

(2017) 

SLC26A family Solute carrier family 

26 members  

Cl–/HCO3
– 

exchangers 

Inhibition of 

WNK4/SPAK 

pathway 

Shekarabi et al. 

(2017) 

SLO-2 K+-Na+-activated 

channel subfamily T  

K+ channel Activator Yuan et al. 

(2000) 

ENaC Epithelial sodium 

channel 

Ligand-gated 

sodium channel 

Gene/protein 

inhibition 

Niisato et al. 

(2004); Niisato 

et al. (2007); 

Xie & Schafer 

(2004) 

TRPM7 Transient receptor 

potential melastatin 7 

Divalent-selective 

cation channel  

Inhibition Yu et al. (2013) 
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ITGB2/β2 integrin Integrin subunit beta 2 Cellular adhesion 

and cell surface 

signalling 

Tumour necrosis 

factor (TNF)-

induced β2 

integrin 

activation 

Menegazzi et al. 

(2000) 
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