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Editorial on the Research Topic

Ion transporters and channels in cellular pathophysiology

Ion and water channels and transporters mediate the flux of ions, water, and small-

and medium-size molecules across cellular membranes in response to specific stimuli. Ion

transport is crucial for proper cell, tissue, and organ function, including the regulation of

cardiac and neuronal activity, systemic pH, salt and water homeostasis, as well as cell

proliferation, differentiation, and apoptosis. As a consequence, the impairment of any of

its molecular components may have dramatic consequences for cellular and organ

physiology, and eventually for human health. Therefore, the precise understanding of

the mechanisms of physiological regulation and pathological dysregulation of ion

transport is essential to open new avenues in therapy and drug design. The purpose

of this Research Topic was to collect and contribute to the dissemination of high-quality

research articles summarizing the current progress in the understanding of different

aspects of ion channels and transporters, including intracellular signaling. The 10 original

publications collected are well representative of the variety of roles of ion channels and

transporters and highlight the multitude of the experimental models and approaches

currently used to unravel their complexity. Hereafter we offer an overview of the content

of the Research Topic.

Alterations in the ion transport can cause serious diseases affecting the heart and the

central nervous system. Among these, sudden cardiac arrest (SCA) is a global public

health problem. Most cases of SCA are caused by cardiac arrhythmias that may arise from

functional changes of ion channels that underlie the cardiac action potential (AP) and can

be evoked by various drugs used for the treatment of cardiac or non-cardiac conditions,

including carbamazepine (CBZ). In their manuscript, Jia et al. showed a correlation

between CBZ treatment and SCA and demonstrated that CBZ reduced the AP upstroke

velocity by reducing the cardiac Na+ current at therapeutic concentrations and shortened
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the AP duration by reducing the L-type Ca2+ currents at high

concentrations. Thus, these data mechanistically explain the

increase of SCA risk upon CBZ exposure (Jia et al.).

Pathogenic sequence alterations in the LMNA gene coding

for the type-V intermediate filament proteins Lamin A/C are

linked to muscular dystrophies and cardiac abnormalities

associated with fatal arrhythmias. De Zio et al. found that

cardiomyocytes expressing the truncated Lamin A/C Q517X

variant exhibit action potential abnormalities, tubulin hyper-

polymerization and hyper-acetylation, and defective cell surface

Nav1.5 expression. The authors provided evidence showing that

pharmacological manipulation of tubulin state might represent a

novel strategy in the treatment of cardiac laminopathies (De Zio

et al.).

The Ca2+-releasing second messenger nicotinic acid adenine

dinucleotide phosphate (NAADP) mobilizes lysosomal Ca2+

through two-pore channels (TPCs), thereby modulating the

excitation-contraction (EC) coupling in vascular smooth

muscle cells and cardiomyocytes and driving the angiogenic

behaviour of vascular endothelial and endothelial progenitor

cells (Moccia et al., 2021). Faris et al. have examined the Ca2+

signalling in cardiac mesenchymal stromal cells (C-MSCs) and

revealed that the NAADP-induced lysosomal Ca2+ release

stimulates inositol-1,4,5-trisphosphate (InsP3)-induced Ca2+

mobilization from the endoplasmic reticulum (ER) through

the mechanism of Ca2+-induced Ca2+ release. The functional

interaction between acidic and neutral Ca2+ stores and activation

of TPCs permits the C-MSC proliferation induced by

extracellular signals. This pathway might offer novel

therapeutic targets in cardiac repair (Faris et al.).

The role of intracellular calcium in non-excitable cells

including fibroblasts is incompletely understood. Histamine

could act as an inflammatory mediator in asthmatic lungs by

stimulating proliferation and migration of resident fibroblasts

through an increase in [Ca2+]i. Berra-Romani et al. investigated

the mechanism whereby histamine induces intracellular Ca2+

signals in the human lung fibroblast cell line WI-38 and

found that these signals are triggered by histamine one

receptors (H1Rs) and partially contributed by H2Rs (Berra-

Romani et al.). The Ca2+ response is mediated by InsP3-

induced Ca2+ release from the ER and maintained over time

by store-operated Ca2+ entry. The authors suggest that

pharmacological blockade of InsP3 receptors and store-

operated channels could represent an alternative strategy to

prevent the deleterious effects of histamine on lung fibroblasts

in asthmatic patients.

The K+-Cl− cotransporter KCC2 is expressed in neurons

throughout the central nervous system and deficits in its

activity have been implicated in a variety of neurological

disorders, including epilepsy. Prael III et al. discovered and

characterized a new class of small-molecule

KCC2 potentiators and showed that pharmacological

KCC2 potentiation, by itself, is sufficient to attenuate

neuronal hyperexcitability in an in vitro model of cortical

neuronal-glial co-cultures that is sensitive to anti-epileptic

drugs (Prael et al.). These results pave the way to the

development of KCC2-directed therapeutics for multiple

neurological disorders.

Yap et al. characterized a Dictyostelium discoideum model of

CLN7 disease, which is a form of neurodegeneration in humans

linked to mutations in MFSD8 (Yap et al.). The MFSD8 protein

has been reported to transport chloride ions across the lysosomal

membrane and, in their study, Yap et al. showed that the D.

discoideum homolog of MFSD8 plays an important role in

modulating a variety of cellular processes during the growth

and early development of the organism.

Ion transport in the kidney is fundamental in the regulation

of systemic pH and blood pressure. Ferdaus et al. show that the

potassium-chloride co-transporter KCC3a co-localizes with the

chloride/bicarbonate exchanger pendrin (SLC26A4) in the apical

membrane of type B and non-A/non-B intercalated cells in the

mouse kidney cortex (Ferdaus et al.). As metabolic alkalosis

upregulated both pendrin and KCC3a, the authors suggested that

KCC3a might provide a pathway for recycling of chloride ions

across the apical membrane to permit bicarbonate secretion via

pendrin. A functional interplay between these two transporters

could explain the mechanism of hypokalemia in metabolic

alkalosis.

Xu et al. identified the IQ motif-containing GTPase-

activating protein 1 (IQGAP1) as a protein that binds to the

C-terminus of pendrin and co-localizes with pendrin on the

apical membrane of B-intercalated cells in the mouse kidney.

Functional studies in cell-based systems demonstrated that

IQGAP1 favors the plasma membrane localization of pendrin

and enhances its Cl−/HCO3
− exchanger activity. The authors

suggested that a disturbed interaction between these two proteins

might contribute to pathophysiological states characterized by an

altered function or trafficking of pendrin (Xu et al.).

In addition to kidneys, also the colonic epithelium, which

expresses the water channel AQP3, modulates water and salt

homeostasis. Centrone et al. evaluated the action of vasopressin

(AVP) on the AQP3 expression and function by using selective

vasopressin receptors (VRs) antagonists in human colonic

HCT8 cells (Centrone et al.). dDAVP reduced AQP3 activity

and cell viability in a V1aR-dependent, V2R-independent

manner. Interestingly, in the colon of patients with

adenocarcinoma, the expression of V1aR was significantly

decreased. These findings identify the AVP-dependent

AQP3 pathway as a novel target in colon diseases associated

with abnormal cell growth.

Ferreira et al. characterized the regulation of red blood cells

(RBC) Mg2+ in conditions of hyperglycemia (Ferreira et al.).

Exposure of RBC to 50 mM D-glucose lowered cellular Mg2+ and

enhanced the Na+/Mg2+ exchange activity. Similar changes were also

observed in RBC from individuals with type 2 diabetes (T2D) or a

diabetic mouse model and were reversed by reducing the
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N-glycosylation state of membrane proteins. These data show that

the decreased Mg2+ content of RBC in T2D reflects enhanced Na+/

Mg2+ exchange and further suggest that N-deglycosylation of targets

within the pathway of Mg2+ regulation may have therapeutic

potential in treatment of the vascular complications of T2D.

To conclude, the precise understanding of the ion transport

pathophysiology is predicted to favor the identification of novel

therapeutic targets and strategies for conditions ranging from

cardiac diseases, epilepsy, asthma, and T2D.
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Nicotinic acid adenine dinucleotide phosphate (NAADP) is a newly discovered second
messenger that gates two pore channels 1 (TPC1) and 2 (TPC2) to elicit endo-lysosomal
(EL) Ca2+ release. NAADP-induced lysosomal Ca2+ release may be amplified by the
endoplasmic reticulum (ER) through the Ca2+-induced Ca2+ release (CICR) mechanism.
NAADP-induced intracellular Ca2+ signals were shown to modulate a growing number of
functions in the cardiovascular system, but their occurrence and role in cardiac
mesenchymal stromal cells (C-MSCs) is still unknown. Herein, we found that
exogenous delivery of NAADP-AM induced a robust Ca2+ signal that was abolished by
disrupting the lysosomal Ca2+ store with Gly-Phe β-naphthylamide, nigericin, and
bafilomycin A1, and blocking TPC1 and TPC2, that are both expressed at protein level
in C-MSCs. Furthermore, NAADP-induced EL Ca2+ release resulted in the Ca2+-
dependent recruitment of ER-embedded InsP3Rs and SOCE activation. Transmission
electron microscopy revealed clearly visible membrane contact sites between lysosome
and ER membranes, which are predicted to provide the sub-cellular framework for
lysosomal Ca2+ to recruit ER-embedded InsP3Rs through CICR. NAADP-induced EL
Ca2+ mobilization via EL TPC was found to trigger the intracellular Ca2+ signals whereby
Fetal Bovine Serum (FBS) induces C-MSC proliferation. Furthermore, NAADP-evoked
Ca2+ release was required to mediate FBS-induced extracellular signal-regulated kinase
(ERK), but not Akt, phosphorylation in C-MSCs. These finding support the notion that
NAADP-induced TPC activation could be targeted to boost proliferation in C-MSCs and
pave the way for future studies assessing whether aberrant NAADP signaling in C-MSCs
could be involved in cardiac disorders.

Keywords: nicotinic acid adenine dinucleotide phosphate (NAADP), two-pore channels (TPCs), membrane contact
sites, store operated Ca2+ entry, cardiac mesenchymal stem cells, proliferation
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1 INTRODUCTION

Nicotinic acid adenine dinucleotide phosphate (NAADP) has
emerged as a the most powerful (already in the nanomolar
concentration range) Ca2+-releasing second messenger in
mammalian cells (Galione, 2015; Patel, 2015). NAADP elicits
an increase in intracellular Ca2+ concentration ([Ca2+]i) by gating
a novel family of intracellular Ca2+-releasing channels, known as
two-pore channels (TPCs), which present two isoforms in
mammals (i.e., TPC1 and TPC2) and mobilize endo-lysosomal
(EL) Ca2+ into the cytosol (Patel, 2015; Galione, 2019; Jin et al.,
2020). Jupiter microtubule-associated homolog 2 (JPT2)
(Gunaratne et al., 2021) and the RNA-binding protein, Lsm2
(Zhang et al., 2021), serve as auxiliary protein to bind NAADP
and thereby contribute to mediate TPC-mediated EL Ca2+

release. The Ca2+ response to NAADP may remain spatially
confined in proximity of EL vesicles (Ruas et al., 2010;
Vassileva et al., 2020) or it can be amplified into a
regenerative Ca2+ wave through the Ca2+-dependent
recruitment of juxtaposed ryanodine and inositol-1,4,5-
trisphosphate (InsP3) receptors at membrane contact sites
(MCSs) between lysosomes and endoplasmic reticulum (ER)
(Kinnear et al., 2004; Davis et al., 2012; Kilpatrick et al., 2013;
Penny et al., 2014). Lysosomal Ca2+ refilling is impaired by
alkalinization of the EL lumen (Ronco et al., 2015), although
the mechanisms whereby intraluminal pH recharges EL vesicles
with Ca2+ remains a controversial issue (Morgan et al., 2011;
Garrity et al., 2016; Faris et al., 2018).

NAADP has been recognized as the trigger of the cellular Ca2+

response to extracellular stimuli in multiple tissues (Galione,
2015; Patel, 2015), including the cardiovascular system (Fameli
et al., 2017; Moccia et al., 2021a; Negri et al., 2021b). NAADP-
induced Ca2+ release through TPC2 increases the Ca2+ content
within the sarcoendoplasmic reticulum in ventricular (Macgregor
et al., 2007) and atrial myocytes (Collins et al., 2011), both at rest
(Macgregor et al., 2007; Collins et al., 2011) and during β-
adrenergic receptor stimulation (Macgregor et al., 2007;
Collins et al., 2011; Lewis et al., 2012; Capel et al., 2015).
Likewise, a flurry of reports showed that NAADP-induced
intracellular Ca2+ signals elicit contraction in multiple types of
vascular smoothmuscle cells (VSMCs) (Kinnear et al., 2004; Jiang
et al., 2013; Fameli et al., 2014; Trufanov et al., 2019). For
instance, NAADP gates TPC2 to promote the Ca2+-dependent
recruitment of RyR3 and global cytosolic Ca2+ waves in
pulmonary artery VSMCs stimulated with either endothelin-1
(Kinnear et al., 2004; Jiang et al., 2013) or angiotensin II (Lee et al.,
2015). Finally, NAADP may serve as a trigger of the Ca2+

response to extracellular stimuli also in vascular endothelial
cells (Favia et al., 2014; Zuccolo et al., 2019; Negri et al.,
2021a) and circulating endothelial colony forming cells
(ECFCs) (Balducci et al., 2021; Moccia et al., 2021b). Aberrant
NAADP signalling in cardiac myocytes may result in arrhythmia
(Nebel et al., 2013) and ischemia-reperfusion injury (Davidson
et al., 2015), whereas it could lead to pulmonary artery
hypertension in VSMCs (Jiang et al., 2018; Hu et al., 2021).

Once regarded as mere bystanders of the contractile
function effected by neighbouring cardiac myocytes, cardiac

mesenchymal stromal cells (C-MSCs) are required to maintain
myocardial structure and function and, therefore, to ensure
effective cardiac contraction (Brown et al., 2005; Camelliti
et al., 2005). C-MSCs contribute to wound healing and fibrotic
remodelling after ischemic injury (Jugdutt, 2003; Camelliti
et al., 2005) and they have been put forward as a promising
cellular substrate to induce cardiac repair (Bagno et al., 2018;
Braunwald, 2018). Furthermore, C-MSCs could stimulate
cardiac myocytes to undergo proliferation or hypertrophy
depending on whether this interaction takes place during
embryonic development or in the adult heart (Kakkar and
Lee, 2010). Finally, C-MSCs exhibit significant
immunomodulatory potential by attenuating the
inflammatory response in the infarcted myocardium (Czapla
et al., 2016; Diedrichs et al., 2019). In agreement with their
contribution to the structural, biochemical and electro-
chemical features of the myocardium, C-MSCs are involved
in the pathogenic mechanisms of multiple cardiac diseases
(Brown et al., 2005; Camelliti et al., 2005). For instance,
C-MSCs provide a source of adipocytes (Sommariva et al.,
2016; Stadiotti et al., 2017) and support fibrotic remodelling
(Maione et al., 2021) in arrhythmogenic cardiomyopathy
(ACM), a rare genetic disorder that is featured by fibro-
fatty myocardium substitution, malignant arrhythmias, and
heart failure and that can lead to sudden death in young
individuals (Moccia et al., 2019). It has long been known
that an increase in [Ca2+]i regulates multiple functions in
human MSCs (Moccia et al., 2015; Forostyak et al., 2016;
Jiang et al., 2017), including proliferation (Foreman et al.,
2006), migration (Peng et al., 2016), gene expression (Kawano
et al., 2006), and differentiation (Kawano et al., 2006; Tao et al.,
2011). However, it is still unclear whether and how NAADP
evokes intracellular Ca2+ signals and whether lysosomal-ER
MCSs do exist in C-MSCs. This information could be
extremely helpful to boost the design of alternative
strategies to effectively target C-MSCs in a variety of life-
threatening cardiac disorders. In the present investigation, we
first provided the evidence that NAADP evokes robust
lysosomal Ca2+ mobilization, which is amplified into a
global increase in [Ca2+]i by InsP3 receptors (InsP3Rs).
Transmitted electron microscopy (TEM) then revealed
clearly discernible MCSs between lysosomes and ER
membrane in C-MSCs. Finally, we found that NAADP-
induced Ca2+-dependent crosstalk between lysosomes and
ER triggers the intracellular Ca2+ signals whereby Fetal
Bovine Serum (FBS) induces cell proliferation. The role of
Ca2+ signalling in regulating proliferation and differentiation
in MSCs confer these findings the potential to provide the
molecular framework for further studies aiming at
manipulating C-MSCs for therapeutic purposes.

2 MATERIALS AND METHODS

2.1 Ethical Statement
This study complies with the WMA Declaration of Helsinki. The
use of human cells from biopsy samples of healthy subjects
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(cardiomyopathies ruled out) was approved by IEO-CCM IRCCS
Ethic Committee (project CCM1072). Written informed consent
was obtained from all participants.

2.2 C-MSC Isolation and Culture
Cells were obtained from endomyocardial specimens and
characterized as previously described (Pilato et al., 2018) and
cultured with Iscove’s Modified Dulbecco’s Medium (Thermo
Fisher Scientific, MA, United States) supplemented with 20%
Fetal Bovine Serum (FBS), 10 ng/ml basic fibroblast growth
factor, 10,000 U/ml Penicillin, 10,000 μg/ml Streptomycin, and
0.02 M L-Glutamine.

2.3 Solutions
Physiological salt solution (PSS) had the following composition
(in mM): 150 NaCl, 6 KCl, 1.5 CaCl2, 1 MgCl2, 10 Glucose, 10
Hepes. In Ca2+-free solution (0Ca2+), Ca2+ was substituted with
2 mM NaCl, and 0.5 mM EGTA was added. Solutions were
titrated to pH 7.4 with NaOH. The osmolality of the
extracellular solution, as measured with an osmometer
(Wescor 5500, Logan, UT, United States), was
300–310 mmol/kg.

2.4 [Ca2+]i Measurements and Statistics of
Ca2+ Signals
C-MSCs were loaded with 2 µM fura-2 acetoxymethyl ester (fura-
2/AM; 1 mM stock in dimethyl sulfoxide) in PSS for 30 min at
room temperature (RT). The details of the Ca2+ recording set-up
have been described inMoccia et al. (2021b) and are reported in the
Supplementary Material. All the experiments were performed at
RT. The amplitude of intracellular Ca2+ release in response to each
agonist (NAADP or FBS) or drug [Gly-Phe β-naphthylamide
(GPN), nigericin, bafilomycin A1, and cyclopiazonic acid
(CPA)] was measured as the difference between the ratio at the
peak of intracellular Ca2+mobilization and the mean ratio of 1 min
baseline before the peak. Pooled data are given as mean ± SE and
statistical significance (p < 0.05) was evaluated by the Student’s
t-test for unpaired observations or one-way Anova analysis
followed by the post-hoc Dunnett’s test as appropriate (Negri
et al., 2021a; Remigante et al., 2021). Data relative to Ca2+ signals
are presented as mean ± SE, while the number of cells analysed is
indicated in the corresponding bar histograms.

2.5 mRNA Extraction and qRT-PCR Assay
Cell cultures were lysed in RL lysis buffer (Norgen Biotek
Corp., Thorold, ON, Canada). RNA was isolated from cells by
using a Total RNA Purification kit (Norgen Biotek Corp.,
Thorold, ON, Canada). The quantification of the isolated RNA

was determined by NanoDrop spectrophotometer (ND-1000,
EuroClone, Milan, Italy). Reverse transcription was conducted
with SuperScript III (Invitrogen, Carlsbad, CA, United States)
following the manufacturer’s instructions. qRT-PCR was
performed with the use of the iQTM SYBR Green Super Mix
(Bio-Rad Laboratories, Hercules, CA, United States) and specific
primers (reported in Table 1). All reactions were performed in a
96-well format with the 7900HT Fast Real-Time PCR System
(Thermo Fisher Scientific, MA, United States). The relative
quantities of specific mRNA were obtained with the use of the
comparative Ct method and were normalized to the housekeeping
gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
(Maione et al., 2021; Zuccolini et al., 2022). The expression of
each target gene was assessed in triplicate (Ferrera et al., 2021;
Maione et al., 2021).

2.6 Protein Extraction and Western Blot
Analysis
C-MSCs were lysed in cell lysis buffer (Cell Signalling
Technology, Danvers, MA, United States) supplemented with
protease and phosphatase inhibitor cocktails (Sigma-Aldrich,
Saint Louis, MO, United States). Total protein extracts were
subjected to SDS-PAGE and transferred onto a nitrocellulose
membrane (Bio-Rad, CA, United States). The membranes were
blocked for 1 h at room temperature in 5% non-fat dry milk in
Wash Buffer (Tris Buffer Sulfate, 0.1% Tween-20) and then
incubated O/N at 4°C with the appropriate primary antibodies
(reported in Table 2). The membranes were incubated with
peroxidase-conjugated secondary antibodies (GE Healthcare,
Chicago, IL, United States) for 1 h. Signals were visualized using
the LiteUP Western Blot Chemiluminescent Substrate
(EuroClone, Milan, Italy). Images were acquired with the
ChemiDocTM MP Imaging System (Bio-Rad, CA,
United States), and densitometric analysis of membranes was
performed using the ImageJ software (National Institutes of
Health, Bethesda, MD, United States). C-MSC proteins were
normalized according to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) signal.

2.7 Transmission Electron Microscopy
For transmission electron microscopy (TEM) analysis,
following trypsinization cells were centrifuged at 800 rpm for
5 min and then fixed with 2.5% glutaraldehyde in culture
medium, for 2 h at RT (Carriero et al., 2021). The cell pellet
was then rinsed in PBS overnight, post-fixed in 1% aqueous
OsO4 for 3 h at room temperature and rinsed in H2O. Cells
were pre-embedded in 2% agarose in water, dehydrated in
acetone and then embedded in epoxy resin (Electron
Microscopy Sciences, EM-bed812). Ultrathin sections
(60–80 nm) were cut on a Reichert OM-U3 ultramicrotome,
collected on nickel grids and then stained with uranyl acetate
and lead citrate. The specimens were observed with a JEM 1200
EX II (JEOL, Peabody, MA, United States) electron microscope
operating at 100 kV and equipped with a MegaView G2 CCD
camera (Olympus OSIS, Tokyo, Japan).

TABLE 1 | Primer sequences 5′-3′.

Gene Forward primer Reverse primer

TPC1 GAGTTTGGATGACGACGTGC GAGTCGTGGATGGCATAGCT
TPC2 CTTACCGCAGCATCCAAGTC GTAAAGCCACATCGAGCTGG
GAPDH ATGTTCGTCATGGGTGTGAA GTCTTCTGGGTGGCAGTGAT
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2.8 Cell Proliferation
C-MSCs were plated in 6-well plates (100,000 cells/well) and
serum starved for 4 h. Cells were then stimulated with 20% FBS in
the absence (Ctrl) or presence of 100 µM of NED-19, a selective
TPC blocker (Galione, 2015; Jin et al., 2020). 24 and 48 h after
stimulation with FBS, the medium was removed, cells detached
from the plates, and counted.

2.9 Flow Cytometry
To evaluate whether blocking TPCs with NED-19 was able to
induce apoptosis in C-MSCs, Annexin V Alexa Fluor™ 488 Dye
(Thermo Fisher Scientific, MA, United States) has been used,
according to the manufacturer’s instructions. Briefly, cells were
detached using TrypLE™ Select Enzyme (Thermo Fisher
Scientific, MA, United States) and incubated with Annexin V
Alexa Fluor™ 488 Dye for 15 min at RT. The fluorescence
emission at 530 nm corresponding to apoptotic cells has been
measured using flow cytometry (Gallios, Beckman Coulter, Brea,
CA, United States).

3 RESULTS

3.1 Nicotinic Acid Adenine Dinucleotide
Phosphate Induces Intracellular Ca2+

Signals by Mobilizing Lysosomal Ca2+ in
Cardiac Mesenchymal Stromal Cells
In order to assess whether they are endowed with a NAADP-
sensitive Ca2+ store, C-MSCs were loaded with Fura-2/AM
(2 µM), a Ca2+ sensitive fluorophore, as shown elsewhere
(Maione et al., 2020a). Human MSCs may exhibit
spontaneous oscillations in [Ca2+]i (Kawano et al., 2002;
Kawano et al., 2003; Kawano et al., 2006). Consistently, a
fraction of C-MSCs (≈56.4%) exhibited a few (1-4) Ca2+

spikes in the absence of extracellular stimulation
(Supplementary Figure S1). These cells were, therefore,
discarded from subsequent analysis as shown elsewhere
(Zuccolo et al., 2017; Zuccolo et al., 2019), since the
spontaneous, unpredictable Ca2+ activity could mask or even
prevent (in case of transient depletion of endogenous target
organelle) the Ca2+ response to NAADP. We then assessed
whether NAADP-AM, a membrane-permeable analogue of
NAADP (Macgregor et al., 2007; Brailoiu et al., 2010), was
able to increase the [Ca2+]i in C-MSCs. NAADP-AM (1 µM)
evoked a short train of intracellular Ca2+ oscillations that

declined ≈25 min after their onset in the presence of
extracellular Ca2+ in 88 out of 164 cells (53.6%) (Figure 1A).
In 58 out of 164 cells (35.4%), NAADP-AM (1 µM) induced a
transient increase in [Ca2+]i that lasted ≈800 s returned to the
baseline in the continuous presence of the agonist (Figure 1A).
Eighteen cells (11%) were not responsive to NAADP-AM
(1 µM). Under 0Ca2+ conditions, NAADP-AM (1 µM)
induced only a transient increase in [Ca2+]i that was not
followed by additional Ca2+ spikes (Figure 1B). Intriguingly,
the duration of the elevation in [Ca2+]i was significantly shorter,
i.e., ≈280 s, while the peak amplitude was higher (Figure 1C), as
compared to the Ca2+ transient recorded in the presence of
extracellular Ca2+. The subsequent restitution of extracellular
Ca2+ after the full recovery of [Ca2+]i to the baseline resulted in a
second Ca2+ signal that was due to extracellular Ca2+ entry
(Figure 1B). NAADP-AM was removed from the perfusate
100 s before re-addition of extracellular Ca2+ (Figure 1B),
which suggests that the Ca2+ entry pathway recruited
downstream of NAADP-AM-induced Ca2+ release is
provided by store-operated Ca2+ entry (SOCE), as more
widely discussed below (Yamazaki et al., 2007; Sanchez-
Hernandez et al., 2010; Negri et al., 2020). The statistical
analysis of the two distinct components of the Ca2+ response
to NAADP-AM (i.e., endogenous Ca2+ release and SOCE) is
presented in Figure 1D. NAADP is recognized as a mobilizer of
the lysosomal Ca2+ pool (Galione, 2015; Patel, 2015). Control
experiments confirmed that adding back extracellular Ca2+ after
700 s exposure to 0Ca2+ conditions did not increase the in
C-MSCs (Supplementary Figure S2). In accord, NAADP-
AM-evoked intracellular Ca2+ release was significantly (p <
0.001) reduced by discharging the lysosomal Ca2+ store with
the lysosomotropic compound, dipeptide glycyl-l-
phenylalanine 2-naphthylamide (GPN; 200 μM, 30 min)
(Kilpatrick et al., 2013; Yuan et al., 2021) (Figures 1E,F). Of
note, GPN has recently been reaffirmed as a reliable
pharmacological tool to mobilize lysosomal Ca2+ (Yuan et al.,
2021). Furthermore, NAADP-AM-evoked endogenous Ca2+

mobilization was abolished by collapsing the lysosomal H+

gradient that maintains lysosomal Ca2+ refilling with the H+/
K+ ionophore, nigericin (50 μM, 30 min) (Figures 1E,F), or with
the v-ATPase inhibitor, bafilomycin A1 (1 μM, 30 min)
(Figures 1E,F) (Morgan et al., 2011; Ronco et al., 2015; Faris
et al., 2019; Yuan et al., 2021). Supplementary Figure S3 shows
that GPN (200 µM), nigericin (50 µM), and bafilomycin A1
(1 µM) induced a remarkable reduction in Lysotracker Red
fluorescence, thereby confirming that all of these drugs target

TABLE 2 | Primary antibodies.

Protein Clonality/Code Source/Isotype Company Dilution

TPCN1 Polyclonal, SAB2104213 Rabbit Sigma-Aldrich 1:1,000
TPC2 Polyclonal, ab119915 Rabbit Abcam 1:1,000
phospho-ERK1/2 Monoclonal, #4370 Rabbit IgG Cell Signaling 1:1,000
ERK1/2 Polyclonal, #9102 Rabbit Cell Signaling 1:1,000
phospho-AKT Monoclonal, #4056 Rabbit IgG Cell Signaling 1:1,000
AKT Polyclonal, #9272 Rabbit Cell Signaling 1:1,000
GAPDH Polyclonal, sc-25778 Rabbit Santa Cruz 1:1,000
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lysosomal Ca2+ (Pandey et al., 2009; Faris et al., 2019; Yuan et al.,
2021). In accord with these observations, ammonium chloride
(NH4Cl), which disrupts the lysosomal Ca2+ pool by inducing
intraluminal alkalinization (Christensen et al., 2002), also
reduced Lysotracker Red Fluorescence and impaired
NAADP-AM-evoked intracellular Ca2+ mobilization
(Supplementary Figure S4).

Overall, these findings provide the first evidence that NAADP
may induce lysosomal Ca2+ release followed by extracellular Ca2+

entry in C-MSCs.

3.2 Nicotinic Acid Adenine Dinucleotide
Phosphate-Induced Intracellular Ca2+

Release is Mediated by TPCs in Cardiac
Mesenchymal Stromal Cells
TPCs mediate NAADP-induced intracellular Ca2+ release
throughout the phylogenetic tree (Patel, 2015; Galione, 2019;
Jin et al., 2020), including the cardiovascular system (Moccia
et al., 2021a; Negri et al., 2021b). In accord, qRT-PCR analysis
showed that both TPC1 and TPC2 transcripts are expressed in

FIGURE 1 | NAADP induces intracellular Ca2+ signals by mobilizing lysosomal Ca2+ in C-MSCs. (A) Exogenous administration of NAADP-AM (1 µM) indues either
intracellular Ca2+ oscillations or a transient increase in [Ca2+]i. (B) In absence of external Ca2+ (0Ca2+), NAADP-AM (1 µM) induced only a transient increase in [Ca2+]i,
whereas subsequent restitution of extracellular Ca2+ after the full recovery of [Ca2+]i to the baseline resulted in a second Ca2+ signal that was due to extracellular Ca2+

entry. (C) Mean ± SE of the amplitude of the peak Ca2+ response to NAADP in the presence and absence of extracellular Ca2+. Student’s t-test: ***p < 0.001. (D)
Mean ± SE of the amplitude of NAADP-induced intracellular Ca2+ release and SOCE. (E) Disrupting the lysosomal Ca2+ store with GPN (200 μM, 30 min), nigericin
(50 μM, 30 min) or bafilomycin A1 (1 μM, 30 min) severely affected the intracellular Ca2+ response to NAADP-AM. (F) Mean ± SE of the amplitude of the peak Ca2+

response to NAADP-AM in the absence and in the presence of GPN, nigericin (Nig), or bafilomycin A1 (Baf). One-Way Anova followed by the post-hoc Dunnett’s test:
***p < 0.001.
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C-MSCs, although TPC1 mRNA is slightly more abundant
(Figure 2A). Negative controls were performed by omitting
reverse transcriptase from the reaction (not shown) (Faris
et al., 2019). Immunoblotting confirmed that TPC1 and TPC2
are also expressed at protein level. Two single bands of,
respectively, 94 and 85 kDa were found for TPC1 and TPC2
proteins (Figure 2B). C-MSCs are not amenable for
lipofectamine-mediated transfection of selective small
interfering RNAs (Maione, Sommariva, and Pompilio,
unpublished results), which is the strategy we have recently
employed to downregulate TPC1 expression in different
cellular models (Faris et al., 2019; Moccia et al., 2021b).
Therefore, we probed the effect of NED-19, a selective TPC
inhibitor (Galione, 2015; Jin et al., 2020), which has been
widely employed to inhibit NAADP-dependent TPC activation
throughout the cardiovascular system (Macgregor et al., 2007;
Jiang et al., 2013; Hu et al., 2021; Moccia et al., 2021a; Negri et al.,
2021a). As predicted, NED-19 (100 μM, 30 min) fully suppressed
NAADP-AM-evoked intracellular Ca2+ mobilization (Figures
2C,D). Likewise, NED-K (10 μM, 30 min), a chemically
modified analogue of NED-19 that has recently been shown to
selectively inhibit TPC1 (Davidson et al., 2015), and tetrandrine
(10 μM, 30 min), a traditional Chinese herbal remedy that block
both TPC1 and TPC2 (Sakurai et al., 2015; Moccia et al., 2021a),

respectively, inhibited (p < 0.001) and abrogated NAADP-AM-
evoked intracellular Ca2+ release (Figures 2C,D). In aggregate,
these data demonstrate that NAADP stimulates TPCs to mobilize
lysosomal Ca2+ in c-MSCs.

3.3 InsP3Rs at MCSs are Activated
Downstream of NAADP-AM-Induced
Intracellular Ca2+ Release in Cardiac
Mesenchymal Stromal Cells
The local release of lysosomal Ca2+ evoked byNAADPhas long been
known to be amplified into a global increase in [Ca2+]i by the
recruitment of juxtaposed InsP3Rs on the ER membrane (Churchill
and Galione, 2001; Kinnear et al., 2004; Davis et al., 2012; Faris et al.,
2019; Moccia et al., 2021b). To assess whether the ER Ca2+ store is
required to maintain lysosomal Ca2+ release, we first exploited
cyclopiazonic acid (CPA), an established inhibitor of Sarco-
Endoplasmic reticulum Ca2+-ATPase activity, as recently shown
elsewhere (Kilpatrick et al., 2013; Faris et al., 2019; Moccia et al.,
2021b). In the absence of extracellular Ca2+ (0Ca2+), CPA (30 µM)
induced a transient elevation in [Ca2+]i due to Ca2+ efflux into the
cytosol through ER leakage channels followed by Ca2+ extrusion
across the plasma membrane (Figure 3A). While NAADP-AM
(1 µM) was able to induce robust Ca2+ release in not-treated cells
(Figure 3B), it failed to evoke endogenous Ca2+ mobilization upon

FIGURE 2 | Two-pore channels (TPCs) mediate NAADP-induced lysosomal Ca2+ release in C-MSCs. (A) TPC1 and TPC2 gene expression in total RNA extracts of
C-MSCs. qRT-PCR data are shown as transcript abundance (genes threshold cycles [Ct] with respect to the house-keeping gene GAPDH). n = 4/group. Student’s
t-test: ***p < 0.001. (B)Western Blot analysis of TPC1 and TPC2 proteins in total cellular extracts. n = 3/group. (C) The Ca2+ response to NAADP-AMwas suppressed by
incubating the cells with the following TPC inhibitors: NED-19 (100 μM, 30 min), NED-K (10 μM, 30 min), and tetrandrine (10 μM, 30 min). (D) Mean ± SE of the
amplitude of the peak Ca2+ response to NAADP in the absence (Ctrl) and in the presence of NED-19, NED-K and tetrandrine (Tetra). Student’s t-test: ***p < 0.001.
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CPA-induced depletion of the ER Ca2+ store (Figure 3A). A
preliminary characterization of the Ca2+ handling machinery
revealed that C-MSCs express InsP3Rs, but not RyRs, and that
InsP3-induced ER Ca2+ discharge activates SOCE (Maione et al.,
2020a). To assess the contribution of InsP3Rs to NAADP-induced
intracellular Ca2+ mobilization, we adopted a similar strategy to that
described in (Kilpatrick et al., 2013; Kilpatrick et al., 2016; Faris et al.,
2019; Moccia et al., 2021b). The transient increase in [Ca2+]i evoked
by NAADP-AM (1 µM) was significantly (p < 0.001) reduced by
blocking InsP3Rs with 2-Aminoethoxydiphenyl borate (2-APB)
(50 μM, 30min) (Figure 3C) (Kilpatrick et al., 2013; Kilpatrick
et al., 2016) andwas suppressed by inhibiting the basal production of
InsP3 with U73122 (10 μM, 10min) (Figure 3C), which selectively
interferes with phospholipase C (PLC) activity (Moccia et al., 2006;
Negri et al., 2021a). The statistical analysis of these data has been
presented in Figure 3D. The lack of full inhibition of NAADP-AM-
evoked intracellular Ca2+ mobilization could be due to the
incomplete inhibition of InsP3Rs, as also reported in ECFCs
(Moccia et al., 2021b), rat gastric smooth muscle cells (Pereira
et al., 2014), and MDA-MB-231 breast cancer cells (Vismara
et al., 2021). Therefore, InsP3Rs provide a robust source of Ca2+

during lysosomal Ca2+ mobilization and, based upon previous
observations (Davis et al., 2012; Kilpatrick et al., 2013; Ronco
et al., 2015; Kilpatrick et al., 2016; Faris et al., 2019; Moccia et al.,
2021b), it can be concluded that they can be recruited by CICR upon
NAADP-induced lysosomal Ca2+ release. TEM was then exploited

to assess whetherMCSs between lysosomal vesicles and ER cisternae
can also be detected and thereby sustain the Ca2+-dependent cross-
talk between the two organelles also in C-MSCs (Kilpatrick et al.,
2013). For this purpose, after glutaraldehyde fixation cells have been
post-fixed in aqueous OsO4 in order to darkly stain lipids and
membranes, as described in Section 2. TEM micrographs indicated
extensive ER-lysosomeMCSs (<20 nm, 14.3 ± 1.13, n = 27 from five
cells) with ultrastructural resolution (Figure 4). As also reported in
human fibroblasts, in the regions of close appositions (e.g.,
Figure 4A), fibres that appear to tether lysosomes and ER
membranes were clearly discernible. In addition, we detected
regions where the apposing membranes appeared to be physically
coupled with no visible space between them (e.g., Figures 4B,C).
Quantification in random sections showed that 60.5% of lysosomes
established contact sites with the ER. As also discussed in Kilpatrick
et al. (2013), this is likely to be an underestimate as lysosomal
diameter spans between 200 and 500 nm and is, therefore, predicted
to extend over several sections above and below the selected plane,
where additional contact sites might have been established. Of note,
lysosomes could establish extensive contact sites both with the
smooth (Figure 4D) and the rough (Figure 4E) ER. We also
found that ER cisternae could come in direct contacts with more
than one lysosome (Figure 4E). Overall, these findings provide the
ultrastructural evidence that the architecture of lysosomes and ER
MCSs is fully consistent with the recruitment of ER-embedded
InsP3Rs by NAADP-induced lysosomal Ca2+ release through TPCs.

FIGURE 3 | InsP3Rs support the Ca
2+ response to NAADP. (A) Administration of NAADP-AM (1 µM) after the pharmacological depletion of the ER Ca2+ pool with

CPA (30 μm, 30 min) failed to induce intracellular Ca2+ release. CPA induced a transient increase in [Ca2+]i that reflects passive ER Ca2+ leakage from the ER. (B) The
intracellular Ca2+ transient evoked by NAADP-AM (1 µM) in the absence of extracellular Ca2+ (0Ca2+) under control conditions. (C) The intracellular Ca2+ release evoked
by NAADP-AM (1 µM) under control (Ctrl) conditions was severely affected by blocking InsP3Rs with 2-APB (50 μm, 30 min) or inhibiting PLC activity with U73122
(10 μm, 10 min). (D)Mean ± SE of the amplitude of the peak intracellular Ca2+ response to NAADP-AM under the designated treatments. Student’s t-test: ***p < 0.001.
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3.4 SOCE Maintains NAADP-AM-Evoked
Intracellular Ca2+ Signals in Cardiac
Mesenchymal Stromal Cells
Figure 1B clearly shows that NAADP-AM-induced mobilization
of intercellularly stored Ca2+ resulted in extracellular Ca2+ entry
even after the agonist washout from the perfusate. This feature
clearly hints at SOCE as the Ca2+ entry pathway sustaining the
long-lasting increase in [Ca2+]i evoked by NAADP in the

presence of extracellular Ca2+. Indeed, InsP3-dependent ER
Ca2+ mobilization results in SOCE activation virtually in all
mammalian cells (Prakriya and Lewis, 2015; Emrich et al.,
2021), including C-MSCs (Maione et al., 2020a). In order to
assess whether NAADP-AM-induced lysosomal Ca2+ release can
lead to SOCE via intermediate ER Ca2+ depletion, we repeated the
“Ca2+ add-back” protocol described in Figure 1 in the absence
and presence of BTP-2 or Pyr6, two selective blockers of SOCE
(Schleifer et al., 2012; Moccia et al., 2016). This strategy has long

FIGURE 4 |Ultrastructural analysis of C-MSCs. Several examples of membrane contacts between lysosomes (Ly) and ER are shown. (A)Note the closeness of the
lysosomes with the cell nucleus and ER. Scale bar: 1 µm. (B) The lysosome-ER contact site is indicated (arrow and inset). Scale bar: 1 μm; inset scale bar: 100 nm. (C)
The arrow indicates the membrane contact site. Scale bar: 500 nm. (D) Extensive contact (arrows) between the lysosomal and the ER membranes. Scale bar: 500 nm.
(E)Note the contact (arrows) between the ribosomes-rich ER and the lysosome. Scale bar: 200 nm. (F) Two close lysosomes; the one on the right is in tight contact
with the ER (arrows and inset). Scale bar: 1 μm; inset scale bar: 100 nm.
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been exploited to selectively evaluate the blocking effect of SOCE-
targeting drugs on agonist-evoked extracellular Ca2+ entry rather
than on the previous phase of endogenous Ca2+ mobilization
(Sanchez-Hernandez et al., 2010; Jairaman et al., 2015; Rahman
and Rahman, 2017; Scarpellino et al., 2019; Negri et al., 2020;
Schach et al., 2020). The influx of Ca2+ secondary to Ca2+

restitution to the perfusate after removal of NAADP-AM
(Figure 5A) from the perfusate was significantly (p < 0.001)
attenuated by BTP-2 (20 μM, 20 min) and abrogated by Pyr6
(10 μM, 10 min) (Figure 5A). The statistical analysis of these data
has been presented in Figure 5B. These observations demonstrate
that NAADP-induced lysosomal Ca2+ mobilization in C-MSCs is
functionally coupled to SOCE via InsP3-dependent ER Ca2+

release. Therefore, lysosomal Ca2+ release must induce
depletion of ER Ca2+ via InsP3Rs, thereby leading to SOCE
recruitment on the plasma membrane. To further support this
conclusion, Supplementary Figure S5A shows that also the
pharmacological depletion of the lysosomal Ca2+ store with
nigericin (50 µM) induced both intracellular Ca2+ release and
extracellular Ca2+ entry. Furthermore, the intracellular Ca2+

response to nigericin (50 µM) was significantly (p < 0.001)
reduced by blocking InsP3Rs with 2-APB (50 μM, 30 min)
(Supplementary Figures S5B,C) and by interfering with basal
InsP3 production with U73122 (10 μM, 10 min) (Supplementary

Figures S5B,C), as recently shown in primary cultures of
colorectal cancer cells (Faris et al., 2019) and in circulating
ECFCs (Moccia et al., 2021b). Finally, nigericin-evoked
extracellular Ca2+ entry was significantly (p < 0.001)
attenuated by blocking SOCE with either BTP-2 (20 μM,
20 min) or Pyr6 (10 μM, 10 min) (Figures 5C,D). This result
is, therefore, consistent with the evidence reported above that
NAADP-induced Ca2+ release through TPCs is able to induce ER
Ca2+ depletion followed by SOCE activation.

3.5 Nicotinic Acid Adenine Dinucleotide
Phosphate-Induced Lysosomal Ca2+

Release via TPCs Supports FBS-Induced
Intracellular Ca2+ Oscillations in C-MSCs
FBS has been shown to induce intracellular Ca2+ signals to
stimulate proliferation in primary MSCs harvested from rat
bone marrow (Foreman et al., 2006). 20% FBS induced
intracellular Ca2+ oscillations also in ≈26% of C-MSCs,
whereas it promoted a transient increase elevation in [Ca2+]i
in the remaining 74% cells (Figure 6A). Intracellular Ca2+

oscillations lasted for at least 30 min, while the transient Ca2+

signal took approximately 13 min to decline to pre-stimulation
levels (Figure 6A). In the absence of extracellular Ca2+ (0Ca2+),
20% FBS induced a rapid (≈3 min) increase in [Ca2+]i that

FIGURE 5 | NAADP-AM-induced lysosomal Ca2+ mobilization is functionally coupled to SOCE in C-MSCs. (A) The influx of extracellular Ca2+ evoked by NAADP-
AM (1 µM) upon depletion of intracellular Ca2+ stores (Ctrl) was severely affected by inhibiting SOCE with Pyr6 (10 μM, 10 min) or BTP-2 (20 μm, 20 min). The previous
NAADP-AM-evoked endogenous Ca2+ release has not been shown. (B) Mean ± SE of the amplitude of NAADP-AM-evoked Ca2+ entry evoked by nigericin in the
absence (Ctrl) and presence of Pyr-6 and BTP-2. Student’s t-test: ***p < 0.001. (C) Nigericin-evoked extracellular Ca2+ entry was attenuated or inhibited by,
respectively, blocking SOCE with BTP-2 (20 μM, 20 min) or Pyr6 (10 μM, 10 min). (D)Mean ± SE of the amplitude of Ca2+ entry evoked by nigericin in the absence (Ctrl)
and presence of Pyr-6 and BTP-2. Student’s t-test: ***p < 0.001.
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reflected endogenous Ca2+ mobilization. The subsequent re-
addition of extracellular Ca2+, 100 s after FBS removal from
the bath, resulted in a second bump in [Ca2+]i, which was due
to extracellular Ca2+ entry and was likely to be mediated by SOCE
(Figure 6B). FBS-induced intracellular Ca2+ signals are known to
be triggered by InsP3-induced ER Ca2+ mobilization and
maintained over time by SOCE (Foreman et al., 2006; Hu
et al., 2009; Zuccolo et al., 2018b). Preliminary experiments
confirmed that 20% FBS-induced intracellular Ca2+ release was
abrogated by depleting the ER Ca2+ store with CPA (30 μM,
30 min) (Figures 6C,D), inhibiting InsP3Rs with 2-APB (50 μM,

30 min) (Figures 6C,D), and blocking PLC with U73122 (10 μM,
10 min) (Figures 6C,D). Furthermore, 20% FBS-induced
extracellular Ca2+ entry was significantly (p < 0.001) reduced
by inhibiting SOCE with BTP-2 (20 μM, 20 min) or Pyr6 (10 μM,
10 min) (Figures 6E,F).

The evidence reported above clearly showed that NAADP-
induced lysosomal Ca2+ release via TPCs was able to promote
InsP3-induced Ca2+ release from the ER, thereby resulting in
SOCE activation on the plasma membrane. Therefore, we sought
to assess the role of NAADP-induced lysosomal Ca2+ release in
the Ca2+ response to 20% FBS (Figure 7A). The depletion of the

FIGURE 6 | Fetal bovine serum (FBS)-induces intracellular Ca2+ release from endogenous stores and enhance SOCE. (A) 20% FBS induced oscillatory or transient
increases in [Ca2+]i. (B) Under 0Ca

2+ conditions, 20% FBS induced a transient elevation in [Ca2+]i. Subsequent re-addition of extracellular Ca2+, 100 s after agonist
removal from the bath, resulted in a second bump in [Ca2+]i that was indicative of SOCE. (C) The intracellular Ca2+ release evoked by 20% FBS (Ctrl) was inhibited by
depleting the ERCa2+ pool with CPA (30 μM, 30 min), by blocking InsP3Rswith 2-APB (50 μM, 30 min), or inhibiting PLCwith U73122 (10 μM, 10 min). (D)Mean ±
SE of the amplitude of the peak intracellular Ca2+ response to 20% FBS under the designated treatments. (E) Subsequent to store depletion by 20% of FBS application
(data are not shown her(E), FBS were washed out from bath, then extracellular Ca2+ added to the bath to bath in the presence and absence of SOCE inhibitors, Pyr6
(10 μm, 10 min) or BTP-2 (20 μm, 20 min). (F)Mean ± SE of the amplitude of Ca2+ entry evoked by 20% FBS in the absence (Ctrl) and presence of Pyr6 and BTP-2. The
asterisk indicates ***p < 0.001.
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lysosomal Ca2+ store with either GPN (200 μM, 30 min) (Figures
7A,B) or nigericin (50 μM, 30 min) (Figures 7A,B) abrogated
FBS-induced intracellular Ca2+ mobilization. The same effect was
achieved upon pharmacological blockade of TPCs with NED-19

(100 μM, 30 min) (Figures 7C,D), NED-K (10 μM, 30 min)
(Figures 7C,D), and tetrandrine (Figures 7C,D). Therefore,
NAADP plays a crucial role in igniting the Ca2+ response to
20% FBS in C-MSCs.

FIGURE 7 | TPCs mediate 20% FBS-induced intracellular Ca2+ release. (A) Intracellular Ca2+ release induced by 20% FBS was abolished upon depletion of the
lysosomal Ca2+ pool with either GPN (200 μM, 30 min) or nigericin (50 μM, 30 min). (B) Mean ± SE of the amplitude of the intracellular Ca2+ peak evoked by 20% FBS
under the designated treatments. (C) 20% FBS induced an intracellular Ca2+ transient that was significantly reduced or inhibited by blocking TPCs with, respectively,
NED-K (10 μM, 30 min), tetrandrine (10 μM, 30 min) or NED-19 (100 μM, 30 min). (D) Mean ± SE of the amplitude of the intracellular Ca2+ peak evoked by 20%
FBS in the absence (Ctrl) or presence of NED-19, NED-K or tetrandrine (Tetra). Student’s t-test: ***p < 0.001.

FIGURE 8 | TPCs mediate 20% FBS-induced proliferation and ERK phosphorylation in C-MSCs. Following 4 h of growth without serum, cells were treated with
NED-19 (100 μM, 30 min) and subsequently stimulated with 20% FBS. (A) Following 24 and 48 h of FBS stimulation, the mediumwas removed, cells detached from the
plates, and counted by hemocytometer (n = 3/group). Student’s t-test: *p < 0.05. (B) The cells were lysate after 60 min of FBS stimulation. Total protein extract from
treated cells was subjected to Western blot analysis to visualize active phosphorylated form and total of ERK and AKT using specific antibodies. Phospho-ERK1/2
and Phospho-AKT levels were corrected by total ERK1/2 and AKT densitometry respectively. (C) Western blot data are presented as the fold change of target protein
expression. The results are expressed as mean ± SEM (n = 3/group). Student’s t-test: *p < 0.05.
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3.6 TPCs Mediate 20% FBS-Induced
Proliferation and ERK Phosphorylation in
Cardiac Mesenchymal Stromal Cells
In order to assess the physiological role of NAADP-induced
lysosomal Ca2+ release through TPCs, 20% FBS-induced
C-MSC proliferation was evaluated in the absence (Ctrl) and
presence of NED-19 (100 μM, 30 min). Figure 8A shows that the
pharmacological blockade of TPCs significantly (p < 0.05)
reduced the total cell number at 24 and 48 h, thereby showing
the crucial role of TPCs in supporting C-MSC proliferation. Flow
cytometric analysis of Annexin V fluorescence confirmed that
pre-treating C-MSCs with NED-19 did not induce apoptosis
(Supplementary Figure S6). In order to determine whether
TPCs recruit mitogen-associated protein kinases (MAPKs), we
evaluated the phosphorylated levels of the Ca2+-dependent
extracellular signal-regulated protein kinases 1 and 2 (ERK1/2)
and of the survival kinase, Akt (Zuccolo et al., 2018a; Faris et al.,
2019; Negri et al., 2021b). Figures 8B,C illustrate that 20% FBS-
induced ERK1/2, but not Akt, phosphorylation was significantly
(p < 0.05) inhibited by blocking TPCs with NED-19 (100 μM,
30 min). Overall, these findings demonstrate that NAADP-
induced lysosomal Ca2+ release through TPCs stimulates
C-MSC proliferation by engaging ERK1/2.

4 DISCUSSION

NAADP is emerging as a crucial regulator of intracellular Ca2+

signalling and Ca2+-dependent processes in the cardiovascular
system (Macgregor et al., 2007; Collins et al., 2011; Fameli et al.,
2017; Moccia et al., 2021a). C-MSCs represent the large majority
of supportive cells in the heart, are critical to normal cardiac
function and contribute to maladaptive cardiac remodelling
under multiple pathological conditions. Herein, we showed for
the first time that NAADP mobilizes EL Ca2+ via TPCs also in
C-MSCs. NAADP-evoked intracellular Ca2+ signals are amplified
by InsP3-sensitive ER Ca2+ release at lysosomes-ER C-MCSs
followed by SOCE activation. The functional crosstalk between
NAADP-evoked lysosomal Ca2+ release, InsP3-induced ER Ca2+

mobilization and SOCE sustains FBS-induced intracellular Ca2+

signals and proliferation by promoting ERK phosphorylation.

4.1 Nicotinic Acid Adenine Dinucleotide
Phosphate Evokes Complex Ca2+ Signals in
Cardiac Mesenchymal Stromal Cells
Intracellular Ca2+ signals tightly control a plethora of crucial
functions in human MSCs from multiple sources, as reviewed in
Moccia et al. (2015), Forostyak et al. (2016), and Jiang et al.
(2017). According to the canonical model, the Ca2+ response
evoked by chemical stimulation in human MSCs is triggered by
InsP3-dependent ER Ca2+ and may be maintained over time by
SOCE (Kawano et al., 2002; Peng et al., 2016; Kotova et al., 2018).
Herein, we expanded our knowledge of the molecular
mechanisms shaping intracellular Ca2+ signalling in these cells
by focusing on the role played by NAADP in C-MSCs. The

intracellular delivery of NAADP mobilizes acidic Ca2+ stores
throughout the cardiovascular system (Moccia et al., 2021a), e.g.,
in guinea pig ventricular (Macgregor et al., 2007) and atrial
(Collins et al., 2011) cardiomyocytes, rat pulmonary artery
VSMCs (Kinnear et al., 2004), human aortic endothelial cells
(Brailoiu et al., 2010), mouse brain endothelial cells (Zuccolo
et al., 2019), and circulating ECFCs (Di Nezza et al., 2017; Moccia
et al., 2021b). Likewise, NAADP-AM, a membrane-permeable
analogue of NAADP, could induce either a transient elevation in
[Ca2+]i or a burst of intracellular Ca2+ oscillations. This latter
observation is in accord with the evidence that: 1) intracellular
delivery of NAADPmay induce oscillatory Ca2+ signals in human
Jurkat T-lymphocytes (Berg et al., 2000), cytotoxic T lymphocytes
(Davis et al., 2012), and human pancreatic β-cells (Johnson and
Misler, 2002); 2) NAADP contributes to agonist-induced
repetitive Ca2+ spikes in several types of endothelial cells
(Zuccolo et al., 2019; Berra-Romani et al., 2020; Balducci
et al., 2021), and that 3) NAADP induces intracellular Ca2+

oscillations in mouse cardiomyocytes during reperfusion injury
(Davidson et al., 2015). Early work conducted on echinoderms
first suggested that NAADP was able to elicit repetitive Ca2+

oscillations by promoting a Ca2+-dependent crosstalk between
two different Ca2+ pools (Churchill and Galione, 2001), which
were later shown to be located in acidic vesicles and ER (Churchill
et al., 2002; Moccia et al., 2006).

4.2 Nicotinic Acid Adenine Dinucleotide
Phosphate-Induced Intracellular Ca2+

Signals Are Triggered by Lysosomal Ca2+

Release via TPCs, Amplified by
InsP3-Evoked ER Ca2+ Release and
Maintained by SOCE
The Ca2+ response to NAADP in C-MSCs comprised an early
phase of intracellular Ca2+ mobilization followed by a later phase
of extracellular Ca2+ entry, which required the previous depletion
of the endogenous Ca2+ pool but not the NAADP-AM presence
in the perfusate. First, we found that GPN, nigericin, and
bafilomycin A1, which provide three established
pharmacological tools to mobilize acidic Ca2+ stores
(Kilpatrick et al., 2013; Ronco et al., 2015; Morgan and
Galione, 2021; Yuan et al., 2021), prevent NAADP-induced
intracellular Ca2+ mobilization. In agreement with the
hypothesis that the lysosomal compartment represents the
primary source of this increase in [Ca2+]i, all of these drugs, as
well as NH4Cl, induced a rapid reduction in Lysotracker Red
fluorescence. Although a recent investigation questioned the
documented GPN ability to release lysosomal Ca2+ (Atakpa
et al., 2019), Patel’s group provided the clear-cut evidence that
this compound mobilizes Ca2+ from acidic organelles and may,
therefore, be safely exploited to probe the endogenous store
primarily targeted by NAADP (Morgan et al., 2020; Yuan
et al., 2021). We further showed that C-MSCs express both
TPC1 and TPC2 transcripts and proteins, and that the Ca2+

response to NAADP was inhibited by blocking TPCs with two
selective antagonists, such as NED-19 (Macgregor et al., 2007; Di
Nezza et al., 2017; Jin et al., 2020; Moccia et al., 2021a) and NED-
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K (Davidson et al., 2015), and the traditional Chinese herbal
remedy, tetrandrine, which can target both TPC1 and TPC2
(Sakurai et al., 2015; Moccia et al., 2021a). As recently reviewed in
Moccia et al. (2021a) and Negri et al. (2021b), TPC1 and TPC2
are both present in mouse ventricular cardiomyocytes, but this is
the first time that they were reported in any other cellular
component of the human heart. As reviewed in Pitt et al.
(2016), TPC1 presents a limited Ca2+ permeability, while
TPC2 is predicted to release more Ca2+ upon activation.
Nevertheless, it has been shown that even a small Ca2+ flux
through TPC1 can generate a global increase in [Ca2+]i when
lysosomal vesicles are juxtaposed to ER cisternae (Galione, 2019).
For instance, TPC1 alone supports NAADP-induced intracellular
Ca2+ oscillations in circulating ECFCs (Di Nezza et al., 2017;
Moccia et al., 2021b) and in mouse cardiac myocytes undergoing
the ischemia-reperfusion injury (Davidson et al., 2015).
Furthermore, TPC1 was sufficient to maintain the intracellular
Ca2+ response to nutrients or incretins in mouse pancreatic β cells
deficient for TPC2 (Cane et al., 2016). Three pieces of evidence
suggest that InsP3Rs in ER cisternae contribute to amplify
NAADP-induced lysosomal Ca2+ release. First, depletion of
the ER Ca2+ pool with CPA suppressed or attenuated the
intracellular Ca2+ release evoked by both NAADP and the H+/
K+ antiporter, nigericin. Second, NAADP-induced endogenous
Ca2+ mobilization was impaired by inhibiting InsP3Rs with 2-
APB and by blocking basal InsP3 production with U73122.
Conversely, functional RyRs are absent in C-MSCs (Maione
et al., 2020a). The requirement for InsP3Rs to sustain the
increase in [Ca2+]i resulting from NAADP-AM-evoked Ca2+

release from lysosomal vesicles is in full agreement with
previous work carried out on human fibroblasts (Kilpatrick
et al., 2013), human ECFCs (Moccia et al., 2021b), COS-7 cells
(Morgan and Galione, 2021), HeLa cells (Ronco et al., 2015), and
human metastatic colorectal cancer cells (Faris et al., 2019).
Third, TEM revealed clearly discernible ER-lysosomes MCSs,
which closely resemble those previously described in human
fibroblasts (Kilpatrick et al., 2013) and could provide the sub-
cellular framework to enable InsP3R recruitment by local Ca2+

release through TPCs (Penny et al., 2014). Likewise, the MCSs
between lysosomal vesicles and ER cisternae in C-MSCs are
similar to the cytoplasmic nanojunctions between lysosomes
and sarcoplasmic reticulum (SR) recently reported in rat aortic
VSMCs (Fameli et al., 2014).

The different extent of coupling between lysosomal TPCs and
ER-embedded InsP3Rs (due to changes in either their distribution
or density at MCSs) could explain the onset of a long-lasting
elevation in [Ca2+]i that replaces the intracellular Ca2+

oscillations in a fraction of C-MSCs. For instance,
computational modelling indicated that TPC clustering within
the microdomain could accelerate the frequency of InsP3Rs-
driven Ca2+ oscillations (Penny et al., 2014), which could
ultimately lead to the fusion of the Ca2+ spikes and the
occurrence of a single, broader increase in [Ca2+]i (Bartlett
et al., 2020).

Removal of extracellular Ca2+ shortened the duration of the
Ca2+ response to NAADP-AM. Therefore, NAADP is predicted
to gate a Ca2+-permeable pathway on the plasmamembrane. This

observation is supported by the evidence that restitution of
extracellular Ca2+ following exposure to NAADP (or nigericin)
under 0Ca2+ conditions, results in a second bump in [Ca2+]i that
reflects extracellular Ca2+ entry. This influx of Ca2+ occurs after
washout of the agonist from the bath and, therefore, it is
exclusively coupled to the previous depletion of endogenous
Ca2+ stores. As discussed elsewhere (Yamazaki et al., 2007;
Sanchez-Hernandez et al., 2010; Negri et al., 2020), this feature
hints at SOCE as being responsible for NAADP-induced
extracellular Ca2+ entry. In agreement with this hypothesis,
NAADP-evoked Ca2+ influx was remarkably reduced in the
presence of either BTP-2 or Pyr6, two different inhibitors of
Orai1 channels, which provide the pore-forming subunit of store-
operated Ca2+ channels in non-excitable cells (Prakriya and
Lewis, 2015; Emrich et al., 2021) and MSCs (Lee et al., 2016;
Peng et al., 2016). SOCE activation ultimately results from the
reduction of ER Ca2+ concentration (Emrich et al., 2021). As
discussed elsewhere (Davis et al., 2012; Brailoiu and Brailoiu,
2016), the engagement of SOCE by NAADP (and nigericin) hints
at the depletion of the ER Ca2+ content as the intermediate step
between lysosomal Ca2+ release and extracellular Ca2+ entry.
However, extracellular Ca2+ entry directly evoked by NAADP
delivery was not always engaged during acidic Ca2+ signalling in
the cell types where this functional interplay has been investigated
(Faris et al., 2019; Moccia et al., 2021b). Therefore, it is
conceivable that lysosomal Ca2+ release recruits ER sub-
domains that are functionally coupled to the SOCE machinery
in C-MSCs, but not in other cell types, as widely discussed in
Parekh and Putney (2005). These observations hint at NAADP as
a Ca2+-releasing second messenger that can trigger a functional
crosstalk among multiple Ca2+ sources (lysosomes, ER, and
plasma membrane) in C-MSCs. In these cells, NAADP may
serve as a provider of the “trigger” Ca2+ response to
extracellular stimulation that is subsequently amplified by
InsP3Rs on the ER and maintained over time by SOCE
activation on the plasma membrane, as previously reported in
many mammalian cells, including human fibroblasts (Kilpatrick
et al., 2013), human ECFCs (Moccia et al., 2021b) and brain
microvascular endothelial cells (Zuccolo et al., 2019), human
metastatic colorectal cancer cells (Faris et al., 2019), human
primary CTL cells (Davis et al., 2012), and rat pulmonary
artery VSMCs (Kinnear et al., 2004).

4.3 Lysosomal Ca2+ Release via TPCs is
Crucial to FBS-Induced Intracellular Ca2+

Signalling and Proliferation in Cardiac
Mesenchymal Stromal Cells
It has long been known that FBS stimulates proliferation through
an increase in [Ca2+]i that can adopt either a biphasic (Faris et al.,
2019) or an oscillatory pattern (Tao et al., 2011) in a variety of cell
types, including rat bone marrow MSCs (Foreman et al., 2006).
FBS-induced intracellular Ca2+ signals are known to impinge on
the interplay between InsP3-induced Ca2+ release from the ER
and SOCE (Foreman et al., 2006; Hu et al., 2009). Intriguingly, a
recent investigation reported the first evidence that NAADP-
evoked lysosomal Ca2+ release via TPC1 interacts with InsP3-
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dependent ER Ca2+ mobilization and SOCE to promote FBS-
induced proliferation in human metastatic colorectal cancer cells
(Faris et al., 2019). Unveiling the molecular mechanisms that
drive C-MSC proliferation is crucial to improve the therapeutic
outcome of regenerative strategies aiming at utilizing these cells to
promote cardiac repair (Bagno et al., 2018; Braunwald, 2018).
Preliminary analysis showed that FBS evoked a complex increase
in [Ca2+]i also in C-MSCs, which displayed either an oscillatory or
a biphasic Ca2+ signal. Pharmacological manipulation confirmed
that the Ca2+ response to FBS comprised InsP3-induced ER Ca2+

mobilization followed by SOCE activation. Indeed, FBS-induced
intracellular Ca2+ release was suppressed by inhibiting InsP3Rs
with 2-APB, by blocking basal InsP3 production with U73122 and
by depleting the ER Ca2+ store with CPA, whereas FBS-induced
extracellular Ca2+ entry was remarkably attenuated by blocking
SOCE with BTP-2 and Pyr6. Next, we provided the evidence that
the NAADP-sensitive acidic Ca2+ store is crucial to FBS-induced
intracellular Ca2+ signals and proliferation in C-MSCs. Indeed,
FBS-induced intracellular Ca2+ release was abrogated by
depleting the lysosomal Ca2+ store with either GPN or
nigericin, as previously shown in human metastatic colorectal
cancer cells (Faris et al., 2019). In agreement with these
observations, the selective blockade of TPCs with NED-19,
NED-K or tetrandrine also abolished the intracellular Ca2+

response to FBS. Therefore, NAADP-induced lysosomal Ca2+

release is indispensable to trigger the cytosolic Ca2+ response to
FBS and this requires the functional recruitment of InsP3Rs on
the ER via CICR at lysosomal-ER MCSs. That the ER is depleted
via InsP3Rs-mediated ER Ca2+ release following NAADP-
induced lysosomal Ca2+ mobilization in response to FBS is
also suggested by FBS-induced SOCE activation, which
requires a reduction in ER Ca2+ concentration (Brailoiu et al.,
2009; Davis et al., 2012). The mechanism whereby FBS
stimulation results to intracellular NAADP generation in
C-MSCs, as well as in human metastatic cancer cells (Faris
et al., 2019), remains to be elucidated. Nevertheless, FBS is
likely to engage the multifunctional enzyme CD38, which
catalyses the “base exchange” of the nicotinamide moiety of
NADP with nicotinic acid, thereby resulting in NAADP
production in most cell types (Galione, 2015), including
cardiomyocytes (Negri et al., 2021b). A recent paper suggested
that the dual NADPH oxidases, DUOX1 and DUOX2, contribute
to NAADP biosynthesis in murine T lymphocytes (Gu et al.,
2021), but their role in NAADP-dependent Ca2+ response to FBS
is yet to be investigated.

The physiological role of NAADP-induced intracellular Ca2+

signals were further assessed by evaluating the effect of NED-19
on C-MSC proliferation. The pharmacological blockade of TPCs
with NED-19 strongly reduced FBS-induced C-MSC
proliferation at 24 and 48 h. Preliminary experiments indicated
that the massive release of Ca2+ induced by nigericin per se
resulted in C-MSC cell death already at 24 h from exposure to
this lysosomotropic compound. While this observation is in
accord with the reported effects of nigericin on various cell
models (Murakami et al., 2012), it prevented us from probing
its ability to interfere with FBS-induced proliferation. Previous
work showed that NAADP-induced Ca2+ release may stimulate

proliferation by recruiting the Ca2+-dependent ERK1/2 and Akt
signalling pathways (Faris et al., 2019; Negri et al., 2021b).
Consistently, FBS-induced ERK1/2 phosphorylation was
impaired by the pharmacological blockade of TPCs with NED-
19, whereas Akt engagement was unaffected. Interestingly, ERK1/
2, but not Akt, was harnessed by intracellular Ca2+ oscillations to
drive FBS-induced proliferation also in human bone marrow
MSCs (Tao et al., 2011). Additionally, NAADP-induced
intracellular Ca2+ oscillations could underpin another crucial
function of C-MSCs, i.e., the regulation of extracellular matrix
(ECM) composition (Maione et al., 2020b). For instance, bone
marrow-derived human MSCs exhibited repetitive Ca2+ spikes
during aligned collagen matrix formation (Gilchrist et al., 2019),
whereas extracellular Ca2+ entry in human airway epithelial cells
drives the expression and secretion of matrix-degrading enzymes,
such as matrix metalloprotease 1 (Li et al., 2011). Interestingly, an
increase in [Ca2+]i in cardiac fibroblasts may also regulate
collagen remodelling in mouse hearts (Adapala et al., 2020).
Therefore, future studies will have to assess the role of
NAADP-induced Ca2+ signalling in the modulation of ECM
composition by C-MSCs.

In conclusion, this study demonstrated that NAADP induces
intracellular Ca2+ signals in C-MSCs by promoting lysosomal
Ca2+ release via TPCs that is in turn amplified by ER-embedded
InsP3Rs at lysosomal-ER MCSs. The following depletion of the
ER Ca2+ pool activates SOCE, which prolongs the Ca2+ response
to NAADP. FBS impinges on the NAADP-induced Ca2+-
dependent crosstalk between lysosomes and ER to stimulate
proliferation through the Ca2+-dependent ERK1/2 signalling
pathway. These findings pave the way for future studies
assessing whether NAADP signalling in C-MSCs could be
targeted to favour cardiac repair upon an ischemic insult or to
other pathologies associated to maladaptive cardiac remodelling,
such as ACM, heart failure and cardiac fibrosis.
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Hyperglycemia is associated with decreased Mg2+ content in red blood cells (RBC), but
mechanisms remain unclear. We characterized the regulation of Mg2+ efflux by glucose in
ex vivo human RBC. We observed that hemoglobin A1C (HbA1C) values correlated with
Na+-dependent Mg2+ efflux (Na+/Mg2+ exchange) and inversely correlated with cellular Mg
content. Treatment of cells with 50mM D-glucose, but not with sorbitol, lowered total
cellular Mg (2.2 ± 0.1 to 2.0 ± 0.1 mM, p < 0.01) and enhanced Na+/Mg2+ exchange activity
[0.60 ± 0.09 to 1.12 ± 0.09 mmol/1013 cell × h (flux units, FU), p < 0.05]. In contrast,
incubation with selective Src family kinase inhibitors PP2 or SU6656 reduced glucose-
stimulated exchange activation (p < 0.01). Na+/Mg2+ exchange activity was also higher in
RBC from individuals with type 2 diabetes (T2D, 1.19 ± 0.13 FU) than from non-diabetic
individuals (0.58 ± 0.05 FU, p < 0.01). Increased Na+/Mg2+ exchange activity in RBC from
T2D subjects was associated with lower intracellular Mg content. Similarly increased
exchange activity was evident in RBC from the diabetic db/dbmouse model as compared
to its non-diabetic control (p < 0.03). Extracellular exposure of intact RBC from T2D
subjects to recombinant peptidyl-N-glycosidase F (PNGase F) reduced Na+/Mg2+

exchange activity from 0.98 ± 0.14 to 0.59 ± 0.13 FU (p < 0.05) and increased
baseline intracellular Mg content (1.8 ± 0.1 mM) to normal values (2.1 ± 0.1 mM, p <
0.05). These data suggest that the reduced RBC Mg content of T2D RBC reflects
enhanced RBC Na+/Mg2+ exchange subject to regulation by Src family kinases and by
the N-glycosylation state of one or more membrane proteins. The data extend our
understanding of dysregulated RBC Mg2+ homeostasis in T2D.

Keywords: red blood cells, ion transporter, ion flux, ion exchange, diabetes mellitus, cell magnesium

INTRODUCTION

Cellular Mg2+ levels play a fundamental role in many critical processes, including regulation of
cellular ionic composition, enzymatic activity, cell volume and initiation of protein synthesis (Raftos
et al., 1999; Rubin, 2005; Vidair and Rubin, 2005). Small variations in cellular or serumMg content or
Mg2+ have been associated with various pathological conditions such as diabetes, hypertension, sickle
cell anemia and cancer (Sartori et al., 1992; Resnick et al., 1993a; Picado et al., 1994; Barbagallo et al.,
1996; Dewitte et al., 2004; Maltezos et al., 2004; Zehtabchi et al., 2004). Mammalian cells maintain
cellular Mg2+ levels within a narrow range by the combined action of ion transporters and cellular
Mg2+ buffering capacity. ATP, 2,3-bisphosphoglycerate, cellular phosphoproteins (including
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phosphorylation-regulated protein kinases and phosphatases
themselves) and other nucleic acids (including polynucleic
acids) constitute the major cellular Mg2+ buffers (Laing et al.,
1994; Raftos et al., 1999; Chiu and Dickerson, 2000; Waas and
Dalby, 2003). Cellular Mg2+ transport encompasses both influx of
extracellular Mg2+, attributed to TRPM6/7 channels and (more
controversially) to CNNM andMagT1 transporters (Nadler et al.,
2001; Runnels et al., 2001; Monteilh-Zoller et al., 2003; Schmitz
et al., 2003; Voets et al., 2004; Goytain and Quamme, 2008;
Giménez-Mascarell et al., 2019), and efflux of intracellular Mg2+,
mediated by both Na+-dependent and Na+-independent
mechanisms (Féray and Garay, 1986; Ferreira et al., 2004).
Na+-dependent Mg2+ efflux (Na+/Mg2+ exchange) has been
functionally described in various cell types including human
RBC (Féray and Garay, 1986; Murphy et al., 1991; Günther
and Vormann, 1992; Romani et al., 1993; Wolf et al., 1997;
Touyz and Schiffrin, 1999a; Touyz et al., 2001; Standley and
Standley, 2002; Ferreira et al., 2004). We and others have shown
that Mg2+ transport across the RBC plasma membrane is
regulated by insulin, norepinephrine, angiotensin II, and
vasopressin through activation of Na+/Mg2+ exchange
(Romani et al., 1993; Touyz and Schiffrin, 1999b; Cefaratti and
Romani, 2003; Ferreira et al., 2004; He et al., 2005; Rubin, 2005).
The SLC41A1 gene has been proposed to encode the erythroid
Na+/Mg2+ exchanger polypeptide (Schweigel et al., 2000; Sahni
et al., 2007; Kolisek et al., 2008; Kolisek et al., 2012), a hypothesis
strengthened by the demonstration that SLC41A3 mediates
mitochondrial Na+/Mg2+ exchange (Mastrototaro et al., 2016).
However, more a more recent report has failed to detect
extracellular Na+-dependence of SLC41A1-mediated Mg2+

transport (Arjona et al., 2019).
Type 2 diabetes (T2D) affects nearly 500 million people

worldwide, with a rapidly rising annual toll exceeding four
million deaths (Palomino-Schätzlein et al., 2020). The multiple
pathophysiological effects of hyperglycemia are not completely
explained by glucose-induced changes in cellular energy stores or
in red cell (Morabito et al., 2020) and mononuclear cell oxidative
stress (Fortuño et al., 2006). In particular, the relationship
between divalent cation metabolism and the pathogenesis and
complications of hyperglycemic, often insulin-resistant
conditions such as T2D is not fully understood. The
hypomagnesemia observed in up to half of people with T2D
(Gommers et al., 2016), as well as in many children with insulin-
dependent diabetes (Rohn et al., 1993), has been traditionally
attributed to urinary magnesium wasting secondary to the
osmotic diuresis accompanying diabetic glycosuria (Gommers
et al., 2016). In contrast, elevated glucose concentrations have
been shown to lower RBC Mg content through as yet undefined
mechanisms (Paolisso et al., 1986; Resnick et al., 1993b; John,
1997; Rodríguez-Morán et al., 2011; Chan et al., 2015). Serum
glucose concentrations are associated with low Mg2+ levels in
both serum and RBC (Resnick et al., 1993b; Guerrero-Romero
and Rodríguez-Morán, 2002; Rodríguez-Morán and Guerrero-
Romero, 2003). The mechanisms by which glucose induces
reduction in cellular Mg content and contributes to
development of diabetic complication are not completely
understood. Elevated serum glucose levels lead to glycation of

circulating and of membrane-bound proteins. Indeed, glycated
HbA1c is an excellent clinical marker of glycemic status over time
(John, 1997; Pani et al., 2008). HbA1c in T2D subjects is higher
than in control subjects and negatively correlates with Mg levels
in plasma, platelets, mononuclear cells, and muscle cells (Allegra
et al., 1997).

We now present evidence that glucose modulates erythrocyte
Mg levels by stimulating Mg2+ efflux through activation of Na+/
Mg2+ exchange in ex vivo RBC from humans with type 2 diabetes
(T2D) and otherwise healthy individuals, as well as in a rodent
model of T2D. We also show that RBC from T2D subjects have
lower cellular Mg content and increased baseline Na+/Mg2+

exchange activity as compared to cells from normal control
subjects. Treatment of RBC from T2D subjects with
extracellular N-glycosidase increased cellular Mg content and
decreased Na+/Mg2+ exchange activity to non-diabetic control
levels. Thus, our results suggest that RBC protein glycation
adducts and protein N-glycans directly or indirectly modulate
Na+/Mg2+ exchanger activity, contributing to dysregulation of
Mg2+ homeostasis in T2D.

EXPERIMENTAL PROCEDURES

Materials: A23187, bovine serum albumin (BSA, fraction V),
choline chloride (Choline Cl), PP2 and SU6656 were purchased
from Calbiochem (San Diego, CA). Wortmannin (WT) was from
Alexis Corp. (San Diego, CA). Dimethyl sulfoxide (DMSO) was
from Fisher Scientific (Pittsburgh, PA). Acationox was from
Baxter Scientific Products (McGaw Park, IL). All other
reagents were purchased from Sigma Aldrich (St. Louis, MO).

Isolation of Red Cells: Human blood samples were obtained
between 7:00 a.m. and 10:00 a.m. after overnight fast (>6 h) per
approved clinical protocol and processed within 3 h of receipt, as
previously described (Ferreira et al., 2004; Rivera et al., 2005).
Briefly, freshly isolated blood was passed through cotton and
eluted with choline wash solution (CWS-Mg free, containing (in
mM) 150 choline chloride, 10 Tris MOPS pH 7.4 at 4°C) to
remove the buffy coat (>85% of white blood cells and platelets).
The red cells were washed 4× at 4°C with CWS-Mg free kept on
ice until use. Hematological parameters were measured by
ADVIA hemoanalyzer (Bayer, Terrytown, NY). Glycated
hemoglobin (HbA1c) was measured by Hitachi 917
autoanalyzer (Manheim/Boehringer). Total intracellular
contents of Na, K, and Mg were measured by atomic
absorption spectrophotometry (Perkin Elmer 800). To avoid
changes in mean cellular volumes (MCV), mouse blood was
prepared as specified for human RBC, but in solutions adjusted to
the osmolarity of normal mouse plasma (330 mOsm).

Cellular Mg2+ efflux measurements: Cells were loaded with
Mg2+ as we previously described (Ferreira et al., 2004; Rivera
et al., 2005). Cells at 10% hematocrit were incubated with 6 µM
Ca2+/Mg2+ ionophore A23187 in Mg2+-loading solution (MLS)
containing (inmM) 140 KCl, 12MgCl2, 10 D-glucose, and 10 Tris
MOPS (pH 7.4) for 30 min at 37°C. To obtain a range of different
intracellular Mg concentrations in Figure 5B, MLS solutions
contained 0–16 mM MgCl2 concentrations between 0 and
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16 mM, with corresponding KCl concentrations between 138 and
158 mM. A23187 was subsequently removed with four washes of
25 volumes of 0.1% BSA in MLS at 37°C at 15 min intervals.
Mg2+-loaded cells at 3% hematocrit were incubated at 37°C for
periods of 5 or 45 min in NaCl or choline choline chloride flux
media containing (in mM) 140 NaCl or 140 choline Cl,
10 D-glucose, 10 Tris MOPS (pH 7.4), 20 sucrose, 0.1
ouabain, and 0.01 bumetanide. Mg2+ efflux was calculated
from the slope of linear regression analyses of Mg content
(expressed as calculated concentration) in supernatant vs. time
(5 and 45 min in triplicate determinations). Na+/Mg2+ exchange
activity was calculated as the difference between Mg2+ efflux in
NaCl and in choline Cl flux media. Flux values were corrected for
changes in mean corpuscular volume (MCV) and expressed as
mmol/1013 cells × h (flux units, FU), as previously described
(Ferreira et al., 2004; Rivera et al., 2005). Mouse RBC assay
osmolytes were adjusted to reflect the normal mouse plasma
osmolarity of ~330 mOsm, to minimize cell volume changes and
hemolysis during Mg2+ loading (Rivera et al., 2005).

Glucose-inducedMg2+ efflux: RBCwere incubated up to 24 h at
37°C in isotonic saline solution containing (in mM): 140 NaCl,
0–100 D-glucose, 10 Tris MOPS (pH 7.4), 0–20 sucrose, 0.1
ouabain, and 0.01 bumetanide, with the indicated concentrations
of D-glucose or sorbitol. Incubated RBC were centrifuged 5 min
at 2,500 rpm at 37°C and suspended in Mg2+-free choline wash
solution as previously described (Acosta et al., 2000). Previous
investigation (Viskupicova et al., 2015) revealed that 1 h exposure
of RBC to >45 mM glucose at 37°C does not increase hemolysis,
eryptosis or GSSG/GSH ratio (Viskupicova et al., 2015).
Moreover, lipid peroxidation, superoxide production and
intracellular (Ca2+) remain unchanged under these conditions.
We observed no hemolysis after 24 h incubation of RBC in the
presence of 50 mM glucose. We noted trace hemolysis after 24 h
incubation in the presence of 100 mM glucose, but no further
hemolysis was evident in RBC after resuspension in flux medium.
Aliquots of 50% suspension were taken for measurements of
Mg2+ efflux and total cellular contents of Mg, K, and Na as
described above. We also studied the effects of Peptidyl-N-
Glycosidase F (PNGase F), an amidase that cleaves the
GlcNAc-asparagine linkage of high mannose and complex
oligosaccharides of N-linked glycoproteins (Maley et al., 1986).
Intact RBC were incubated with 0.1 U/ml PNGase F (New
England BioLabs, Ipswich, MA) for 1.5 h at 37°C in isotonic
saline solution, then centrifuged 5 min at 2,500 rpm at 37°C and
resuspended in Mg2+-free choline wash solution as described
(Tarentino and Plummer, 1994). Timed aliquots of 50%
suspension were taken for measurement of total RBC Mg, K,
and Na.

Study subjects: The study protocol was approved by the
Institutional Review Board of the Brigham and Women’s
Hospital (Protocol #: 2003P001861). Normal (n = 33) and
T2D individuals (n = 30) were recruited at the Brigham and
Women’s Hospital. Informed written consent was obtained from
all subjects before participation. T2D was diagnosed according to
accepted guidelines (National Diabetes Data Group:
Classification and diagnosis of diabetes mellitus and other
categories of glucose intolerance, 1979). Diabetic participants

were not being treated with antihypertensive or any other
medication except for medication related to their diabetes. Not
all subjects were studied in all analyses, and subjects were not
matched for clinical characteristics. Subjects varied in age
between 22 and 62, with body mass index (BMI) <31 kg/m2

for women or <33 kg/m2 for men. Diabetic and control groups
did not differ significantly in age.

db/dbMice:All mouse studies were conducted under protocols
approved by the Institutional Animal Care and Use Committee of
Brigham and Women’s Hospital. db/db mice (The Jackson
Laboratory; Bar Harbor, Maine; Catalog #000642) and
heterozygote controls (Catalog #000662) were purchased at
6 weeks of age, fed ad libitum with rodent chow (LabDiet
#5053; Richmond, IN) and water, then sacrificed and
venisected by intracardiac puncture at 25 weeks of age. db/db
mice are homozygous for a spontaneous mutation of the leptin
receptor (Leprdb) leading to unrestrained weight gain and
eventual development of obesity-associated diabetes. db/db but
not db/+ mice exhibit hyperglycemia as early as 8 weeks of age
and have been used to model human T2D (Shafrir and Sima,
2001; Joost and Schürmann, 2014). Although not measured in
these experimental mouse groups, blood glucose levels in mice of
the same age (25 weeks) from the same supplier and maintained
in the same animal facility had blood glucose levels of 159 ±
21 mg/dl (db/+) and 769 ± 41 mg/dl (db/db) (Guo et al., 2008).

Statistical Analyses: The data are reported as means ± standard
error of the mean (SEM), with statistical significance (p value as
indicated) determined by non-parametric analysis t-test unless
otherwise stated. The kinetic parameters of Na+/Mg2+ exchange
activation were analyzed with GraphPad Prism version 8.0.0 for
Windows (GraphPad Software, San Diego, California
United States). Pearson and Spearman coefficients of
correlation were estimated using SPSS 10.0 software (SPSS,
Chicago, IL).

RESULTS

Glycated Hemoglobin (HbA1C) Correlates
With Cellular Mg2+ and Na+/Mg2+ Exchange
Activity
We hypothesized that RBC membrane protein glycation (or
another consequence of chronic hyperglycemia) may alter
Mg2+ homeostasis. To investigate the relationship between
glycemic status and red cell Mg2+ homeostasis, we examined
the correlation between HbA1c and erythrocyte Mg2+ levels in
normal red cells. We observed a negative correlation between
baseline levels of total cellular Mg2+ content and HbA1C levels
(Pearson r = −0.600, p < 0.01; Spearman σ = −0.491 and p <
0.05, n = 23) (Figure 1A). These results suggest a relationship
between RBC glycation state and increased Mg2+ loss
from RBC.

Cellular Mg2+ transport across the plasma membrane is
mediated by Na+-dependent and Na+-independent
mechanisms. We and others have shown that Na+-dependent
Mg2+ efflux (Na+/Mg2+ exchange activity) contributes to RBC
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Mg2+ homeostasis (Féray and Garay, 1986; Touyz et al., 2001;
Ferreira et al., 2004). In this study, we measured HbA1C levels
and Na+/Mg2+ exchange activity in RBC from normal subjects.
Normal RBC revealed a positive correlation between HbA1C and
Na+/Mg2+ exchange activity (Pearson r = 0.716, p < 0.001;
Spearman σ = 0.695, p < 0.001, n = 23) (Figure 1B). These
results are consistent with a regulatory mechanism linking Mg2+

homeostasis and cell glycemic status. In contrast, HbA1C levels
correlated poorly with Na+-independent Mg2+ efflux activity of
normal RBC (Pearson r = 0.142, p = 0.270; Spearman σ = 0.225,
p = 0.163, n = 23, data not shown). These data suggest that
reduced Mg content of RBC in hyperglycemic individuals
reflects, at least in part, modulation of Na+/Mg2+ exchange
activity.

Effect of Glucose on Red Blood Cells Mg2+

Levels and Na+/Mg2+ Exchanger Activity In
Vitro
To study the mechanisms involved in RBC Mg2+ regulation by
high glycemic status, we assayed Na+/Mg2+ exchange activity
as a function of extracellular glucose concentration from 0 to
100 mM, as described in Methods. RBC exposure to up to
100 mM glucose for 24 h at 37°C is known not to increase
hemolysis, eryptosis, or concentrations of HbA1C or
intracellular Ca2+ (Viskupicova et al., 2015). We observed
that Mg2+-loaded RBC exhibited a glucose concentration-
dependent increase in Na+/Mg2+ exchange activity
(Figure 2A). Kinetic analyses of the hyperbolic curve (r =
0.998) indicated a maximal velocity (Vmax) of 0.978 ±
0.01 mmol/1013 cell × h and EC50 of 18.1 ± 3.0 mM,
representing a ~50% increase over basal exchange activity in
the presence of 100 mM glucose. In contrast, Na+-independent
Mg2+ efflux was unaffected by changing extracellular glucose
concentration (r = 0.620, data not shown). These results show

that exposure of erythrocytes to high glucose media will
modify cellular Mg2+ homeostasis.

To characterize the glucose-mediated activation of Na+/Mg2+

exchange, we monitored time-dependent changes in exchange
activity. RBC stimulated by 50 mM D-glucose were examined for
Na+/Mg2+ exchange activity at 0.5, 1.5, 4, 12, and 24 h. Significant
change in Na+/Mg2+ exchange activity was detected after 1.5 h,
with peak response observed as early as 4 h (Figure 2B). We also
measured Na+/Mg2+ exchange activity at baseline conditions in
Mg2+-unloaded RBC after 4 h exposure to either 6 mM or 50 mM
D-glucose. RBC incubation with 50 mM glucose increased Na+/
Mg2+ exchange activity from 0.006 ± 0.003 to 0.013 ± 0.005
mmol/1013 cells × h (n = 3, p < 0.05). Thus, high glucose
stimulates Na+/Mg2+ exchange activity in both Mg2+-loaded
and -unloaded cells.

We hypothesized that altering the glycation state of RBC
surface proteins may change intracellular Mg2+ homeostasis.
Protein glycation rate in RBC is time- and glucose
concentration-dependent (Watala, 1988). At high glucose
concentration, most membrane protein glycation occurs within
12 h (Watala, 1988). To examine whether glycation status would
affect the exchanger activity, we first examined the effects on Na+/
Mg2+ exchange activity of the non-glycating sugar, sorbitol (Yan
et al., 2003), and compared its effects to those of glucose. RBC
were incubated with physiological concentrations of either
D-glucose (6 mM), high D-glucose (50 mM) or 50 mM sorbitol
for 24 h at 37°C. As previously observed, exchange activity was
higher in RBC incubated with 50 mM D-glucose than in RBC
incubated either at the physiological glucose level of 6 mM or in
50 mM sorbitol (n = 3, p < 0.05) (Figure 2C). These results are
consistent with the possibility that RBCmembrane glycation state
alters Na+/Mg2+ exchange activity. We also observed a significant
decrease in total cell Mg content in RBC incubated with 50 mM
glucose (1.55 ± 0.02 mM) as compared to cells incubated with
6 mM glucose (1.75 ± 0.03 mM, n = 3, p < 0.01). In contrast,

FIGURE 1 |Correlation betweenHbA1C and total cellularMg2+ content (A) andNa+-dependentMg2+ efflux. (A)Cells from23 normal subjectswere assayed for hemoglobin
A1C (HbA1C) and total cellular Mg2+ content as described inMethods. The graph represents total cellular Mg2+ content vs. HbA1C (n = 23, r = −0.600 and p < 0.01; σ = −0.491 and
p < 0.05). (B) Cells from 23 normal subjects were assayed for HbA1C and Na+-dependent Mg2+ efflux (Na+/Mg2+ exchanger activity) as described in Methods. The graph
represents Na+/Mg2+ exchanger activity vs. HbA1C (n = 23, p < 0.001 and r = 0.716 and p < 0.001; σ = 695 and p < 0.001).
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incubation of cells with 50 mM sorbitol failed to alter RBC Mg
levels (1.8 ± 0.02 mM, n = 3, data not shown). These observations
suggest that the possibility that increased RBC surface glycation
might stimulate Na+/Mg2+ exchange.

We and others have reported that quinidine inhibits red cell
Na+/Mg2+ exchange (Féray and Garay, 1986; Murphy et al., 1991;
Günther and Vormann, 1992; Picado et al., 1994; Touyz and
Schiffrin, 1999a; Touyz et al., 2001; Günther, 2006). We tested the
effect of quinidine on glucose-induced loss of intracellular Mg
from RBC. Quinidine (500 microM) prevented the intracellular
loss of Mg2+ induced by 50 mM D-glucose (Figure 2D). These
observations are consistent with a role for Na+/Mg2+ exchange in
mediating glucose-induced Mg2+ loss from RBC.

FIGURE 2 | Activation of Na+-dependent Mg2+ efflux by glucose. (A)Glucose dose-dependent activation of Na+-dependent Mg2+ efflux. Cells from normal subjects
were incubated with 0–100 mM D-glucose for 24 h and assayed for Na+-dependent Mg2+ efflux or Na+/Mg2+ exchanger activity. Hyperbolic pattern curve best fit was
used to derive Vmax = 0.978 ± 0.01 FU, Km = 3.2 ± 0.5 mM. Plot shows % of stimulation over 0 glucose present. Values are expressed as means ± SE of three
experiments in triplicate determinations (r = 0.998). Plot shows % of stimulation over 0 glucose present. (B) Time course of glucose-dependent activation of the
Na+/Mg2+ exchanger. Cells from normal subjects were incubated with 50 mM D-glucose for 0–24 h and assayed for Na+/Mg2+ exchanger activity as described in
Methods. Hyperbolic pattern curve best fit was used to derive Vmax = 0.98 ± 0.01 FU, reaching half-activity in 1.6 ± 0.0 h (r = 0.90). Values are expressed asmeans ± SEM
of three experiments in triplicate determinations. (C) Activation of Na+/Mg2+ exchanger by glucose but not sorbitol. Cells from normal subjects were incubated with 6 or
50 mM D-glucose or 50 mM sorbitol solutions for 24 h and assayed for Na+/Mg2+ exchanger activity as described in Methods. Values represent the activity of the
exchanger and are expressed as means ± SEM. (* paired non-parametric t test, p < 0.005, n = 3). (D) Effect of quinidine on glucose-induced cellular Mg2+ levels. Cells
from normal subjects were incubated with 6 or 50 mM glucose and in the presence or absence of 500 μM quinidine for 1.5 h and assayed for total cellular Mg2+ content
as described in Methods. Results are expressed as means ± SEM of four experiment in triplicates. (* unpaired non-parametric t test 6 vs. 50 mM glucose p < 0.05; **
paired non-parametric t test 50 mM glucose vs. 50 mM glucose plus 500 μM quinidine p < 0.04).

TABLE 1 | Hematological values of normal and diabetic subjects.

Normal Diabetic p value

N 20 16 —

MCV, % 91.7 ± 1.3 94.3 ± 1.0 0.700
MCHC, g/dL 32.7 ± 0.4 32.4 ± 0.4 0.700
Reticulocytes, % 1.9 ± 0.1 1.6 ± 0.2 0.522
RDW 14.1 ± 0.2 14.0 ± 0.3 0.621
Na+, mM 8.3 ± 0.8 6.9 ± 0.6 0.538
K+, mM 84.3 ± 3.4 86.2 ± 2.6 0.700
Mg2+, mM 2.3 ± 0.1 2.0 ± 0.1 <0.001

Mean cellular volume (MCV); mean corpuscular hemoglobin concentration (MCHC); red
cell density width (RDW); total cellular Na+; K+ andMg2+ were determined as described in
Methods. p values were determined by unpaired Mann-Whitney test.
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Cellular Mg2+ Regulation in Red Blood Cells
From Type 2 Diabetic Subjects
Our model predicts that RBC from T2D subjects should exhibit
increased Na+/Mg2+ exchange activity. We first examined
various red cell parameters in freshly isolated RBC from
otherwise healthy normal and T2D subjects. We found no
significant differences in total cellular Na and K content,
mean corpuscular volume (MCV) or mean corpuscular
hemoglobin concentration (MCHC). However, total cellular
Mg2+ levels were significantly lower in RBC from T2D
subjects than in those from control subjects (Table 1), as
previously reported (Djurhuus et al., 1995; Eibl et al., 1995;
Vidair and Rubin, 2005).

We measured Na+/Mg2+ exchange activity in T2D and control
RBC. We found that Na+/Mg2+ exchange activity was higher in
T2D RBC (1.19 ± 0.13 FU; n = 33) than in RBC from normal
subjects (0.58 ± 0.05 FU; n = 30, p = 0.0011) (Figure 3A). In
contrast, Na+-independent Mg2+ efflux from T2D RBC (3.57 ±
0.53 FU; n = 30) did not differ statistically from that of normal
RBC (2.51 ± 0.37 FU, n = 30; means ± SEM). These data are
consistent with a major role for Na+/Mg2+ exchange in Mg2+ loss
from T2D RBC. Furthermore, exposure to quinidine (500 μM)
decreased Na+/Mg2+ exchange activity in RBC from T2D subjects
by 0.44 ± 0.06 FU (n = 3) but only by 0.18 ± 0.07 FU (n = 4) in
normal RBC (data not shown).

We also examined cellular Mg2+ levels and exchanger activity
in ex vivo RBC from db/dbmice, a well-described model of T2D,
and in RBC from non-diabetic db/+ mice (Figure 3B).
Consistent with our observations in T2D subjects, RBC from
25 weeks old db/db mice exhibited lower cellular Mg2+ content
(2.3 ± 0.2 mmol/kg Hb) than RBC of db/+ control mice of
similar age (4.4 ± 0.5, n = 3; p < 0.03). db/db diabetic mouse RBC
also exhibited higher rates of Na+/Mg2+ exchange activity than
did RBC of nondiabetic db/+ mice (Figure 3B).

Src-Kinase Inhibitors Regulate
Glucose-Stimulated Na+/Mg2+ Exchanger
Activity
Hyperglycemia increases Src family tyrosine kinase activity that
in turn increases production of reactive oxygen species (Schaeffer
et al., 2003). To evaluate the role of Src kinases on Na+/Mg2+

exchanger activity, normal RBC were treated with either 6 or
50 mM glucose in the presence or absence of the Src inhibitor,
PP2 (Figure 4A). Incubation with PP2 did not alter Na+/Mg2+

exchanger activity in the absence of glucose, but blocked the
glucose-induced increase of exchanger activity. Similar results
were observed in normal RBC using a structurally dissimilar Src
inhibitor, SU6656 (300 nM) (n = 3, p < 0.01), and known “off-
target” effects of SU6656 (Gao et al., 2013; Ross et al., 2017) and
PP2 (Brandvold et al., 2012) do not overlap among red cell
kinases or those of other cells. We also tested the effects of Src
inhibitors in RBC from T2D subjects, under similar conditions.
PP2 inhibited exchanger activity in T2D RBC stimulated either by
6 or 50 mM D-glucose (Figure 4B), suggesting that a Src kinase-
regulated pathway mediates the glucose-induced increase in RBC
Na+/Mg2+ exchange activity.

Na+/Mg2+ Exchange Activity as a Function
of Extracellular Na+ and Intracellular Mg2+

We previously reported that Vmax of Na
+/Mg2+ exchange activity

in RBC from patients with sickle cell disease (HbSS) was higher
than in cells from subjects with normal hemoglobin A expression
(HbAA) (Rivera et al., 2005) due in part to changes in
extracellular Na+ affinity and not through changes in
intracellular Mg2+ affinity. These results suggested possible
cooperativity of extracellular Na+ binding to the exchanger at
basal state. To investigate whether similar mechanisms might
apply to Na+/Mg2+ exchange in T2D RBC, we assayed Na+/Mg2+

FIGURE 3 | Baseline Na+/Mg2+ exchanger activity in cells from normal and type 2 diabetic human subjects and db/db and db/+mice. Cells were used to determine the
activity of the Na+/Mg2+ exchanger as described inMethods. (A)Na+/Mg2+ exchanger activity in cells from normal and T2D human subjects (n = 33 and n = 30 in normal and
diabetic subjects, respectively; * unpaired t test, p < 0.001). (B) Na+/Mg2+ exchanger activity in red cells from diabetic db/db and non-diabetic db/+ mice (n = 3); * unpaired
t test nonparametric, p < 0.01). Results are expressed as means ± SEM of three experiments in triplicate determinations.
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exchange activity in RBC from normal and T2D subjects as a
function of extracellular (Na+) (Figure 5A). In T2D RBC the plot
of exchange activity vs. extracellular (Na+) was best fit by a
hyperbolic Michaelis-Menten curve (r = 0.995) exhibiting a
Km of 28.9 ± 2.4 mM for external Na+ and a Vmax of 1.16 ±
0.05 FU (n = 3, r = 0.99). In contrast, the Na+ -dependence of Na+/
Mg2+ exchange activity in normal RBC was best fit by a sigmoidal
curve (n = 3, r = 0.99) with an affinity constant for external Na+ of
83.5 ± 4 mM (p < 0.0001 vs. T2D) and a Vmax of 0.472 ± 0.01 FU,
(p < 0.0001 vs. T2D), with Hill coefficient (n) of 6.4 ± 0.13. These
results suggest that increased Na+/Mg2+ exchanger activity in

T2D subjects may reflect increased affinity at extracellular Na+

binding sites possibly attributable to chronic exposure to high
glucose.

The affinity for intracellular Mg2+ was also examined
(Figure 5B). Cells were Mg-loaded to estimated intracellular
concentrations between ~0 and ~14 mM (Figure 5B).
Increasing intracellular Mg2+ stimulated exchanger activity in
a sigmoidal pattern in RBC of both normal (r = 0.993) and T2D
subjects (r = 0.996). RBC from normal subjects exhibited an
affinity constant for intracellular Mg2+ of 5.97 ± 0.2 mMwith Hill
coefficient of 5.1 ± 0.1, as compared to an affinity constant of

FIGURE 4 | Effect of Src inhibitors on Na+/Mg2+ exchanger activity in cells from type 2 diabetic subjects. Cells were incubated in glucose solutions of 6 mM (106 mg/dl) or
50 mM (900 mg/dl), in the presence or absence of 300 nM PP2 as indicated, then assayed for Na+/Mg2+ exchanger activity. (A) Values represent exchanger activity in cells from
normal subjects and are expressed asmeans ±SEMof three experiments in triplicate determinations. Non-parametric paired t test, *p< 0.003 **p< 0.002 frombasal activity of the
exchanger; (B) Values represent exchanger activity in cells from diabetic subjects and are expressed as means ± SEM of three experiments in triplicates. Non-parametric
paired t test *p < 0.05, **p < 0.05 from basal activity.

FIGURE 5 | Activation of Na+/Mg2+ exchanger by extracellular Na+ and intracellular Mg2+ in cells from normal and type 2 diabetic subjects. (A) Activation of Na+/Mg2+

exchanger by extracellular Na+ in normal (closed circles, Vmax = 0.472±0.01 FU, hill = 6.4 ± 0.13, K1/2 = 83.5 mM, n=3) anddiabetic subjects (open circles, Vmax = 1.16±0.05 FU,
Km = 28.9 ±mM, n = 3). (B) Activation of Na+/Mg2+ exchanger by intracellular Mg2+ in normal (closed circles, Vmax = 0.50 ± 0.02 mmol/1013 cell × h, hill = 5.1 ± 0.1, K1/2 = 5.97 ±
0.2 mM, n = 3) and diabetic subjects (open circles, Vmax = 0.81 ± 0.032 FU, hill = 6.3 ± 0.2, K1/2 = 7.87 ± 0.39 mM, n = 3). Values represent the activity of the Na+/Mg2+

exchanger and are expressed as means ± SEM of n = 3 in triplicates determinations.
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7.87 ± 0.39 mM (n.s.) with Hill coefficient of 6.3 ± 0.2 in T2D red
cells (both n = 3). Vmax in RBC from T2D subjects was 0.81 ±
0.032 FU vs. 0.50 ± 0.02 FU in RBC from normal subjects (p =
0.003). Since the affinity constants for intracellular Mg2+ were
statistically indistinguishable in T2D and normal RBC, we
propose that changes in external Na+ binding affinity and
Vmax drive increased Na+/Mg2+ exchange activity in T2D RBC.

Regulation of Mg2+ Levels and Na+/Mg2+

Exchanger Activity In Vitro by
Pre-Treatment With PNGase F
To investigate if changes in cell surface N-linked protein
glycosylation state might regulate Na+/Mg2+ exchange activity,
we incubated intact RBC with peptidyl-N-Glycosidase F (PNGase
F) to remove accessible N-linked glycans from RBC surface
proteins (Watala, 1988; Tarentino and Plummer, 1994).
PNGase F is an amidase that cleaves N-linked glycoproteins
between the innermost GlcNAc and asparagine residues. In
T-cells, pre-treatment with PNGase F in vitro reduced
N-glycan content of cell surface proteins (Cabral et al., 2017)
without significant loss of T cell regulatory function. To
investigate if surface protein N-glycosylation contributes to
Na+/Mg2+ exchange activity, we preincubated RBC with
PNGase F following similar experimental protocols. We found
that 1 h pretreatment of intact RBC from T2D subjects with
PNGase F significantly reduced Mg2+ efflux to values comparable
to those of normal RBC (Figure 6). This reduced Na+/Mg2+

exchange activity was also associated with a significant increase in
cellular Mg content (n = 5, p < 0.05, Table 2). In RBC from
healthy subjects, we further observed a decrease in Na+/Mg2+

exchanger activity in RBC from healthy subjects following
PNGase F pretreatment of the intact cells, similarly associated
with changes in intracellular Mg2+ (n = 3, p < 0.05, Table 2).
These results are consistent with the possibility that ecto-N-
glycosylation state of the Na+/Mg2+ exchanger polypeptide at
the cell surface, or of an interacting regulatory protein,
contributes to maintenance of erythrocyte Mg2+ homeostasis.

To assess reversibility of the effects of N-deglycosylation on
Na+/Mg2+ exchange activity, we measured high glucose-induced
Na+/Mg2+ exchange activity following PNGase F treatment.
Interestingly, exposure of erythrocytes to high concentration of

FIGURE 6 | Regulation of the Na+/Mg2+ exchanger activity by PNGase
treatment. Cells from normal and diabetic subjects were pre-incubated in the
absence (white bar) or presence (black bars) of 0.1 U/mL PNGase F for 1.5 h and
assayed for Na+/Mg2+ exchanger activity as described in Methods. Values
are expressed as means ± SEM of three and five experiments in triplicate
determinations in normal and diabetic subjects, respectively. Non-parametric
paired t test of control vs. de-glycation in both normal (*p < 0.03) and diabetic
subjects (*p < 0.001). Unpaired t test nonparametric of control in normal vs. control
in diabetic subjects (**p < 0.0001).

TABLE 2 | Total cellular Mg2+ content in PNGase-treated red cells.

Untreated cells PNGase-treated cells p values

Normal (n = 3) 2.0 ± 0.1 2.1 ± 0.06 <0.034
Diabetic (n = 5) 1.8 ± 0.1 2.1 ± 0.1 <0.031

Erythrocytes from normal and diabetic subjects were pre-incubated with with the
N-glycanase (PNGase F), as described in Methods, and analyzed for total cellular Mg2+

as indicated. Values represent the means of triplicate determinations of three
independent experiments. Mg2+ levels are expressed as mmol/Kg Hb. p values were
determined by paired Wilcoxon text.

FIGURE 7 | Effect of PNGase-treatment on glucose-stimulated
exchanger activity. Cells from T2D subjects were treated with 6 mM glucose
or 50 mM glucose for 1.5 h after pre-treatment with 0.1 U/mL PNGase F and
assayed for Na+/Mg2+ exchanger activity as described in Methods.
Values are expressed as means ± SEM of three experiments in triplicate
determinations. * Non-parametric paired t test between 6 mM glucose (white
bar) vs. PNGase-treated (black bar): *p < 0.002. Non-parametric paired t test
between PNGase-treated vs. PNGase- and 50 mM glucose-treated (gray
bar),**p < 0.05.
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glucose after PNGase F treatment restored the higher levels of
Na+/Mg2+ exchange to pre-PNGase levels (Figure 7). The
reversibility of PNGase-F-induced inhibition of Na+/Mg2+

exchange by high extracellular glucose suggests that the
stimulation of red cell Na+/Mg2+ exchange by high glucose,
reflecting either red cell protein glycation or another effect of
glucose, can override the inhibitory effect of protein ecto-N-
deglycosylation on Na+/Mg2+ exchange. Thus, both RBC protein
glycation state and RBC surface protein N-glycosylation state
may contribute to RBC Mg2+ homeostasis through regulation of
RBC Na+/Mg2+ exchange.

DISCUSSION

We hypothesized that glucose modulates intracellular ionic
composition of RBC, and that dysregulated ion metabolism
characterizes the pathophysiology of T2D. We report our
observation that HbA1c levels correlate directly with Na+/Mg2+

exchange activity and inversely with intracellular Mg levels in
RBC from healthy subjects. The dysregulated erythroid Mg2+

homeostasis in T2D reflects enhanced glucose-regulated Na+/
Mg2+ exchange activity. These findings suggest that hemoglobin
glycation state predicts intracellular Mg levels controlled by
regulation of Mg2+ efflux pathways in RBC, and complement
previous observations of the inverse association between RBCMg
levels and fasting blood glucose (Resnick et al., 1993b; Barbagallo
et al., 1996; Barbagallo et al., 2001). Na+/Mg2+ exchange thus joins
the KATP channel, the L-type Ca2+ channel and GLUT4 of the
pancreatic beta cell, K channel Kir4.1 of retina, and (via insulin)
TRPM6 and the thiazide receptor NCC of kidney (Gommers
et al., 2016) as a Mg2+-regulated ion transport pathway.

The regulation by glucose of Na+/Mg2+ exchange activity
could in principle reflect the hyperglycemia-associated
hypomagnesemia of diabetes, which has been attributed to
diabetic glycosuria. Indeed, acute glucose infusion can
promote magnesuria, and the SGLT2 knockout mouse exhibits
hypermagnesemia. However, SGLT2 inhibitors used to treat
T2DM do not promote magnesuria, but rather had been
observed to lead to hypermagnesemia (Tang et al., 2016).

We also report pharmacological evidence that glucose-
stimulated activation of Na+/Mg2+ exchange requires Src
family tyrosine kinase activity. Inhibition of Src family
tyrosine kinase activity was sufficient to attenuate the
increased Na+/Mg2+ exchange activity or T2D RBC. Src
tyrosine kinase functions in part as downstream signaling
molecule for receptors without intrinsic kinase activity
(Parsons and Parsons, 1997). While the mechanism by which
RBC Src tyrosine kinase regulates Na+/Mg2+ exchange remains to
be determined, Src kinase and caveolin are known together to
contribute to activation of the receptor for advanced glycation
end-products (RAGE) in vascular tissues (Reddy et al., 2006).
RAGE mediates inflammatory and white blood cell migration-
associated signals associated with vascular complications of
hyperglycemia (Igarashi et al., 1999; Schmidt, 2015; Hudson
and Lippman, 2018). Thus, the Src family of tyrosine kinases
may be potential targets for development of new therapeutic

strategies to ameliorate glucose-mediated complications
associated with T2D.

Nonenzymatic glycation affects not only hemoglobin, but extends
to proteins of the RBC surface (Miller et al., 1980). Red cell glycation
status has been correlated with cellular survival and with rheology
that ismodifiable by control of glycemic status (Peterson et al., 1977).
Hyperglycemia has also been associated with decreased red cell
membrane fluidity (Watala, 1988). However, a direct relationship
between red cell surface glycation status and transport protein
function remains to be established. Nonetheless, exposure to
extracellular glucose modulates activities of the Na+ pump
(Garner et al., 1990; Umudum et al., 2002; Nandhini and
Anuradha, 2003), Ca2+ pump (González Flecha et al., 1993), Na+/
H+ exchanger (Williams andHoward, 1994), GLUT1 (Nandhini and
Anuradha, 2003), as well as the non-erythroid Na+/Glucose
cotransporter of epithelia (Han et al., 2005). We have extended
these studies to demonstrate that glucose regulates erythroid Mg2+

levels by modulating Na+/Mg2+ exchange activity. Consistent with a
role for deregulated cation metabolism in the pathogenesis of T2D,
we found reduced cellular Mg2+ levels and increased Na+/Mg2+

exchanger activity in ex vivo RBC fromT2D subjects as compared to
cells from otherwise healthy subjects. ex vivo RBC from db/db mice
showedMg2+ transport abnormalities resembling those of RBC from
T2D subjects. Exposure of RBC to extracellular glucose abolished
apparent cooperativity in the extracellular Na+ -dependence of Na+/
Mg2+ exchange activity, accompanied by reduction in K1/2 for
extracellular Na+ from 83 to 29mM. This change may reflect a
noncovalent effect of glucose or a direct or indirect effect of non-
enzymatic glycation at or near the putative extracellular Na+ binding
site of the Na+/Mg2+ exchanger, or of residues in one or more of the
exchanger’s hypothesized regulatory proteins.

Covalent reaction of the open form of glucose with proteins
leads to protein glycation (Rabbani and Thornalley, 2012) occurs
predominantly on N-terminal α-amino groups and ε-amino
groups of Lys residues, as well as on side chains of Arg and
Cys residues. Early glycation proceeds sequentially through
glycosylamine formation and dehydration to Schiff bases in a
process requiring hours. Subsequent Amadori rearrangement to
fructosamine or non-Amadori rearrangement to α-oxo-
aldehydes, both of which can then more slowly degrade over
weeks in vitro (Valencia et al., 2004) to multiple advanced
glycation end-products (AGEs). Protein susceptibility to
glycation and the gradually increasing burden of protein
glycation in circulation and in cells likely contributes to
pathogenesis of hyperglycemic disorders (McAvan et al., 2020).

SLC41A1 has been often (Sponder et al., 2013), if
controversially (Sahni and Scharenberg, 2013), modeled as 10
transmembrane spans with intracellular N- and C-termini. In this
model, SLC41A1 has four ecto-Lys residues in two putative
extracellular loops and multiple ecto-Arg residues in each of
the five predicted extracellular loops, any of which might serve as
glycation targets. As glucose-induced activation of Na+/Mg2+

exchange occurs within 1.5 h, the observed effects of
extracellular glucose on RBC Na+/Mg2+ exchange activity do
not likely reflect the action of AGE formation of binding to
their receptors (RAGEs). The time- and concentration-
dependence of Na+/Mg2+ exchange activation by extracellular
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glucose, is consistent with those previously reported by Watala
et al. for red cell membrane glycation (Watala, 1988). Also
consistent with our results, impaired Mg2+ uptake and
homeostasis characterizes the streptozotocin-induced rat
model of type 1 diabetes (T1D) (Cefaratti and Romani, 2003).
Hepatic plasmalemmal vesicles from streptozotocin-treated rats,
exhibited >2-fold higher rates of Na+-dependentMg2+ efflux than
those from untreated rats (Cefaratti et al., 2004; Fagan et al.,
2004). These data together demonstrate that hyperglycemia, as
observed in T2D and in a model of T1D, induces changes in Mg2+

transport.
We found that RBC pre-treatment with extracellular PNGase

F restores Na+/Mg2+ exchange activity to normal levels, reversing
its elevation by high glucose levels. PNGase F exposure at 37°C for
1 h has been used to partially remove surface N-linked glycans
from intact T regulatory cells without compromising cellular
function (Cabral et al., 2017). We showed that PNGase F
treatment of RBC from T2D subjects increased glucose-
mediated intracellular Mg levels and decreased Na+/Mg2+

exchanger activity, suggesting that enzymatic removal of RBC
surface protein-linked N-glycans can regulate Mg2+ homeostasis
in T2D RBC. The 10-transmembrane span model of SLC41A1
predicts a single consensus site for ecto-N-linked glycosylation,
but neither mutational nor enzymatic evidence for this site has yet
been presented. Thus, the functionally important RBC surface
polypeptide substrate(s) for extracellular PNGase regulation of
erythroid Na+/Mg2+ exchange remain to be defined.

Enhanced glycation of RBC and endothelial surface proteins
can enhance vascular dysfunction, suggesting that attenuation
of protein glycation might delay development of vascular
complications in T2D. Our results suggest that RBC surface
glycation and N-glycan state of the Na+/Mg2+ exchange protein
or of one or more interacting regulatory protein(s) can regulate
intracellular Mg2+ and Mg2+ homeostasis in T2D RBC.
Additional work is needed to identify the glycated and
glycosylated proteins responsible for Na+/Mg2+ exchange
activation in RBC of T2D subjects. Also remaining to be
investigated is the possible effect on Na+/Mg2+ exchange of
the recently reported deposition of amylin aggregates in or on
T2D red cells (Verma et al., 2020). As regulation of RBC Mg2+

transport may have parallels in endothelial and vascular smooth
muscle cells, we speculate that identification and modulation of
Mg-regulatory glycation and N-deglycosylation targets may
have therapeutic potential in treatment of the vascular
complications of T2D.
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Identification of IQGAP1 as a SLC26A4
(Pendrin)-Binding Protein in the
Kidney
Jie Xu1,2, Sharon Barone1,2,3, Mujan Varasteh Kia2, L. Shannon Holliday4, Kamyar Zahedi1,2,3

and Manoocher Soleimani 1,2,3*

1Research Services, VA Medical Center, Albuquerque, NM, United States, 2Department of Medicine, University of Cincinnati,
Cincinnati, OH, United States, 3Department of Medicine, University of New Mexico, Albuquerque, NM, United States,
4Department of Orthodontics, University of Florida, Gainesville, FL, United States

Background: Several members of the SLC26A family of transporters, including SLC26A3
(DRA), SLC26A5 (prestin), SLC26A6 (PAT-1; CFEX) and SLC26A9, form multi-protein
complexes with a number of molecules (e.g., cytoskeletal proteins, anchoring or adaptor
proteins, cystic fibrosis transmembrane conductance regulator, and protein kinases). These
interactions provide regulatory signals for these molecules. However, the identity of proteins
that interact with the Cl−/HCO3

− exchanger, SLC26A4 (pendrin), have yet to be determined.
The purpose of this study is to identify the protein(s) that interact with pendrin.

Methods: A yeast two hybrid (Y2H) system was employed to screen a mouse kidney cDNA
library using the C-terminal fragment of SLC26A4 as bait. Immunofluorescence microscopic
examination of kidney sections, as well as co-immunoprecipitation assays, were performed
using affinity purified antibodies and kidney protein extracts to confirm the co-localization and
interaction of pendrin and the identified binding partners. Co-expression studies were carried
out in cultured cells to examine the effect of binding partners on pendrin trafficking and activity.

Results: The Y2H studies identified IQmotif-containingGTPase-activating protein 1 (IQGAP1)
as a protein that binds to SLC26A4’s C-terminus. Co-immunoprecipitation experiments using
affinity purified anti-IQGAP1 antibodies followed by western blot analysis of kidney protein
eluates using pendrin-specific antibodies confirmed the interaction of pendrin and IQGAP1.
Immunofluorescence microscopy studies demonstrated that IQGAP1 co-localizes with
pendrin on the apical membrane of B-intercalated cells, whereas it shows basolateral
expression in A-intercalated cells in the cortical collecting duct (CCD). Functional and
confocal studies in HEK-293 cells, as well as confocal studies in MDCK cells,
demonstrated that the co-transfection of pendrin and IQGAP1 shows strong co-
localization of the two molecules on the plasma membrane along with enhanced Cl−/
HCO3

− exchanger activity.

Conclusion: IQGAP1 was identified as a protein that binds to the C-terminus of pendrin in
B-intercalated cells. IQGAP1 co-localized with pendrin on the apical membrane of
B-intercalated cells. Co-expression of IQGAP1 with pendrin resulted in strong co-
localization of the two molecules and increased the activity of pendrin in the plasma
membrane in cultured cells. We propose that pendrin’s interaction with IQGAP1 may play
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a critical role in the regulation of CCD function and physiology, and that disruption of this
interaction could contribute to altered pendrin trafficking and/or activity in pathophysiologic
states.

Keywords: kidney tubules, collecting duct, bicarbonate secretion, chloride absorption, intercalated cells

1 INTRODUCTION

Complex biological systems are composed of networks of
interacting proteins, which are crucial for all levels of cellular
function, including signaling, metabolism and communication.
Several members of the Slc26 family of anion transporters form
multi-protein complexes with the cytoskeleton, anchoring
proteins, PDZ adaptor proteins and certain protein kinases
(Lohi et al., 2003; Ko et al., 2004; Rossmann et al., 2005;
Thomson et al., 2005; Bertrand et al., 2009; Lee et al., 2012;
Kim et al., 2012; Zheng et al., 2010; Hillesheim et al., 2007;
Dossena et al., 2011). The formations of these complexes impart
regulatory signals on ion transport by members of the SLC26
transporter family. While several studies have identified binding
partners for SLC26A3 (DRA), SLC26A5 (prestin), SLC26A6
(PAT-1; CFEX) and SLC26A9 (Lohi et al., 2003; Ko et al., 2004;
Thomson et al., 2005; Rossmann et al., 2005; Hillesheim et al.,
2007; Bertrand et al., 2009; Kim et al., 2012; Lee et al., 2012;
Zheng et al., 2010; Dossena et al., 2011), little information is
available about the proteins that interact with SLC26A4/
pendrin.

SLC26A4 is a Cl−/HCO3
− exchanger located on the apical

membrane of non-A intercalated cells and plays an important
role in bicarbonate secretion and chloride absorption in the
kidney CCD (Soleimani et al., 2001; Royaux et al., 2001; Wall
et al., 2003; Vallet et al., 2006; Bonar and Casey, 2008; Sindić et al.,
2007; Amlal et al., 2010; Soleimani, 2013; Alper and Sharma,
2013; Wall and Weinstein, 2013; Mohebbi et al., 2013). The
purpose of the current studies was to identify the binding partners
of SLC26A4 in the kidney. Toward this end, yeast two hybrid
(Y2H) screening was utilized to identify the proteins that bind to
the C-terminal end of pendrin. The C-terminus was chosen as
bait for these studies because it contains the Sulfate Transporter
and anti-Sigma factor antagonist (STAS) domain, as well as
residues that are important in pendrin function (Dossena
et al., 2011; Alper and Sharma, 2013; Soleimani, 2013). Results
were further confirmed by immunoprecipitation experiments and
functional and confocal image analysis in cultured cells, kidney
sections, and proteins. We identify IQGAP1 as a binding partner
of pendrin in the kidney. The significance of the results will be
discussed.

2 MATERIALS AND METHODS

2.1 Yeast Two Hybrid Screening
In order to identify binding partners of mouse Slc26a4 in the
kidney, the Y2H screening (Joung, et al., 2000; Gietz et al., 1997)
was employed. The intracellular portion of the c-terminal
fragment of SLC26A4 (amino acids 508–780) was used as

bait (Figure 1A). Briefly, the pBD-Slc26a4 yeast two hybrid
expression vector was constructed by PCR amplification of the
cDNA fragment that codes for the SLC26A4 c-terminal
fragment using the following primers: KUP2Hyb, 5′-GAC
TGTGGTCCTGAGAGTTCAG-3′, and KLOW2Hyb, 5′ TCA
GGAAGCAAGTCTACGCATG-3′. The sequence of the PCR
amplified pendrin fragment was confirmed prior to initiation of
the yeast two hybrid studies. The fragment was ligated into the
SalI restriction endonuclease site of pBD-GAL4 (Stratagene, La
Jolla, CA, United States). A mouse kidney cDNA library
(HybriZapTM two hybrid library, Stratagene) was co-
transformed with pBD-Slc26a4 into YRG-2-competent yeast
cells. A total of 6 × 103 interacting clones were identified by
growth in selective media (Leu−, Trp−, His−), out of which 14
clones were determined to be positive when screened for β-gal
expression. Plasmids from these clones were purified and co-
transformed again with pBD-Slc26a4 and with control plasmids
in order to confirm the interaction. Cloned fragments were
sequenced to confirm that they were in frame and without
mutations.

2.2 Cloning of Full Length Human SL26A4
and IQGAP1
For expression studies in HEK293 cells, the open reading frames
of both SLC26A4 (NM_000441) encompassing nucleotides
225–2,567 and IQGAP1 (NM_003870) encompassing
nucleotides 102–5,075 were amplified by PCR. Purified PCR
products were sub-cloned into a pTarget ex-pression vector
(Promega, Madison, WI, United States). Sequences and
directionality of both sub-cloned fragments were confirmed.

2.3 Immunofluorescent Microscopic
Analysis of Pendrin and IQGAP1 in the
Kidney
The expression and localization of IQGAP1, SLC26A4 (pendrin),
and H+-ATPase were characterized by immunofluorescence
microscopic examination (Petrovic et al., 2006; Xu et al., 2011;
Xu, et al., 2006) on paraffin-embedded mouse kidney sections
using specific antibodies to SLC26A4, H+-ATPase B subunit, and
IQGAP1.

2.4 Co-Immunoprecipitation and Western
Analysis
For immunoprecipitation, 2 μg of mouse IQGAP1 antibody
(SCBT, Dallas, TX, United States) was diluted in 200 μl of PBS
with Tween-20 (PBS-T), and added to 50 μl of Dynabead Protein-
G slurry (Invitrogen, Waltham, MA, United States). The mixture
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was subjected to rotation for 10 min at room temperature. The
Dynabead-antibody complex was washed with PBS-T. Kidney
lysates (200 µg in 100 μl of PBS-T) from wild-type (WT) and
pendrin knockout (KO) (Amlal et al., 2010) were precleared by
incubation with Dyna- bead Protein-G slurry for 30 min. The
precleared lysates were added to the Dynabead-Ab complex. The
mixture was subjected to rotation for 10 min at room
temperature. The Dynabead-Ab-antigen complex was washed
3 times using 200 μl of PBS-T. The bound proteins were eluted by
addition of 40 μl of 1:1 mixture of reducing laemmli and elution
buffers and heating the samples for 10 min at 70 degrees C. The
eluted proteins were subjected to western blot analysis using a
mouse monoclonal anti-SLC26A4 antibody (LS Bio, Seattle, WA,
United States).

2.5 Co-Expression of Pendrin and IQGAP1 in
HEK293 and MDCK Cells
SLC26A4 (pendrin) and IQGAP1 expression vectors were used
for transient transfection of HEK293 or MDCK cells. Briefly, cells
were grown in 60 mm tissue culture plates or on coverslips.
Monolayers (~70% confluent) were transfected with 8 μg of
the full-length SLC26A4 (pendrin), IQGAP1 or both
expression vectors using Lipofectamine 2000, according to an

established protocol (Li et al., 2004; Li et al., 2007). Cells were
maintained at 37°C in a 5% CO2 atmosphere and were examined
48 h after transfection.

2.6 Confocal Microscopy
For confocal microscopy experiments, HEK293 or MDCK cells
were grown on glass coverslips and transiently transfected with
Iqgap1, Slc26a4 (pendrin), or both expression vectors. The
coverslips were fixed 48 h later with 4% paraformaldehyde
48 h after transfection. Fixed cells were labeled with IQGAP1
and SLC26A4 antibodies. The slides were observed using a Zeiss
confocal 710. Z-stack images were obtained with LSM 5 Image
software.

2.7 Intracellular pH Measurement
The intracellular pH (pHi) in HEK293 cells was determined by
microfluorometry using the pH-sensitive fluoroprobe BCECF
(Xu, et al., 2011; Petrovic, et al., 2003; Rahmati, et al., 2013).
The cells were first perfused with a Cl−- and HCO3

−-
containing solution of the following composition (in mM):
115 NaCl, 25 Na-HCO3, 3 KCl, 1.8 CaCl2, 1 MgCl2, and 5
HEPES, pH 7.4, gassed with 5% CO2-95% O2. Once the
baseline pHi was established, the perfusate was then
switched to a Cl−-free medium of the following composition

FIGURE 1 | Identification of IQGAP1 as a pendrin binding partner. (A) The C-terminus of pendrin was used as bait in Y2H in order to identify the protein(s) that
interact with pendrin. The C-terminus of mouse pendrin protein spanning amino acids 508–780 was used in Y2H studies in order to identify the proteins that interact with
pendrin. This region was used because it contains the STAS domain. The missense mutations (highlighted, bolded and underlined) correspond to those of that affect the
function of the human pendrin protein and are associated with Pendred Syndrome and DFNB4. (B)Our studies identified a total of 33 interactions between pendrin
and prey sequences. Of these only 22 interactions were shown to be specific while others we excluded due to out of frame translation, reversed direction of the cloned
sequence, or low affinity of the bait/prey interaction. The interaction with IQGAP1 represented 14 of the 22 significant interactions. Based on the Global PBS score,
IQGAP/pendrin interaction had a very high degree of confidence. The Global PBS score is automatically computed through algorithms with the following scoring system:
A) Very high confidence in the interaction; B) High confidence in the interaction; C) Good confidence in the interaction; D) Moderate confidence in the interaction; E)
Interactions highly connected prey domains, warning of non-specific interaction; and F) Experimentally proven technical artifacts. In addition to IQGAP1, the Y2H system
also identified CD97 as a protein with a “high confidence of interaction” giving it a Global PBS score of B. The relationship between pendrin and CD97 as a binding partner
needs further examination. The % Id 5p/3p indicates the degree of identity to the putative binding protein.
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(in mM): 115 Na+-gluconate, 25 NaHCO3, 3 KCl, 1.8 Ca2+-
gluconate, 1 Mg2+-gluconate, and 5 HEPES, pH 7.4, and gassed
with 5% CO2-95% O2. Upon pHi stabilization in Cl−-free
medium, cells were returned to the Cl−-containing solution.
Values of pHi were calculated from the fluorescence ratio
(F480/F430) measured at 530 nm. The system was calibrated
by the high-K+/nigericin technique.

2.8 Antibodies and Other Reagents
Polyclonal pendrin and H+-ATPase B1 subunit antibodies were
generated in our laboratory as described (Petrovic, et al., 2006;
Xu, et al., 2011; Xu, et al., 2006). Monoclonal H+-ATPase E
subunit was a generous gift from Dr. Shannon Holliday.
Monoclonal pendrin antibody was from LS Bio (Seattle, WA,

United States). IQGAP1 antibody was purchased from Santa
Cruz Biotechnology (Dallas, TX, United States). HRP-labeled
goat anti-rabbit Ig was from PharMingen (San Diego, CA,
United States). Dynabead protein-G immunoprecipitation kit
was purchased from Thermo Fisher Scientific (Waltham, MA,
United States). Western blot densitometry measurements were
performed using Image-J software (National Institutes of Health,
United States).

2.9 Statistical Analysis
The results for cell pH experiments are presented as means ± SE.
Statistical significance between two experimental groups was
determined by unpaired Student’s t-test. The statistical
significance of results comparing multiple experimental groups

FIGURE 2 | Co-localization IQGAP1, pendrin, and H+-ATPase in the kidney by immunofluorescence microscopy. (A) Top and bottom panels are
immunofluorescence double labeling of mouse kidney sections with anti-IQGAP1 and anti-pendrin antibodies (×40magnification). The expression of IQGAP1 is detected
on the basolateral membrane in the of majority of cells in the CCD (Left Panels, top and bottom rows; white arrows). In addition, IQGAP1 shows apical localization in a
subset of cells in CCD (Left Panels, top and bottom rows; orange arrows). The expression of pendrin is shown in right panels (orange arrows). Merged images
(middle panels) demonstrates a remarkable co-localization of IQGAP1 and pendrin on the apical membrane of pendrin-expressing cells (orange arrows). “G” signifies
glomerulus. (B) To determine the identity of tubular cells expressing IQGAP1, double immunofluorescence labeling with IQGAP1 and H+-ATPase antibodies was
performed. As shown, IQGAP1 was detected in several cortical collecting duct and connecting tubules based on the presence of H+-ATPase, tubular morphology, and
when the merged images were acquired (middle images in both top and bottom panels). There was occasional and faint expression of IQGAP1 on the basolateral mem-
brane of the proximal tubule cells. In cortical collecting duct (CCD), IQGAP1 shows predominant localization on the basolateral membrane of most cells (bottom panels;
white arrows). However, IQGAP1 also shows distinct localization on the apical membrane of a subset of intercalated cells (bottom panels; yellow arrows).
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was determined by ANOVA. A p < 0.05 was considered to be
statistically significant.

3 RESULTS

3.1 Identification of SLC26A4 Binding
Partners
Figure 1A shows the amino acid sequence of the C-terminus of
pendrin. This fragment encompasses the Sulfate Transporter and
anti-Sigma factor antagonist (STAS) domain (amino acids
515–734), the intervening sequence (amino acids 574–652),
and includes a number of disease-associated mutations (Bonar
and Casey, 2008; Sindić et al., 2007; Soleimani, 2013; Alper and
Sharma, 2013; Dossena, et al., 2011). The pendrin mutations
included in Figure 1A are responsible for a variety of
sensorineural hearing loss, including those found in patients
with Pendred syndrome, as well as patients afflicted with non-
syndromic hearing loss caused by enlarged vestibular aqueducts
(EVA) (Dossena, et al., 2011; Roesch, et al., 2021). Y2H studies
were used to identify the binding partners that interacted with the
C-terminus of SLC26A4 (amino acids 508–780). These studies
identified a total of 33 interactions, of these only 22 interactions
were shown to be specific while others we excluded due to out of
frame translation, reversed direction of the cloned sequence, or
low affinity of the bait/prey interaction. The interaction with
IQGAP1 represented 14 of the 22 significant interactions
(Figure 1B). Our studies identified IQGAP1 as a protein that
binds to the intracellular c-terminal portion of pendrin with a

very strong degree of confidence (Figure 1B). There were two
other proteins (Cluster of differentiation 97; Cd97 and beta-
glucuronidase; Gusb) that were identified; however, their binding
affinity was significantly less than IQGAP1.

IQGAP1 is a scaffolding protein with five identified protein
binding domains (White, et al., 2012; Nammalwar, et al., 2015;
Nauert, et al., 2003; Jacquemet, et al., 2013; Johnson, et al., 2013;
Hedman, et al., 2015). It binds and/or stabilizes ezrin, CDC42 and
RAC1, and interacts with a number of cytoskeletal and cell
adhesion molecules (e.g., mDia and Cadherin) (White, et al.,
2012; Nammalwar, et al., 2015; Nauert, et al., 2003; Jacquemet,
et al., 2013; Johnson, et al., 2013; Hedman, et al., 2015). As such,
IQGAP1 plays a role in the regulation of signal transduction,
cytoskeleton, cell adhesion and cell cycle (White, et al., 2012;
Hedman, et al., 2015).

3.2 Co-Localization of SLC26A4 (Pendrin)
and IQGAP1 in the Kidney
Given the results of Y2H system identifying IQGAP1 as a
SLC26A4 binding protein, we sought to examine the
localization of IQGAP1 vis-à-vis SLC26A4. Toward this end,
double immunolocalization studies with SLC26A4 and IQGAP1
antibodies were performed in the kidney. IQGAP1 shows a
predominant basolateral localization in various CCD cells
(Figure 2A, left panels, top and bottom rows, white arrows).
Certain cells also express IQGAP1 on their apical membrane (left
panels, top and bottom rows, orange arrows). Merged images
demonstrate a remarkable co-localization of SLC26A4 (pendrin)

FIGURE 3 | Confirmation of IQGAP1 and pendrin interaction by co-immunoprecipitation. The interaction of pendrin with IQGAP1 was confirmed by co-
immunoprecipitation. Kidney extracts from wildtype and pendrin knockout animals were incubated with IQGAP1 antibody coated beads, the bound proteins were
eluted, size fractionated and subjected to western blot analysis using anti-pendrin antibody. Lane 1) Binding of WT kidney extract with IQGAP1 antibody coated beads;
Lane 2) Binding of WT kidney extract with G-protein coated beads; Lane 3) Binding of pendrin KO kidney extract with IQGAP1 coated beads; Lane 4) Binding of
pendrin KO kidney extract with G-protein coated beads; and Lane 5) WT whole kidney extract. Blue arrow designates the 110 kDa band recognized by anti-pendrin
antibody.
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and IQGAP1 on the apical membrane of pendrin-expressing cells
in the CCD (Figure 2A, merged images in the middle panel; top
and bottom rows, orange arrows), consistent with the apical
localization of IQGAP1 in B-intercalated cells.

Additional images depicting the localization of H+-ATPase
vis-à-vis IQGAP1 are shown in the Figure 2B. In addition to
confirming the predominant localization of IQGAP1 on the
basolateral membrane of majority of CCD cells (Figure 2B;
left bottom and middle panels, white arrows), these images
clearly indicate the absence of IQGAP1 localization on the
apical membrane of A-intercalated cells (Figure 2B; middle
bottom panel, orange arrows). The images also show the
apical localization of IQGAP1 in a subset of cells distinct from
A-intercalated cells. Taken together with images in Figure 2,
these studies indicate the apical localization of IQGAP1 in B-, but
not A-, intercalated cells.

3.3 Co-Immunoprecipitation Studies
The interaction of SLC26A4 (pendrin) with IQGAP1 was further
confirmed by co-immunoprecipitation. Kidney extracts from
wildtype and pendrin knockout animals were incubated with
IQGAP1 antibody coated beads, the bound proteins were eluted,
size fractionated and subjected to western blot analysis using anti-
pendrin antibodies. Our western blot results (Figure 3) show the
presence of a band that corresponds in size (MW~110 kDa) and
reacts with anti-pendrin antibody in the whole kidney extract of
WT mice (Lane 5), as well as kidney extracts of WT mice
subjected to co-immunoprecipitation with anti-IQGAP1
antibody (Lane 1). This band was absent in the kidney
extracts of pendrin KO mice that were subjected to co-
immunoprecipitation using anti-IQGAP antibody (Lane 3).
Non-specific binding of extract proteins to the matrix in the
absence of anti-IQGAP antibody was minimal (Lanes 2 and 4).

FIGURE 4 | Effect of IQGAP1 on pendrin activity and expression in cultured cells. (A) Representative tracing demonstrating the Cl−/HCO3
− exchanger activity in

transfected HEK293 cells. The mock transfected HEK293 cells were not significantly different vs. IQGAP1 transfected cells. The pHi tracings in HEK293 cells transfected
with pendrin alone show significant Cl−/HCO3

− exchanger activity compared to mock or IQGAP1 only transfected cells. HEK293 cells co-transfected with pendrin and
IQGAP1 show significant enhancement in Cl−/HCO3

− exchanger activity vs. pendrin-transfected cells. (B) The summary of six separate experiments show
significant enhancement in pendrin-mediated Cl−/HCO3

− exchanger activity in cells co-transfected with pendrin and IQGAP1 vs. pendrin alone transfected cells. IQGAP1
transfection in cells did not elicit any Cl−/HCO3

− exchanger activity when compared to mock transfected. (C) Representative confocal images of HEK293 cells
transfected with IQGAP1, pendrin or IQGAP1 plus pendrin construct. Non-transfected cells (C; left top and bottom panels of non-transfected groups) did not show any
expression of either pendrin or IQGAP1. HEK293 cells co-transfected with SLC26A4 and IQGAP1 (C; right top and bottom panels of transfected groups) show sharp co-
localization of the two molecules on the plasma membrane of transfected cells (C; merged panel of transfected groups). (D) Representative confocal images of pendrin
localization in high (D; upper panels) and low (D; bottom panels) IQGAP1-expressing MDCK cells. Both X-Y and X-Z projections are provided. White boxes highlight the
cells that were analyzed. Cells with an elevated expression of IQGAP1 (D; top right and left panels, white arrow) have increased pendrin localization to the cell membrane.
Whereas, low expression of IQGAP1 is associated with reduced membrane and increased intracellular localization of pendrin (D; bottom right and left panels, yellow
arrow).
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3.4 Effect of IQGAP1 on Pendrin Activity and
Localization in Cultured Cells
3.4.1 Intracellular pH Studies
To determine if the interaction of IQGAP1 and SLC26A4 affects the
activity of the latter, cultured HEK293 cells were co-transfected with
IQGAP1 and SLC26A4 expression vectors and assayed for SLC26A4-
mediated Cl−/HCO3

− exchanger activity. For comparison, cells
transfected with pendrin or IQGAP1 expression vector alone
were examined. The results in Figure 4 depict a representative
intracellular pH (pHi) tracings (Figure 4A) and summary of
multiple experiments (Figure 4B). These results indicate that the
Cl−/HCO3

− exchanger activity in HEK293 cells transfected with the
IQGAP1 vector were not different than the mock transfected cells
(background activity). HEK293 cells transfected with SLC26A4
cDNA alone displayed significant Cl−/HCO3

− exchanger activity
(Figures 4A,B). However, when HEK293 cells were co-transfected
with both SLC26A4 and IQGAP1 expression constructs there was a
significant enhancement in their Cl−/HCO3

− exchanger activity
when compared to pendrin-transfected cells alone (Figures 4A,B).

3.4.2 Pendrin Expression in Cultured Cells
Confocal microscopy was performed to examine the impact of
IQGAP1 expression on SLC26A4 (pendrin) distribution in
cultured cells. As indicated, the non-transfected cells
(Figure 4C; left top and bottom panels of non-transfected
groups) did not show any expression of either pendrin or
IQGAP1 as verified by confocal microscopy. The results
further indicate that HEK293 cells co-transfected with
pendrin and IQGAP1 (Figure 4C; left top and bottom
panels of transfected groups) show sharp co-localization of
IQGAP1 and pendrin in the merged image of the transfected
panel (Figure 4C; merged panel of transfected groups).
Additional experiments were conducted to verify the
interaction between pendrin and IQGAP1 in a polarized
cell model and the role of this interaction in the
localization of pendrin. Towards this end, confocal images
of MDCK cells transiently transfected with both pendrin and
IQGAP1 expression vectors are shown in Figure 4D. One
limitation with expression studies in MDCK cells is a low or
variable transfection efficiency. Therefore, we examined cells
showing either high or low IQGAP1 expression. Our results
indicate that cells with high expression levels of IQGAP1
(Figure 4D; top right panel, white arrow) have increased
pendrin membrane localization (Figure 4D; top left panel,
white arrow). As indicated, cells showing a strong abundance
of IQGAP1 demonstrate discrete apical co-localization of
IQGAP1 and pendrin. In contrast, cells expressing low
levels of IQGAP1 show reduced membrane and increased
intracellular localization of pendrin (Figure 4D; bottom right
and left panels, yellow arrow).

4 DISCUSSION

In the current studies Y2H screening, co-immunoprecipitation,
double immunofluorescence labeling and functional studies were
performed to identify pendrin binding proteins in the kidney. Our

studies demonstrated that IQGAP1, a known scaffolding protein,
binds to pendrin in the kidney with strong affinity (Figure 1).
Immunofluorescence labeling studies demonstrated co-localization
of pendrin and IQGAP1 on the apical membrane of B-intercalated
cells (Figure 2A). In addition to the apical membrane, IQGAP1 also
shows basolateral distribution pattern in B-intercalated cells
(Figure 2A). Co-immunoprecipitation studies revealed that
pendrin binds and co-precipitates with IQGAP1 (Figure 3).
IQGAP1 shows a strong basolateral expression in a majority of
cells in the CCD. The co-localization studies with H+-ATPase and
IQGAP1 antibodies suggest that these cells are predominantly
A-intercalated cells (Figure 2B).

Previous immunohistochemical staining studies localized
IQGAP1 to the basolateral membrane of cells in the CCD and
several other nephron segments (Lai, et al., 2008). Our studies
clearly confirm this finding with IQGAP1 exhibiting abundant
expression in the CCD (Figure 2). There were 2 distinct
patterns of expression for IQGAP1 in the collecting duct.
IQGAP1 is predominantly localized to the basolateral
membrane of intercalated cells, and also on the apical
membrane of B-intercalated cells (Figure 2). The
localization of IQGAP1 in principal cells remains
conflicting, with previous studies showing a cytoplasmic
pattern and our studies indicating a mixture of cytoplasmic
and basolateral labeling (personal observation on AQP-2 and
IQGAP1 double-labeling). The specific expression pattern of
IQGAP1 in CCD cells suggest that this scaffolding protein,
through its differential localization in specific cell populations,
may play important roles in determining the cell specific
localization of transporters and tubular functions.

Published reports indicate that as a scaffolding protein,
IQGAP1 is important in cell differentiation, proliferation, cell
polarity and cell-cell adhesion (White et al., 2012; Hedman et al.,
2015). Through its IQmotifs, IQGAP1 binds to epidermal growth
factor receptor (EGFR), which is responsible for maintaining
IQGAP1 in the basolateral membrane domain (White, et al.,
2012; Nammalwar, et al., 2015; Nauert, et al., 2003; Jacquemet,
et al., 2013; Johnson, et al., 2013; Hedman, et al., 2015). EGFR is
known to play an important role in salt and water reabsorption
through the epithelial sodium channel (ENaC) and AQP-2 in
principal cells, where IQGAP1 is detected on their basolateral
membrane domain (Kwakkenbos, et al., 2004; Cheung, et al.,
2016). How much of these EGFR regulatory functions require its
interaction with IQGAP1 remains speculative. Further, the role of
apical IQGAP1 and its binding with pendrin in bicarbonate
secretion and chloride absorption in B-intercalated cells
requires further investigation.

The cytoplasmic C-terminus of pendrin and the other nine
members of SLC26 members is largely comprised of a STAS
domain (Bonar and Casey, 2008; Sindić, et al., 2007; Soleimani,
2013; Alper and Sharma, 2013). Mutations in some of the
SLC26 genes cause hereditary recessive disorders, including
chondrodysplasia (SLC26A2/DTD), chloride-losing diarrhea
(SLC26A3/DRA), and Pendred Syndrome (SLC26A4/pendrin)
(Bonar and Casey, 2008; Sindić, et al., 2007; Soleimani, 2013;
Alper and Sharma, 2013). Many of these mutations involve the
respective STAS domains. The C-terminus fragment used for
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our Y2H expression studies encompasses a number of
mutations that are associated with Pendred syndrome and
EVA/DFNB4 (Dossena, et al., 2011; Roesch, et al., 2021). This
fragment includes the entire STAS domain, strongly
suggesting that IQGAP1 is binding to the pendrin STAS
domain.

Functional studies in cultured cells indicated that co-
expression of IQGAP1 with SLC26A4 enhanced Cl−/HCO3

−

exchanger activity mediated via SLC26A4, and confocal
microscopy showed increased membrane expression of
pendrin in the presence of IQGAP1, consistent with
enhanced trafficking to the membrane (Figure 4D). While
the membrane localization of pendrin is enhanced by co-
expression of IQGAP1 and may lead to increased transport
function, the possibility that other signaling pathways may
contribute to enhanced pendrin activity could not be excluded.
Our studies suggest that the interaction of pendrin and
IQGAP1 may play an important role in the cell surface
localization of pendrin (Figure 4D). Previous studies have
shown that IQGAP1 is associated with the actin cytoskeleton
and enhances the cross-linking of actin (Bashour et al., 1997;
Fukata, et al., 1997). IQGAP1 interaction and crosslinking of
the actin cytoskeleton depends on its multimerization
mediated via binding with the RHO-GTPase family
proteins, RAC1 and CDC2 (Fukata et al., 1997). IQGAP1
interacts with other proteins such as ezrin, a membrane
F-actin linker protein, and nephrin, a component of slit
diaphragm of podocytes, both of which bind to the actin
cytoskeleton in polarized cells and may act as nucleation
hubs for the formation of signaling complexes (Liu et al.,
2015; Nammalwar et al., 2015). Studies by Russo et al.
(2017) also demonstrated the RhoA dependent interaction
of pendrin with F-actin in cultured bronchiolar cells. The
above studies indicate that both pendrin and IQGAP1
interact with the actin cytoskeleton. The latter observations,
as well as the direct binding of pendrin and IQGAP1
(documented in this manuscript), support a view that
IQGAP1 may play an important role in the regulation of
localization and function of SLC26A4.

In conclusion, IQGAP1 co-localizes with SLC26A4
(pendrin) on the apical membrane of B-intercalated cells.
IQGAP1 enhances the membrane expression and activity of
SLC26A4 in cultured cells. We propose that SLC26A4
interaction with IQGAP1 could play an important role in
the regulation of CCD function and physiology, and that
disruption of this interaction may contribute to altered
SLC26A4 trafficking and/or activity in pathophysiologic
states.
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Carbamazepine Increases the Risk of
Sudden Cardiac Arrest by a Reduction
of the Cardiac Sodium Current
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Aim: To assess the risk of sudden cardiac arrest (SCA) associated with the use of
carbamazepine (CBZ) and establish the possible underlying cellular electrophysiological
mechanisms.

Methods: The SCA risk association with CBZ was studied in general population cohorts
using a case–control design (n = 5,473 SCA cases, 21,866 non-SCA controls). Effects of
1–100 µM CBZ on action potentials (APs) and individual membrane currents were
determined in isolated rabbit and human cardiomyocytes using the patch clamp
technique.

Results: CBZ use was associated with increased risk of SCA compared with no use
(adjusted odds ratio 1.90 [95% confidence interval: 1.12–3.24]). CBZ reduced the AP
upstroke velocity of rabbit and human cardiomyocytes, without prominent changes in
other AP parameters. The reduction occurred at ≥30 µM and was frequency-dependent
with a more pronounced reduction at high stimulus frequencies. The cardiac sodium
current (INa) was reduced at ≥30 μM; this was accompanied by a hyperpolarizing shift in the
voltage-dependency of inactivation. The recovery from inactivation was slower, which is
consistent with the more pronounced AP upstroke velocity reduction at high stimulus
frequencies. The main cardiac K+ and Ca2+ currents were unaffected, except reduction of
L-type Ca2+ current by 100 µM CBZ.

Conclusion: CBZ use is associated with an increased risk of SCA in the general
population. At concentrations of 30 µM and above, CBZ reduces AP upstroke velocity
and INa in cardiomyocytes. Since the concentration of 30 µM is well within the therapeutic
range (20–40 µM), we conclude that CBZ increases the risk of SCA by a reduction of the
cardiac INa.

Keywords: anti-epileptic drugs, sudden cardiac arrest, risk association, cardiomyocytes, sodium current, action
potentials
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1 INTRODUCTION

Sudden cardiac arrest (SCA) is a global public health problem
with an annual incidence of 40–100 per 100,000 individuals
(Fishman et al., 2010; Hayashi et al., 2015). SCA accounts for
50% of deaths from cardiovascular disease and 15–20% of all
deaths in industrialized societies (Zipes and Wellens 1998; Wong
et al., 2019). Most cases of SCA are caused by cardiac arrhythmias
(ventricular fibrillation (VF) or ventricular tachycardia (VT)).
Such arrhythmias may arise from functional changes in the ion
channels that underlie the cardiac action potential (AP)
(Antzelevitch and Burashnikov 2011). These functional
changes may be evoked by various drugs used for the
treatment of cardiac or non-cardiac conditions. This is best
known for drugs that affect cardiac repolarization (QT
prolonging drugs) (Haverkamp et al., 2000). However, there is
increasing recognition that it also applies to drugs that affect
cardiac depolarization (Bardai et al., 2013). An example of such
drugs are anti-epileptic drugs (AEDs) (Bardai et al., 2015). Some
AEDs are primarily developed for blocking neuronal ion
channels, e.g., voltage-gated Na+, Ca2+ or K+ channels, while
other AEDs act by impacting on neurotransmitters such as γ-
aminobutyric acid (Davies 1995; Sills and Rogawski 2020).
Importantly, neuronal and cardiac ion channel isoforms are
highly homologous (Heinemann et al., 1994; Fozzard and
Hanck 1996). Thus, AEDs may not only affect neuronal
electrical activity but may also act on cardiac ion channels,
thereby causing cardiac arrhythmias (Danielsson et al., 2005).
Accordingly, the increased SCA risk of epilepsy patients may be
partly explained by AED use (Bardai et al., 2015).

Carbamazepine (CBZ) is a prime example of such drugs,
because it has high efficacy in the treatment of epilepsy (Pellock
2000) through various mechanism, including block of neuronal
Na+ channels (Ragsdale and Avoli 1998; Catterall 1999; Sun
et al., 2006; Lasoń et al., 2013). CBZ may also impact on cardiac
electrophysiology as suggested by several CBZ-related case
reports and retrospective studies, which report bradycardia,

sinoatrial and atrioventricular block, QRS interval
prolongation, cardiac arrhythmias, and cardiac arrest, as
summarized in Table 1 (Beermann et al., 1975; Hamilton
1978; Herzberg 1978; Boesen et al., 1983; Leslie et al., 1983;
Benassi et al., 1987; Kasarskis et al., 1992; Hojer et al., 1993;
Schmidt and Schmitz-Buhl 1995; Koutsampasopoulos et al.,
2014). Still, the underlying electrophysiological mechanism is
not completely understood. Our current study has two aims: 1)
to establish whether CBZ is associated with increased SCA risk
in a large dataset from a cohort that was specifically designed to
study SCA in the general population; 2) to establish the effects of
CBZ on cardiac APs and individual membrane currents of
rabbit and human cardiomyocytes using patch clamp
methodology.

2 METHODS AND MATERIALS

2.1 Epidemiological Studies
We studied the SCA risk associated with CBZ use in a
case–control design. Cases were patients who suffered out-of-
hospital SCA with presumed cardiac causes in the Amsterdam
Resuscitation Studies (ARREST) registry. ARREST is an ongoing,
prospective, population-based registry that we designed to study
the occurrence and outcome of out-of-hospital SCA in the
general population. Patients are collected in collaboration with
dispatch centers, ambulance personnel, pharmacies and hospitals
in one contiguous study region in the Netherlands (2.6 million
inhabitants, urban and rural areas), thereby assuring collection of
>95% of all out-of-hospital SCA patients in the study region and
minimizing inclusion bias (Blom et al., 2014). Each out-of-
hospital SCA case was matched with up to five non-SCA
controls based on age, sex and index-date (SCA-date). Non-
SCA controls were randomly drawn from the general population
using the PHARMO Database Network (Kuiper et al., 2020),
which contains, among other things, complete medication data
from the community pharmacists across the Netherlands.

TABLE 1 | Cardiac arrhythmias observed in patients using CBZ.

Source Sex/Age
(years) of Patient

Cardiac Arrhythmia Reported CBZ Dose (Daily)
or Serum/Plasma Level

Beermann et al. (1975) F/66 3rd degree AV block 1,200 mg
Herzberg (1978) F/85 sinus bradycardia 1,000 mg
Hamilton (1978) F/77 sinus bradycardia 1,200 mg
Leslie et al. (1983) M/50 sinus arrest overdose (20 g), plasma level 62 mg/L (261 µM)
Boesen et al. (1983) F/72 3rd degree AV block 400 mg

F/82 SA block 600 mg
F/86 SA block 400 mg

Benassi et al. (1987) F/55 3rd degree AV block 800 mg, plasma level 8.5 μg/mL
F/59 3rd degree AV block 800 mg, plasma level 4.7 μg/mL

Kasarskis et al. (1992) F/58 bradycardia, AV block, sinus arrest peak serum level 79.4 µM
Hojer et al. (1993) M/34 ventricular fibrillation peak serum level 218 µM

M/54 AV block peak serum level 285 µM
M/83 3rd degree AV block peak serum level 220 µM
F/20 QRS widening peak serum level 176 µM

Schmidt and Schmitz-Buhl (1995) not reported bradycardia/AV block (n = 2), cardiac arrest (n = 2) overdose (dose not reported)
Koutsampasopoulos et al. (2014) F/82 3rd degree AV block 1,200 mg

AV, atrioventricular; F, female; M, male; SA, sinoatrial.
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Drug dispensing records for drugs prescription were obtained
from computerized databases of pharmacists. Use of CBZ was
defined as having a drug-dispensing record within 90 days prior
to index-date. We chose a period of 90 days, since, in the
Netherlands, prescription length for drugs used for chronic
disease is 90 days.

For all cases and controls, we included cardiovascular disease
and diabetes mellitus in our analyses because these are known risk
factors for SCA. We derived cardiovascular disease and diabetes
mellitus by using medication use as proxies as we did previously
(Eroglu et al., 2020). Cardiovascular disease was defined by use of
β-adrenoceptor blockers, calcium channel blockers, diuretics,
renin-angiotensin system inhibitors, diuretics, antithrombotics,

nitrates and statins. Diabetes mellitus was defined by use of
antidiabetics. Patients were considered users of cardiovascular
drugs and antidiabetics if there was any drug-dispensing record
within 6 months prior to index-date.

2.2 Cellular Electrophysiological Studies
2.2.1 Cell Preparations
Full details of rabbit ventricular and human atrial cell isolation
procedures are provided in the Supplementary Material. The
investigation using rabbits conformed to the Guide for the Care
and Use of Laboratory Animals (NIH Publication 85–23, 1996)
and was approved by the institutional animal experiments
committee. The human atrial cardiomyocytes were isolated

FIGURE 1 | Carbamazepine (CBZ) reduces the action potential (AP) upstroke velocity and AP amplitude of rabbit ventricular cardiomyocytes. (A) AP recording
illustrating the analyzed AP parameters. Inset: time derivative (dV/dt) of the AP upstroke on an expanded time scale. RMP, resting membrane potential; APA, AP
amplitude; APD90, AP duration at 90% of repolarization; dV/dtmax, maximal AP upstroke velocity. (B) Superimposed representative APs at 1 Hz under baseline
conditions, in presence of 100 µM CBZ, and upon washout of the drug. Inset: time derivatives of the AP upstrokes. (C) Average AP characteristics at 1 Hz (top
panels) and individual (paired) data points (bottom panels). *p < 0.05 CBZ versus baseline (One-Way RMANOVA). (D,E) Average normalized dV/dtmax (D) and APA (E) at
1 Hz in response to 1, 10, 30, and 100 µMCBZ. Values are normalized to the values measured under baseline conditions. Numbers near symbols indicate the number of
cells (n) measured at a given concentration. *p < 0.05 CBZ versus baseline (One-Way RM ANOVA); §p < 0.05 CBZ 100 µM versus lower concentrations (One-Way
ANOVA).
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from explanted hearts of male patients with end-stage heart
failure caused by ischemic cardiomyopathy. All patients were
in New York Heart Association functional class IV and received
standard therapy for chronic heart failure (Supplementary Table
S1). Informed consent was obtained before heart transplantation,
and the protocol complied with institutional guidelines.

2.2.2 Action Potentials
APs were measured at 36 ± 0.2°C in modified Tyrode’s solution
containing (in mM): NaCl 140, KCl 5.4, CaCl2 1.8, MgCl2 1.0,
glucose 5.5, HEPES 5.0; pH 7.4 (NaOH). Patch pipettes were filled
with solution composed of (in mM): K-gluconate 125, KCl 20,
NaCl 5.0, K2ATP 2.0, HEPES 10; pH 7.2 (KOH). Detailed
recording procedures are provided in the Supplementary
Material. APs were evoked at stimulation rates of 0.2–4 Hz
using square 3-ms current pulses through the patch pipette.
To reduce variability in the moment of AP upstroke, stimulus
amplitude was chosen such that the AP upstroke originated just
before the end of the stimulus, as we described previously
(Remme et al., 2006). The maximal AP upstroke velocity (dV/
dtmax) was determined from the first derivative of the AP
upstroke from which the approximately constant initial dV/dt
in response to the stimulus pulse was subtracted (Figure 1A,
inset). In addition, we analyzed resting membrane potential
(RMP), AP amplitude (APA), and AP duration at 90%
repolarization (APD90), as also shown in Figure 1A. AP
parameters from 10 consecutive APs were averaged.

2.2.3 Membrane Current Measurements
The L-type Ca2+ current (ICa,L), inward rectifier K+ current (IK1),
delayed rectifier K+ current (IK), and transient outward K+

current (Ito1) were all measured at 36 ± 0.2°C with the same
solutions as used for the AP measurements. However, Ito1 was
measured in the presence of CdCl2 (0.25 mM) to block INa and
ICa,L, thereby also preventing activation of the outward Ca2+-
activated Cl− current (Verkerk et al., 2011). Suppression of these
inward and outward currents allows accurate determination of
Ito1. The whole-cell sodium current (INa) in freshly isolated
cardiomyocytes is an extremely large and fast activating and
inactivating membrane current, which for technical reasons
cannot be reliably measured at a close-to-physiological
temperature and normal Na+ gradients over the cell
membrane (see Berecki et al. (2010) and primary references
cited therein). Therefore, we measured INa at room
temperature with modified bath and pipette solutions
(including an identical Na+ concentration in pipette and bath
solution), which allowed specific measurements of Na+ currents
only. Bath solution for INa measurements contained (in mM):
NaCl 7.0, CsCl 133, CaCl2 1.8, MgCl2 1.2, glucose 11.0, HEPES
5.0, and nifedipine 0.05; pH 7.4 (CsOH). Patch pipettes for INa
measurements were filled with (in mM): NaCl 3.0, CsCl 133,
MgCl2 2.0, Na2ATP 2.0, TEA-Cl 2.0, EGTA 10, HEPES 5.0; pH
7.3 (CsOH). The membrane currents were measured with specific
voltage clamp protocols as depicted in the insets to Figures 3–5
and described in detail in the Supplementary Material.
Recording procedures and data analysis are also described in
detail in the Supplementary Material.

2.2.4 Preparation of Carbamazepine
CBZ obtained from Sigma-Aldrich (St. Louis, MO, US) was
freshly dissolved every day in dimethyl sulfoxide (DMSO) as
100 mM stock and diluted in the bath solution to the desired
concentration just before use. APs and membrane currents were
measured in the presence of the vehicle DMSO and after wash-in
of CBZ (1, 10, 30, or 100 µM) in the same cardiomyocytes. In
order to obtain steady-state conditions, signals were recorded
after a 5 min stimulation period, i.e. under baseline conditions,
and 5 min after application of CBZ.

2.3 Statistics
Data are presented as mean ± SEM. The association between CBZ
and SCA was estimated by calculating the adjusted odds ratio
with 95% confidence interval using conditional logistic regression
by adjusting for the use of cardiovascular drugs and antidiabetics.
For the patch-clamp study, comparisons were made using One-
Way ANOVA, One-Way Repeated Measures (RM) ANOVA, or
Two-Way RM ANOVA, followed by pairwise comparison using
the Student-Newman-Keuls post hoc test. For the epidemiological
study, differences in baseline values for binary variables between
cases and controls were tested using a chi-square test. Differences
in baseline values for continuous variables between cases and
controls were tested using an independent t-test. p < 0.05 defined
statistical significance.

3 RESULTS

3.1 Carbamazepine Use and the Risk of
Sudden Cardiac Arrest
We first conducted a systematic study to establish whether CBZ
use is associated with increased risk of SCA in the general
population. We identified 5,473 SCA cases, and matched them
to 21,866 non-SCA controls. The mean age of the cases was
68.8 years and 69.9% were male. As expected, the prevalence of
cardiovascular drugs and antidiabetics was higher among the
cases than controls (Table 2). We observed that the proportion of
CBZ users was significantly higher among cases (n = 24, 0.44%)
than among controls (n = 41, 0.19%) (Table 3). After adjusting
for cardiovascular drugs and antidiabetics, we found that use of
CBZ was associated with increased risk of SCA compared with no
use of CBZ, with an adjusted odds ratio of 1.90 (95% confidence
interval: 1.12–3.24; Table 3).

3.2 Effects of Carbamazepine on Action
Potentials of Rabbit Ventricular
Cardiomyocytes
Next, we characterized the effects of 1, 10, 30, and 100 µMCBZ on
APs elicited at 1 Hz in rabbit ventricular cardiomyocytes.
Figure 1B shows typical APs under baseline conditions (solid
line), in the presence of 100 µM CBZ (dashed line), and upon
washout of the drug (gray line). Exposure to 100 µMCBZ resulted
in substantial alterations in AP morphology in comparison to
baseline conditions, particularly a decrease in dV/dtmax and APA
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(as measures of cardiac depolarization) and a slight decrease of
APD90 (as a measure of cardiac repolarization). The effects were
partially reversible upon washout of the drug. Average data are
shown in the top panels of Figure 1C, with the individual (paired)
data of the 6 cells tested shown in the bottom panels. These data
indicate that dV/dtmax and APA were significantly decreased by
12.9 ± 3.3% (294 ± 22 (CBZ) vs. 337 ± 20 V/s (baseline)) and 3.6 ±
1.2% (128 ± 6.5 (CBZ) vs. 133 ± 7.2 mV (baseline)), respectively.
The effects of CBZ on dV/dtmax and APA were concentration
dependent (Figures 1D,E). At 100 µM CBZ, RMP was unaffected
(–83.0 ± 1.7 (CBZ) vs. –83.5 ± 1.8 mV (baseline)) and the small
effect on APD90 (177 ± 14 (CBZ) vs. 189 ± 15 ms (baseline)) did
not reach the level of statistical significance (Figure 1C).
Similarly, no statistically significant effects on RMP and
APD90 were observed at other stimulus frequencies or at lower
CBZ concentrations (Supplementary Figure S1).

The upstroke of APs in working cardiomyocytes is mainly due
to INa (see Berecki et al. (2010) and primary references cited
therein), which suggests that the CBZ-induced decrease in dV/
dtmax is due to blockade of INa. It is well-known that drugs may
block INa in a voltage- and use-dependent manner (Bagal et al.,
2015). The latter means that the amount of block may increase
upon higher stimulus frequencies. Figure 2A shows typical AP
time derivatives under baseline and 100 µM CBZ conditions at
stimulus frequencies ranging from 0.2 to 4 Hz, while Figure 2B
summarizes the average effects on dV/dtmax at 100 µM CBZ as
well as lower concentrations. An increase in stimulus frequency
resulted in a significantly lower dV/dtmax at every concentration
tested (Figure 2B, filled squares; see also Supplementary Figure
S2), consistent with a reduced INa recovery from inactivation at

fast pacing rates (Berecki et al., 2010). In addition, the CBZ-
induced decrease in dV/dtmax is more pronounced at higher
stimulus frequencies (Figure 2B, open circles). For example,
100 µM CBZ decreased dV/dtmax by 14.1 ± 3.4% (294 ± 20
(CBZ) vs. 342 ± 18 V/s (baseline)) at 0.2 Hz, but by as much
as 41.5 ± 12% (143 ± 21 (CBZ) vs. 264 ± 33 V/s (baseline)) at
4 Hz. Because APA and dV/dtmax are both importantly
determined by INa (Krishnan and Antzelevitch 1991; Berecki
et al., 2010), it is not surprising that the APA shows a largely
similar concentration and frequency dependency as dV/dtmax

(Figures 2B,C).

3.3 Effects of Carbamazepine onMembrane
Currents of Rabbit Ventricular
Cardiomyocytes
We next studied the effects of CBZ on the main membrane
currents underlying cardiac APs in rabbit ventricular
cardiomyocytes. First, we focused on the main current
underlying the AP depolarization, i.e., INa. Figure 3A shows
typical INa recordings (at −80 to 0 mV) and Figure 3B shows
the average current-voltage (I-V) relationships of INa under
baseline conditions and in the presence of 100 µM CBZ. CBZ
significantly decreased INa in the voltage range from −45 to
+10 mV, e.g., by 30.3 ± 6.7% at −30 mV (67.8 ± 6.7% (CBZ)
vs. 97.3 ± 2.0% (baseline) of the maximal peak amplitude under
baseline conditions). Figure 3C shows the dose-dependency of
the CBZ effects on INa and demonstrates that INa was also
significantly reduced by 30 µM CBZ. Figure 3D shows the
steady-state activation and inactivation curves for INa under

TABLE 2 | Characteristics of cases and controls.

Cases (n = 5,473) Controls (n = 21,866)

Age, years (mean ± SD) 68.8 ± 14.0 68.8 ± 14.0
Male sex 3,823 (69.9%) 15,263 (69.8%)
Cardiovascular pharmacotherapya

Beta blockers 1,998 (36.5%) 3,839 (17.6%)
Digoxin 295 (5.4%) 334 (1.5%)
Renin-angiotensin system inhibitors 2,073 (37.9%) 4,802 (22.0%)
Calcium channel blockers 902 (16.5%) 2,016 (9.2%)
Antithrombotics 2,299 (42.0%) 4,853 (22.2%)
Diuretics 1,590 (29.1%) 2,712 (12.4%)
Nitrates 574 (10.5%) 841 (3.9%)
Antiarrhythmic drugs class 1 or 3b 114 (2.1%) 183 (0.8%)
Antidiabetics 936 (17.1%) 2,145 (9.8%)

aDefined as use within 6 months before index date.
bDefined as use within 90 days before index date.

TABLE 3 | Carbamazepine (CBZ) and risk of out-of-hospital cardiac arrest.

Cases (n = 5,473) Controls (n = 21,866) Crude Odds Ratio Adjusted Odds Ratio

No use of CBZ 5,438 (99.4%) 21,807 (99.7%) 1.0 (reference) 1.0 (reference)
Use of CBZ 24 (0.44%)a 41 (0.19%)a 2.34 (1.42–3.89b) 1.90 (1.12–3.24b)

aNot included are 11 cases (0.20%) and 18 control (0.08%) who used CBZ in combination with other antiepileptic drugs.
b95% confidence interval.
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baseline conditions and in the presence of 100 µM CBZ. While
CBZ did not affect the voltage dependency of activation, the
voltage dependency of inactivation was significantly shifted to
more negative membrane potentials. On average, the negative
shift in V1/2 was 6.2 ± 1.3 mV (−90.4 ± 1.8 (CBZ) vs. −84.3 ±
1.0 mV (baseline)), while the slope of the inactivation curve was
not significantly different between baseline (−5.0 ± 0.9 mV) and
CBZ (−5.4 ± 0.7 mV). Figures 3E,F, show the recovery from
inactivation of INa, with in Figure 3E typical INa recordings
(bottom) obtained in response to a double-pulse protocol
(top) with an interpulse interval of 100 ms, and in Figure 3F
the average data with all interpulse intervals tested. CBZ results in
a severe delay in the recovery from inactivation. For example,
with an interpulse interval of 100 ms, recovery from inactivation
was as large as 78.1 ± 4.5% at baseline, but only 15.4 ± 3.1% in the
presence of CBZ.

Second, we studied the main currents underlying the AP
repolarization. Although APD90 was not significantly affected
by CBZ, a potential increase (or decrease) in outward currents can
be balanced by a similar increase (or decrease) in inward currents,
or vice versa. Figure 4A shows typical recordings (at 0 mV) and
Figure 4B shows the average I-V relationships of the inward ICa,L
under baseline conditions and in the presence of 100 µM CBZ.
CBZ significantly decreased the ICa,L density in the voltage range
from −20 to +20 mV (Figure 4B). Figure 4C shows that ICa,L was
only significantly reduced at the highest concentration of CBZ
tested, i.e., 100 µM. The reduction in peak ICa,L at 0 mV was
10.3 ± 3.7% (86.0 ± 3.0% (CBZ) vs. 96.2 ± 3.2% (baseline) of the
maximal peak amplitude under baseline conditions). Figure 4D
shows typical recordings and Figure 4E shows the average I-V
relationships of the steady-state outward K+ currents, IK and IK1,
under baseline conditions and in the presence of 100 µM CBZ.
Figure 4F shows the concentration dependency of IK and IK1.
Neither IK nor IK1 were significantly affected by CBZ. Figure 4G
shows typical recordings and Figure 4H shows the average I-V
relationships of Ito1 under baseline and 100 µM CBZ conditions.
Figure 4I shows the concentration dependency of Ito1. We
observed no significant changes in the amplitude of Ito1 at any
voltage and concentration tested.

3.4 Effects of Carbamazepine on Action
Potentials of Human Atrial Cardiomyocytes
Having established the effects of CBZ on AP properties and
membrane current of rabbit cardiomyocytes, we measured the
effects of 100 µM CBZ on APs and INa density of freshly isolated
human atrial cardiomyocytes to study whether these effects may
also occur in the human heart. In patch clamp experiments on
single isolated human atrial cardiomyocytes, the amount of
quiescent, Ca2+-tolerant cells is typically low and non-
depolarized cells are scarce (Verkerk et al., 2021). Here, we
selected cardiomyocytes with an RMP of −75 mV or more
negative, which generated stable APs after an initial 8–10 min
period of continuous pacing at 1 Hz. Figure 5A shows typical APs
at 1 Hz under baseline conditions and in the presence of 100 µM
CBZ. Average AP parameters are summarized in the top panels of
Figure 5B, with the individual (paired) data of the 5 cells tested
shown in the bottom panels. Under baseline conditions, the pre-
selected human atrial cardiomyocytes had an RMP of −81.9 ±
1.3 mV and a high maximum AP upstroke velocity, and the APs
largely overshot the zero potential value. CBZ (100 µM)
significantly reduced the AP upstroke velocity and significantly
shortened AP duration, without affecting RMP or APA
(Figure 5B). These effects are largely comparable to those in
rabbit ventricular cardiomyocytes. For example, the AP upstroke
velocity decreased significantly by 23.4 ± 6.5% (from 435 ± 58
(baseline) to 328 ± 30 V/s (CBZ)), while the APD90 was
significantly decreased by 11.8 ± 3.5% (from 187 ± 49
(control) to 169 ± 51 ms (CBZ)). Furthermore, human APs
showed a frequency dependency in maximum AP upstroke
velocity with a decrease at higher frequencies (Figure 5C,
filled circles). The frequency dependency in the presence of
CBZ was more pronounced, indicating a similar use-

FIGURE 2 |Carbamazepine (CBZ) reduces the AP upstroke velocity and
amplitude of rabbit ventricular cardiomyocytes in a frequency dependent
manner. (A) Superimposed typical time derivatives (dV/dt) during the AP
upstroke phase at stimulus frequencies ranging from 0.2 to 4 Hz under
baseline conditions (left) and in presence of 100 µM CBZ (right). (B) Average
dV/dtmax under baseline conditions (filled squares) and in response to
1–100 µM CBZ (open circles) at stimulus frequencies ranging from 0.2 to
4 Hz. Values are normalized to the highest dV/dtmax measured at 0.2–4 Hz
under baseline conditions. *p < 0.05 CBZ versus baseline (Two-Way RM
ANOVA). See Supplementary Figure S2 for statistical significance of the
frequency dependent effects. (C) Average APA under baseline conditions
(filled squares) and in response to 1–100 µM CBZ (open circles) at stimulus
frequencies ranging from 0.2 to 4 Hz. Values are normalized to the highest
APA measured at 0.2–4 Hz under baseline conditions. *p < 0.05 CBZ versus
baseline (Two-Way RM ANOVA).
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dependent reduction of INa by CBZ (Figure 5C, open circles) as
found in rabbit cardiomyocytes. Figure 5D (top panel), shows the
I-V relationships of INa in human atrial cardiomyocytes under
baseline conditions and in presence of 100 µM CBZ. CBZ
significantly reduced INa density, without changes in V1/2 and
k of activation (Figure 5D, bottom panels).

4 DISCUSSION

The main findings of the present study are: 1) CBZ use is
associated with increased SCA risk in the general population;
2) CBZ reduces cardiac AP upstroke velocity and INa in human

and rabbit cardiomyocytes; 3) CBZ results in a tendency to (in
rabbit) and significant (in human) cardiac AP shortening and
reduces ICa,L, while leaving sarcolemmal potassium currents
unaltered. All of the observed effects are consistent with each
other: reduction in cardiac AP upstroke velocity is well explained
by reduction in INa (Berecki et al., 2010), and may, in turn, lead to
reduction in cardiac excitability and conduction velocity of the
excitation wavefront in the heart, as represented by CBZ-induced
QRS interval prolongation (Leslie et al., 1983). It also facilitates
reentrant excitation, VF/VT, and SCA, as shown for the use of
class IC antiarrhythmic drugs (potent INa blockers) (Rogers et al.,
1989), and in Brugada syndrome (where 20% of patients have an
identifiable loss-of-function mutation in SCN5A, the gene that

FIGURE 3 | Carbamazepine (CBZ) reduces the sodium current (INa) of rabbit ventricular cardiomyocytes in a use-dependent manner. (A) Typical INa recordings
between −80 and 0 mV under baseline conditions and in presence of 100 µM CBZ. Inset: double-pulse voltage clamp protocol used to measure current-voltage (I–V)
relationships (B) as well as the voltage dependency of (in)activation (D). Cycle length was 5 s. (B) Average I-V relationship of INa under baseline conditions and in
presence of 100 µM CBZ. INa was normalized to the maximal peak amplitude under baseline conditions, but peak current was set to −1 to retain the well-known
inward direction of INa. *p < 0.05 CBZ versus baseline (Two-Way RM ANOVA). (C) Concentration dependency of the CBZ effects on INa amplitude at −35 mV *p < 0.05
CBZ versus baseline (One-Way RM ANOVA); §p < 0.05 higher versus lower CBZ concentrations (One-Way ANOVA). (D) Voltage dependency of (in)activation. Solid lines
are Boltzmann fits to the average data. *p < 0.05 CBZ versus baseline (Two-Way RM ANOVA). (E,F) Recovery from INa inactivation measured with a double-pulse
protocol (E, inset). (E) Typical INa recordings under baseline conditions and in presence of 100 µM CBZwith an interpulse interval of 100 ms. (F) Average data. Solid lines
are double-exponential fits to the average data. *p < 0.05 CBZ versus baseline (Two-Way RM ANOVA).

Frontiers in Cell and Developmental Biology | www.frontiersin.org June 2022 | Volume 10 | Article 8919967

Jia et al. Carbamazepine Inhibits the Cardiac Sodium Current

54

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


encodes the NaV1.5 α-subunit of the cardiac Na+ channel)
(Meregalli et al., 2005). Previous case reports (Table 1) have
reported findings that are consistent with these
electrophysiological effects of CBZ. Accordingly, we found that
CBZ use is associated with a 90% increase in the risk of SCA in the
general population. These epidemiological findings are consistent
with a previous study by Bardai et al. (2015) on the association of
SCA with epilepsy and with the use of CBZ, which was conducted
in a smaller patient set (10 cases used CBZ and 26 controls were
included) and with less certain SCA ascertainment (no ECG
documentation). In our study, we had no information regarding
the epilepsy status. Hence, we could not adjust for epilepsy in the
epidemiological analysis. This is an important limitation
considering that epilepsy is associated with increased SCA risk
(Surges et al., 2009). Therefore, our findings from the
epidemiological analysis should be interpreted with caution.
However, Bardai et al. (2015) found that the AEDs with
putative cardiac INa blocking properties such as CBZ are
similarly associated with an increased SCA risk. This was not

only observed among patients with epilepsy, but also among
patients who had no epilepsy (but used AEDs for other
indications, e.g., neuralgia). Moreover, the observed association
between CBZ and SCA remained unchanged after correction for
epilepsy (Bardai et al., 2015). This suggested that the SCA risk
associated with CBZ use resulted from the drug effect rather than
from suffering epilepsy per se.

Of note, we measured the effects of different concentrations of
CBZ (1–100 µM) in vitro, including concentrations
corresponding to plasma levels that provide anticonvulsant
effects (20–40 µM) (Bertilsson 1978). CBZ displays a high
distribution volume, entering the bloodstream from tissue
reserves (Charlier et al., 2021), which, together with the fine
end-branches of the vasculature of the heart, would make sure
that all cardiomyocytes (not only the cells on the surface) are
exposed to the compounds in the blood and the extracellular
fluid. Thus, the plasma CBZ concentration is a good measure of
the concentration of free CBZ “seen” by the cardiomyocytes in the
intact heart and in our in vitro experiments. Kennebäck et al.

FIGURE 4 |Carbamazepine (CBZ) reduces the L-type Ca2+ current of rabbit ventricular cardiomyocytes without affecting K+ currents. (A) Typical recordings of the
L-type Ca2+ current (ICa,L) at 0 mV under baseline conditions and in presence of 100 µM CBZ. Inset: voltage clamp protocol used. Cycle length was 2 s. (B) Average I-V
relationship of ICa,L under baseline conditions and in presence of 100 µM CBZ. ICa,L was normalized to the maximal peak amplitude under baseline conditions, but peak
current was set to −1 to retain the well-known inward direction of ICa,L. *p < 0.05 CBZ versus baseline (Two-Way RMANOVA). (C)Concentration dependency of the
CBZ effect on ICa,L amplitude measured at 0 mV. *p < 0.05 CBZ versus baseline (One-Way RM ANOVA); §p < 0.05 CBZ 100 µM versus lower concentrations (One-Way
ANOVA). (D) Typical recordings of the delayed rectifier K+ current (IK; at +60 mV) and inward rectifier K+ current (IK1; at −100 mV) under baseline conditions and in
presence of 100 µM CBZ. Voltage clamp protocol as in panel (A). (E) Average I-V relationships of IK and IK1 under baseline conditions and in presence of 100 µM CBZ.
The currents were normalized to the current measured at −100 mV (and set to −1) under baseline conditions. (F)Concentration dependency of the CBZ effect on IK1 and
IK amplitudemeasured at −100 mV and +60 mV, respectively. (G) Typical recordings of the transient outward K+ current (Ito1) at +60 mV under baseline conditions and in
presence of 100 µM CBZ. Inset: voltage clamp protocol used. Cycle length was 5 s. (H) Average I-V relationships of Ito1 under baseline conditions and in presence of
100 µM CBZ. Ito1 was normalized to the current at +60 mV under baseline conditions. (I) Concentration dependency of the CBZ effect on Ito1 amplitude at +60 mV.
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(1995) reported a CBZ plasma concentration of 26.1 ± 5.5 µM
(mean ± SD) at a dose of 400 mg/day and 35.6 ± 5.9 μM at
800 mg/day in healthy volunteers. Correspondingly, our study
showed that the CBZ-induced reduction of upstroke velocity was
present at 10 μM at 2 Hz and faster, and at 30 μM at all pacing
frequencies, which is thus within the range of therapeutic
concentrations. Our observed reduction of upstroke velocity is
consistent with findings in guinea-pig ventricular cardiomyocytes
where 75 µM CBZ significantly reduced dV/dtmax at 1 Hz
frequency stimulation by ≈ 13% (Delaunois et al., 2015).

We here compared our used CBZ concentrations to plasma
concentrations in healthy volunteers. However, as reviewed by
Bertilsson (1978), a poor correlation between the prescribed dose
and the actual plasma concentration of CBZ is found in epileptic
patients. Furthermore, CBZ plasma levels may be affected by
several factors, among which age, pregnancy, and
pharmacokinetic drug interactions, including interactions with
both central nervous system and cardiovascular drugs
(Bertilsson 1978; Panday et al., 2017). Consequently, CBZ
plasma levels show a considerable inter-individual variability
(Bertilsson 1978; Panday et al., 2017). On the one hand, plasma
levels can be so low that therapeutic efficacy is lost, while on the
other hand the therapeutic range of 4–10 or 4–12 μg/mL (17–42 or
17–51 μM, respectively) is exceeded in a substantial percentage of
patients treated with CBZ (Shakya et al., 2008; Al-Balawi et al.,
2020; Eroğlu et al., 2021; Grześk et al., 2021), which may have

contributed to the observed cardiac arrhythmias of Table 1.
Supratherapeutic CBZ plasma levels were found in 4.9% of their
patients by Shakya et al. (2008), in 8.6% by Al-Balawi et al. (2020),
in 16% by Eroğlu et al. (2021), and in 2.1% by Grześk et al. (2021).

The CBZ-induced changes in upstroke velocity support our
epidemiological findings, and suggest that CBZ affects INa
(Berecki et al., 2010). Indeed, we found that ≥30 µM CBZ
reduced cardiac INa and that it affected various gating
properties (hyperpolarizing shift in voltage dependency of
inactivation and slower recovery from inactivation). Our
finding is supported by previous studies on CBZ’s effects on
cardiac and neuronal INa (Kuo et al., 1997; Sun et al., 2007; Sheets
et al., 2008; Harmer et al., 2011; Theile and Cummins 2011). For
example, Harmer et al. (2011) found an IC50 of 152 µM for
NaV1.5 channels expressed in CHO cells, while IC50 values for
“brain-type” Na+ channels expressed in HEK293 cells were 2.5
and 1.6 mM for NaV1.3 and NaV1.7 channels in resting state,
respectively (Sheets et al., 2008). In resting state, tetrodotoxin-
resistant (TTX-R) NaV1.8 channels had an IC50 of 840 µM in
dorsal root ganglion cells (Sheets et al., 2008). CBZ-induced shift
in voltage dependency of inactivation and slowed recovery of
inactivation were also observed for NaV1.3, NaV1.7 and NaV1.8
channels (Sheets et al., 2008; Theile and Cummins 2011). This
strengthens the notion that INa block is a plausible contributing
mechanism of increased SCA risk associated with CBZ and likely
other AEDs with similar cardiac electrophysiological effects. This

FIGURE 5 | Carbamazepine (CBZ) affects human atrial electrophysiology. (A) Superimposed representative human atrial APs at a stimulus frequency of 1 Hz in
control conditions and in presence of 100 µM CBZ. Inset: time derivatives during the AP upstroke phase. (B) Average AP characteristics at a stimulus frequency of 1 Hz
under baseline conditions and in presence of 100 µM CBZ (top panels) and individual (paired) data points (bottom panels). *p < 0.05 CBZ versus baseline (One-Way RM
ANOVA). (C) Average dV/dtmax in response to 100 µM CBZ at stimulus frequencies ranging from 0.2 to 4 Hz. Values are normalized to the highest dV/dtmax

measured under baseline conditions. *p < 0.05 CBZ versus baseline (Two-Way RM ANOVA). (D) Average I-V relationship of INa under baseline conditions and in
presence of 100 µM CBZ (top panel) and V1/2 and k of activation (bottom panels). Inset: voltage clamp protocol used. Cycle length was 5 s. INa was normalized to the
maximal peak amplitude under baseline conditions, but peak current was set to −1 to retain the well-known inward direction of INa. *p < 0.05 CBZ versus baseline (Two-
Way RM ANOVA).
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notion may serve as a basis to adapt clinical procedures for
prescription of CBZ with the aim of reducing SCA risk (Benassi
et al., 1987). This may be achieved by identifying individuals who
are vulnerable to this risk when prescription of INa blocking CBZ
is considered. This may be based on identification of the clinical
conditions that increase SCA risk in the context of INa block,
similar to guidelines regarding the prescription of INa blocking
(class IC) antiarrhythmic drugs in case of ischemic heart disease
and heart failure (Greenberg et al., 1995). Also, procedures to
screen for genetic vulnerability (pharmacogenetics) may be
developed (Surges et al., 2009). Finally, at set out above, CBZ
levels are affected by several factors and supratherapeutic CBZ
levels have been found in a substantial percentage of CBZ users.
Therefore, CBZ concentrations need to be closely evaluated
(Panday et al., 2017; Charlier et al., 2021).

While INa block is a plausible mechanism underlying the
higher SCA risk observed during CBZ use, there is less
compelling evidence to support the notion that increased SCA
risk results from changes in AP repolarization. We found mild
effects of CBZ on AP repolarization as indicated by the tendency
to (in rabbit cardiomyocytes) and significant (in human
cardiomyocytes) APD90 shortening at 100 µM CBZ, which is
above the reported plasma concentrations (Kennebäck et al.,
1995). An AP shortening was also observed at 75 µM CBZ in
guinea-pig ventricular myocytes at 1 Hz stimulation frequency
(Delaunois et al., 2015), but QT intervals, ECG measures of the
ventricular AP durations, were not affected by therapeutic doses
of CBZ (Arhan et al., 2009; Amin et al., 2010; Dogan et al., 2010;
Sathyaprabha et al., 2018). The mild extent of CBZ effects on AP
repolarization fits with our voltage clamp experiments. We
observed a lack of CBZ effects on the main cardiac
repolarizing currents, IK1, IK and Ito1, consistent with previous
findings in other tissues and expression systems (Wooltorton and
Mathie 1993; Rundfeldt 1997; Kobayashi et al., 2009). CBZ
(10–50 µM) had no effect on IK in rat isolated sympathetic
neurons (Wooltorton and Mathie 1993) and NG108-15
neuronal cells (Rundfeldt 1997), while it did not affect Kir2.1
currents (Kobayashi et al., 2009), with Kir2.1 as the major Kir
isoform of IK1 channels in cardiac myocytes. Although one study
reported that CBZ inhibited the IKr tail current, the CBZ dosages
used in that study (250–500 µM) were much higher than
recommended therapeutic concentrations (Danielsson et al.,
2003). We found a mild reduction of the depolarizing current
ICa,L at 100 µM. Although it agrees with findings in cultured rat
hippocampus neurons (Ambrósio et al., 1999) and rat sensory
spinal ganglion cells (Schirrmacher et al., 1995), it is unlikely that
such a decrease contributes to the SCA increase and relates to
CBZ-induced changes in whole heart parameters, because the
reduction is rather small and only observed at 100 μM, which is
above the therapeutic plasma concentrations (Kennebäck et al.,
1995). It has been demonstrated that CBZ reduced connexin43
expression in cultured cardiomyocytes (Schirrmacher et al.,
1995), but more studies are required to determine the exact
role of cardiac connexins in the altered ECG parameters and
arrhythmias by CBZ use, and our observation of increased SCA.

The effects of CBZ on APs and INa density of freshly isolated
human atrial cardiomyocytes were only tested at 100 µM due to

the limited availability of Ca2+-tolerant, non-depolarized cells
(Verkerk et al., 2021). We used human atrial cardiomyocytes
isolated from explanted hearts of patients (with various
medications) with end-stage heart failure caused by ischemic
cardiomyopathy. Although such cells may be in a diseased state,
the main effects of CBZ on those human atrial cardiomyocytes
were largely similar to those on ventricular cardiomyocytes of
control rabbits, indicating that the effects of CBZ are also present
in human conditions. The K+ currents and ICa,L were measured
with very general voltage clamp protocols without specific
solutions and/or blockers. Although such measurements might
also involve small contributions of other membrane currents, the
CBZ effects were assessed in paired experiments. In addition, our
findings match with CBZ findings on membrane currents in non-
cardiomyocytes (Wooltorton and Mathie 1993; Rundfeldt 1997;
Ambrósio et al., 1999; Danielsson et al., 2003; Sheets et al., 2008;
Kobayashi et al., 2009; Theile and Cummins 2011), indicating
that the CBZ effects on these (net) currents were reliably
characterized.

5 CONCLUSION

CBZ reduces cardiac depolarization by reducing INa, and
inducing an associated reduction of the AP upstroke velocity,
in cardiomyocytes at therapeutic plasma concentrations. CBZ
also affects cardiac repolarization, by reducing ICa,L, and an
associated reduction of AP duration, but only at relatively
high concentrations. These electrophysiological effects may
contribute to the found increased SCA risk upon CBZ use in
the general population.
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MFSD8 is a transmembrane protein that has been reported to transport chloride ions
across the lysosomal membrane. Mutations inMFSD8 are associated with a subtype of
Batten disease called CLN7 disease. Batten disease encompasses a family of 13
inherited neurodegenerative lysosomal storage diseases collectively referred to as the
neuronal ceroid lipofuscinoses (NCLs). Previous work identified an ortholog of human
MFSD8 in the social amoeba D. discoideum (gene:mfsd8, protein: Mfsd8), reported its
localization to endocytic compartments, and demonstrated its involvement in protein
secretion. In this study, we further characterized the effects of mfsd8 loss during D.
discoideum growth and early stages of multicellular development. During growth,
mfsd8− cells displayed increased rates of proliferation, pinocytosis, and expansion on
bacterial lawns. Loss of mfsd8 also increased cell size, inhibited cytokinesis, affected
the intracellular and extracellular levels of the quorum-sensing protein autocrine
proliferation repressor A, and altered lysosomal enzyme activity. During the early
stages of development, loss of mfsd8 delayed aggregation, which we determined
was at least partly due to impaired cell-substrate adhesion, defects in protein secretion,
and alterations in lysosomal enzyme activity. Overall, these results show that Mfsd8
plays an important role in modulating a variety of processes during the growth and early
development of D. discoideum.
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INTRODUCTION

Batten disease, clinically known as the neuronal ceroid
lipofuscinoses (NCLs), is a family of neurodegenerative
disorders that affect people of all ages and ethnicities (Mole
and Cotman, 2015). Clinical symptoms of the disease include
vision loss leading to blindness, seizures, deterioration in motor
and cognitive function, and premature death (Schulz et al., 2013).
There are 13 different subtypes of NCL, each one resulting from a
mutation in a distinct ceroid lipofuscinosis neuronal (CLN) gene
(CLN1-8, CLN10-14) (Mole and Cotman, 2015). CLN genes
encode soluble lysosomal proteins (PPT1/CLN1, TPP1/CLN2,
CLN5, CTSD/CLN10 and CTSF/CLN13), lysosomal membrane
proteins (CLN3, MFSD8/CLN7, and ATP13A2/CLN12),
membrane proteins localizing to the endoplasmic reticulum
(CLN6 and CLN8), cytoplasmic proteins (GRN/CLN11 and
KCTD7/CLN14), and a protein that localizes to synaptic
vesicles (DNAJC5/CLN4) (Cárcel-Trullols et al., 2015). While
these proteins have a wide range of localizations and functions, it
has been suggested that they function in shared or convergent
cellular pathways (Persaud-Sawin et al., 2007; Huber, 2020).

Mutations in major facilitator superfamily domain-containing
8 (MFSD8) cause a late-infantile form of NCL called CLN7
disease (Aiello et al., 2009). In mammalian cells, MFSD8 is
proteolytically cleaved and has been reported to transport
chloride ions across the lysosomal membrane (Siintola et al.,
2007; Sharifi et al., 2010; Steenhuis et al., 2010; Steenhuis et al.,
2012; Wang et al., 2021). However, how MFSD8 influences
cellular processes related to NCL pathology is not fully
understood. Previous work using Mfsd8-deficient mouse
embryonic fibroblasts (MEFs) showed that loss of Mfsd8 alters
the amounts of several soluble lysosomal proteins (Danyukova
et al., 2018). In addition, loss ofMfsd8 in mice affects autophagy,
neuronal cell survival, and the size and trafficking of lysosomes
(Brandenstein et al., 2016; von Kleist et al., 2019; Wang et al.,
2021). Further work in human MFSD8 knockout HEK293T cells
revealed the role of MFSD8 in regulating lysosomal chloride
conductance, luminal calcium content, lysosomal membrane
potential, and lysosomal pH (Wang et al., 2021).

The social amoeba D. discoideum is a eukaryotic microbe that
is used as a biomedical model organism for studying a variety of
human diseases, including the NCLs (Huber, 2021; Kirolos et al.,
2021; Mathavarajah et al., 2021; Pain et al., 2021). During the
growth phase of the life cycle, haploid amoebae feed on nutrients
and divide by mitosis (Mathavarajah et al., 2017). Removal or
depletion of the food source triggers a 24-h multicellular
developmental program that begins with the chemotactic
aggregation of cells into multicellular mounds and ends with
the formation of fruiting bodies that are composed of terminally
differentiated spores held atop slender stalks of terminally
differentiated stalk cells (Mathavarajah et al., 2017). As a
result, D. discoideum can be used to study a variety of
fundamental cellular and developmental processes. The D.
discoideum genome encodes homologs of 11 of the 13 CLN
proteins (Huber, 2016). Recent work on the D. discoideum
homologs of human tripeptidyl peptidase 1 (TPP1)/CLN2
(Tpp1), CLN3 (Cln3), and CLN5 (Cln5) has provided valuable

new insight into the localizations and functions of these proteins
in human cells (Huber and Mathavarajah, 2019; McLaren et al.,
2019; Smith et al., 2019; Huber, 2020; Huber et al., 2020a; Huber,
2021; McLaren et al., 2021). The D. discoideum homolog of
human MFSD8 (gene: mfsd8, protein: Mfsd8) is expressed
throughout the life cycle and a proteomic analysis revealed
that Mfsd8 is present in the macropinocytic pathway (Rot
et al., 2009; Journet et al., 2012). Recent work in D.
discoideum showed that Mfsd8 localizes to endocytic
compartments, including acidic intracellular vesicles and late
endosomes, influences the secretion of two other CLN protein
homologs, Cln5 and cathepsin D (CtsD), and interacts with a
diversity of proteins during growth and the early stages of
multicellular development (Huber et al., 2020b).

In this study, we further characterized the function ofMfsd8 in
D. discoideum by assessing the effects ofmfsd8 loss on growth and
the early stages of multicellular development. Results presented
here support a function for Mfsd8 in cell proliferation,
pinocytosis, cytokinesis, protein secretion, lysosomal enzyme
activity, aggregation, and cell-substrate adhesion. We then
integrated these findings into an emerging model summarizing
the known roles of Mfsd8 in D. discoideum.

MATERIALS AND METHODS

Cell Lines, Antibodies, and Chemicals
Cell lines were grown and maintained on SM/2 agar with
Klebsiella aerogenes at 21°C (Fey et al., 2007). Cells were also
grown axenically in HL5 medium at 21°C and 150 rpm. For all
experiments, cells were harvested in the mid-log phase of
growth (1–5 × 106 cells/ml). Cultures were supplemented
with 100 μg/ml ampicillin and 300 μg/ml streptomycin
sulfate to prevent bacterial growth. AX4, hereafter referred
to as WT, was the parental cell line for mfsd8−, which was
purchased from the Genome Wide Dictyostelium Insertion
(GWDI) bank via the Dicty Stock Center (https://remi-seq.
org) (Fey et al., 2019; Gruenheit et al., 2021). Blasticidin S
hydrochloride (10 μg/ml) was used to select mfsd8− cells. HL5
and low-fluorescence HL5 were purchased from Formedium
(Hunstanton, Norfolk, United Kingdom). 2-N-
morpholinoethanesulfonic acid (MES) was purchased from
Fisher Scientific Company (Ottawa, ON, Canada). Rabbit
polyclonal antibodies against autocrine proliferation
repressor (AprA) and countin (CtnA) were provided as gifts
by Dr. Richard Gomer (Brock and Gomer, 1999; Brock and
Gomer, 2005). Rabbit polyclonal antibody against calcium
dependent cell adhesion protein (CadA) was generated and
validated in a previous study (McLaren et al., 2021). Mouse
monoclonal anti-α-actinin (47-18-9) and mouse monoclonal
anti-discoidin (DscA) (80-52-13) were purchased from the
Developmental Studies Hybridoma Bank (University of
Iowa, Iowa City, IA, United States) (Stadler et al., 1984).
Mouse monoclonal anti-β-actin was purchased from Santa
Cruz Biotechnology Incorporated (Dallas, TX,
United States). Horseradish peroxidase (HRP)-conjugated
secondary antibodies were purchased from New England
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Biolabs (Whitby, ON, Canada). p-Nitrophenyl-β-D-
glucopyranoside (487507) (substrate for β-glucosidase),
p-Nitrophenyl-a-D-glucopyranoside (487506) (substrate for
α-glucosidase), 4-Nitrophenyl-α-D-mannopyranoside
(N2127) (substrate for α-mannosidase), o-Nitrophenyl-β-D-
galactopyranoside (48712-M) (substrate for β-galactosidase),
4-Nitrophenyl-α-D-galactopyranoside (N0877) (substrate for
α-galactosidase), 4-Nitrophenyl N-acetyl-β-D-glucosaminide
(N9376) (substrate for N-acetylglucosaminidase, NAG), Ala-
Ala-Phe-7-amido-4-methylcoumarin (A3401) (substrate for
TPP1), Fluorogenic Cathepsin B Substrate III (219392)
(substrate for cathepsin B, CTSB), and β-glucosidase (49290)
were purchased from Sigma Aldrich Canada (Oakville, ON,
Canada). 4-Methylumbelliferyl 6-thio-Palmitate-β-D-
Glucopyranoside (19524) (substrate for palmitoyl-protein
thioesterase 1, PPT1) and Fluorogenic Cathepsin F Substrate
(80350-BP) (substrate for cathepsin F, CTSF) were purchased
from Cedarlane Laboratories (Burlington, ON, Canada). The
Cathepsin D Activity Assay Kit (10013-596) was purchased
from VWR International (Mississauga, ON, Canada).

Cell Proliferation, Pinocytosis, Cell Size, and
Cytokinesis Assays
To assess cell proliferation, cells in the mid-log phase of growth
were washed thrice with fresh HL5. Cells were then diluted to 1–2
× 105 cells/ml in HL5 and incubated at 21°C and 150 rpm. Cell
concentrations were measured every 24 h over a 96-h growth
period using a hemocytometer. The pinocytosis assay was
conducted using a method described elsewhere (Rivero and
Maniak, 2006; Huber et al., 2014). Briefly, cells in the mid-log
phase of growth were placed in 5 ml of HL5 at a density of 5 × 106

cells/ml. 100 μl of a 20 mg/ml fluorescein isothiocyanate (FITC)-
dextran (70,000 Mr) stock solution was added to the 5 ml
suspension, which was then incubated for 120 min at 21°C and
150 rpm. 500 μl were collected every 15 min, washed twice with
ice-cold Sorenson’s buffer (2 mM Na2HPO4, 14.6 mM KH2PO4,
pH 6.0) and lysed with 1 ml of buffer containing 50 mM
Na2HPO4 (pH 9.3) and 0.2% Triton-X. Lysates were added to
separate wells of black bottom 96-well plates and fluorescence was
measured using a BioTek Synergy HTX plate reader and the
following filters (460/40 nm for excitation, 528/20 nm for
emission) (BioTek Instruments Incorporated, Winooski, VT,
United States). To measure cell area, cells in the mid-log
phase of growth were deposited onto a hemocytometer. Cells
were imaged with a Nikon Ts2R-FL inverted microscope
equipped with a Nikon Digital Sight Qi2 monochrome camera
(Nikon Canada Incorporated Instruments Division, Mississauga,
ON, Canada). The area of each individual cell was quantified
using Fiji/ImageJ (Schindelin et al., 2012). To assess cytokinesis,
cells (5 × 105 total) in the mid-log phase of growth were collected
and deposited onto coverslips placed inside separate wells of a 12-
well dish. Coverslips were then submerged in low-fluorescence
HL5 and incubated overnight at 21°C. The following day, cells
were fixed in −80°Cmethanol for 45 min andmounted onto slides
with Prolong Gold Anti-Fade Reagent containing DAPI (Fisher
Scientific Company, Ottawa, ON, Canada). Cells were then

imaged using a Nikon Ts2R-FL inverted microscope equipped
with a Nikon Digital Sight Qi2 monochrome camera. For each
independent experiment, the number of nuclei within each cell
(at least 100) was scored and expressed as a percentage of the total
number of cells analyzed.

Plaque Expansion on Bacterial Lawns
Three full inoculation loops of K. aerogenes were collected and
resuspended in KK2 buffer (0.7 g/L K2HPO4 and 2.2 g/L KH2PO4,
pH 6.5). 25 μl of the suspension were then deposited onto SM/2 agar
and incubated at 21°C. Two days later, D. discoideum cells in the
mid-log phase of growth were harvested, washed thrice with KK2
buffer, and resuspended in KK2 buffer to obtain a final
concentration of 0.4 × 106 cells/ml. Cells (1 × 102 total) were
deposited onto the center of the K. aerogenes lawns. Plaques were
captured at the indicated time points using a Leica EZ4W
stereomicroscope equipped with an internal 5MP CMOS camera
(Leica Microsystems Incorporated, Concord, ON, Canada). Plaque
diameters were quantified using Fiji/ImageJ.

Autocrine Proliferation Repressor Protein
Levels During Growth
Cells from the proliferation assay described above were harvested
after 24, 48, and 72 h of growth (Huber et al., 2014). Cells were
lysed with buffer containing 50 mM Tris–HCl (pH 8.0), 150 mM
NaCl, 0.5% NP40, and a protease inhibitor tablet (PIA32965)
(Fisher Scientific Company, Ottawa, ON, Canada). Samples of
conditioned media (CM) were collected and standardized based
on cell number (1 × 106 total). Whole cell (WC) lysates and equal
volumes of CM were separated by SDS-PAGE and analyzed by
western blotting. The following primary and secondary
antibodies were used: anti-AprA (1:1000), anti-β-actin (1:
1000), and HRP-conjugated secondary antibodies (1:2000).
Protein bands were imaged using the ChemiDoc Imaging
System (Bio-Rad Laboratories Limited, Mississauga, ON,
Canada) and quantified using Fiji/ImageJ.

Aggregation Assay
Aggregation was examined using a method described previously
with minor modifications (Huber, 2017). Briefly, cells (6 × 106

total) harvested from the mid-log phase of growth were deposited
into separate wells of a 6-well dish. Cells were allowed to adhere to
the surface of the dish for 1 h after which time they were washed
two times with KK2 buffer, and then starved in 1 ml of KK2
buffer. Cells were imaged at the indicated times with a Nikon
Ts2R-FL inverted microscope equipped with a Nikon 10 Digital
Sight Qi2 monochrome camera. A conditioned buffer (CB) swap
experiment was conducted to test the effect of proteins secreted
by WT cells on the aggregation of mfsd8− cells (Huber et al.,
2017). Briefly, the CB from WT cells starved for 2 h in 1.5 ml of
KK2 buffer was collected and spun down to remove any cells
present in the buffer. mfsd8− cells were submerged in either 1 ml
of KK2 buffer (control) or CB collected from starving WT cells.
Cells were imaged at the indicated times with a Nikon Ts2R-FL
inverted microscope equipped with a Nikon 10 Digital Sight Qi2
monochrome camera. Aggregation was also examined on 0.5%
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agar/KK2 (Huber and Mathavarajah, 2018). Briefly, cells in the
mid-log phase of growth were harvested from HL5, washed two
times with KK2 buffer, and plated (1.5 × 108 cells/ml) in 0.5 μl
volumes on 0.5% agar/KK2. Cell spots were imaged at 0 and 5 h
using a Nikon Ts2R-FL inverted microscope equipped with a
Nikon Digital Sight Qi2 monochrome camera. Images were
viewed using NIS Elements Basic Research and analyzed using
Fiji/ImageJ. The area after 5 h was expressed as a percentage of
the area at 0 h to provide a measure of the amount of aggregation.

Protein Secretion During Aggregation
Cells (8 × 106 total) in the mid-log phase of growth were
deposited into 60 mm × 15 mm Petri dishes and allowed to
adhere for 1 h, after which time the HL5 was removed.
Adherent cells were washed two times with KK2 buffer and
then submerged in 4 ml of KK2 buffer for 4 h, after which
time the CB was collected and concentrated using an Amicon
Ultra-4 centrifugal filter unit (UFC801024) (Fisher Scientific
Company, Ottawa, ON, Canada) according to the
manufacturer’s instructions. Adherent cells were lysed with
NP40 lysis buffer (recipe noted above). SDS-PAGE and
western blotting were then used to determine the effect of
mfsd8 loss on the intracellular and extracellular amounts of
CtnA, CadA, and DscA. The following primary and secondary
antibodies were used: anti-CtnA (1:1000), anti-CadA (1:1000),
anti-DscA (1:1000), anti-β-actin (1:1000), anti-α-actinin (1:
1000), and HRP-conjugated secondary antibodies (1:2000).
Protein bands were imaged using the ChemiDoc Imaging
System (Bio-Rad Laboratories Limited, Mississauga, ON,
Canada) and quantified using Fiji/ImageJ.

Cell-Substrate Adhesion Assay
Cell-substrate adhesion was assessed using a previously described
method with minor modifications (Huber et al., 2017; Huber and
Mathavarajah, 2018). Briefly, cells (6 × 106 total) were deposited
into separate wells of a 6-well dish and allowed to adhere for 1 h
after which time they were washed twice with KK2 buffer and
starved in 1.5 ml of KK2 buffer for 4 h. After 4 h, cells were shaken
at 150 rpm for 30 min. Samples of CB were collected and cells in
CB were counted using a hemocytometer to determine cell
dissociation. Cells remaining on the dish were also lysed with
NP40 lysis buffer (recipe noted above) and protein
concentrations of the lysates were quantified using the Qubit
Protein Assay Kit (Q33211) and a Qubit 2.0 Fluorometer (Fisher
Scientific Company, Ottawa, ON, Canada).

Enzyme Activity Assays
To assess various enzyme activities, cells were grown in HL5
overnight to confluency in 60 mm × 15mm Petri dishes (8 ×
106 total). Growth-phase cells and cells starved for 4 h in KK2 buffer
were then lysed with buffer containing 50mM MES pH 6.53 and
0.1% NP40, unless stated otherwise (Phillips and Gomer, 2015).
Protein concentrations of lysates were quantified using the Qubit
Protein Assay Kit and a Qubit 2.0 Fluorometer, and 150 μg of
protein was used for the enzyme assays described below. For all
enzyme assays, the absorbance and fluorescence values for the
experimental samples were corrected using a lysis buffer control.

Lysosomal hydrolases: To assay α-galactosidase activity,
lysates were added to 18 μl of 2 mM of 4-Nitrophenyl-α-D-
galactopyranoside in sodium citrate/phosphate buffer (pH 4.5)
(Kilpatrick and Stirling, 1976). Samples were then incubated for
45 min at 37°C and quenched with equal volume of 1 M sodium
glycinate buffer (pH 10.4). The reactions were then deposited into
96-well black clear bottom plates and the absorbance (405 nm)
was measured using a BioTek Synergy HTX plate reader. To assay
β-galactosidase activity, lysates were added to 36 μl of 25 mM of
o-Nitrophenyl-β-D-galactopyranoside in 100 mM citrate buffer
(pH 4.0) (Maruhn, 1976). The reaction mixtures were incubated
for 45 min at 37°C, after which time an equal volume of 2-amino-
2-methyl-1-propnanol/HCl solution was added. The reactions
were then deposited into 96-well black clear bottom plates and
the absorbance (405 nm) was measured using a BioTek Synergy
HTX plate reader. To assay α-glucosidase activity, WC lysates
were incubated in 2 mM p-Nitrophenyl-a-D-glucopyranoside
within 0.1 M sodium succinate (pH 6.0) in a total volume of
150 μl (Wimmer et al., 1997). The reaction solution was
incubated for 1 h at 65°C followed by the addition of 300 μl of
1 M sodium carbonate to quench the reaction. The quenched
reactions were then deposited into 96-well black clear bottom
plates and the absorbance (395 nm) was measured using a BioTek
Synergy HTX plate reader. To assay β-glucosidase activity, lysates
were added to 18 μl of 10 mM of p-Nitrophenyl-β-D-
glucopyranoside in 50 mM acetate buffer (pH 5.0) (Coston
and Loomis, 1969). The reactions were incubated at 35°C for
45 min. The reactions were then quenched with an equal volume
of 1 M sodium carbonate and deposited into 96-well black clear
bottom plates and the absorbance (405 nm) was measured using a
BioTek Synergy HTX plate reader. To assay α-mannosidase
activity, lysates were added to 18 μl of 5 mM of 4-
Nitrophenyl-α-D-mannopyranoside in 5 mM acetate buffer
(pH 5.0) (Loomis, 1970). Samples were incubated for 45 min
at 35°C after which time an equal volume of 1 M Na2CO3 was
added to quench the reactions. The quenched reactions were then
deposited into 96-well black clear bottom plates and the
absorbance (405 nm) was measured using a BioTek Synergy
HTX plate reader. To assay NAG activity, WC lysates were
added to 75 µl of 7 mM of 4-Nitrophenyl N-acetyl-β-D-
glucosaminide in 100 mM acetate buffer (pH 5.0). Samples
were then incubated for 5 min at 35°C, after which time an
equal volume of 1 M Na2CO3 was added to quench the
reactions (Loomis, 1969; Huber and Mathavarajah, 2018). The
quenched reactions were then deposited into 96-well black clear
bottom plates and the absorbance (405 nm) was measured using a
BioTek Synergy HTX plate reader.

Ppt1 and Tpp1: To assay Ppt1 activity, lysates were added to
5 µl of 9 mM of 4-Methylumbelliferyl 6-thio-Palmitate-β-D-
Glucopyranoside dissolved in McIlvaine phosphate/citric-acid
buffer (pH 4) supplemented with 15 mM dithiothreitol and
0.375% Triton X-100. The reactions were incubated at 37°C
for 1 h after which time they were boiled for 3 min at 95°C
(van Diggelen et al., 1999; Brand et al., 2018). Once the reactions
were cooled, 2.75 µl of 2.5 M NaOH and 4 µl of 0.025 U/μl β-
glucosidase were added to the reactions and incubated
for another hour at 37°C. The reaction was quenched by
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adding 0.5 M sodium carbonate-bicarbonate buffer containing 0.
025% Triton X-100 (pH 10.7). The quenched reactions were then
deposited into 96-well opaque black bottom plates and the
fluorescence was measured using a BioTek Synergy HTX plate
reader and the following filters (360/40 nm for excitation, 460/
40 nm for emission). To assay Tpp1 activity, cells were lysed with
buffer containing 50 mM sodium phosphate (pH 6.5) and 0.5%
NP40, and then added to 80 µl of 200 μM Ala-Ala-Phe-7-amido-
4-methylcoumarin dissolved in reaction buffer (150 mM NaCl,
100 mM sodium acetate, pH 4.5, 0.1% Triton X-100) (Stumpf
et al., 2017). Reactions were incubated in the dark at 37°C for 1 h
and then quenched by adding stop solution (150 mM NaCl,
100 mM sodium acetate, pH 4.3). The quenched reactions
were then deposited into 96-well opaque black bottom plates
and the fluorescence was measured using a BioTek Synergy HTX
plate reader and the following filters (360/40 nm for excitation,
460/40 nm for emission).

Cathepsins: To assay CtsB activity, methods were adapted with
minor revisions (Barrett, 1980). Briefly,WC lysates were incubated
in reaction buffer (352 mM KH2PO4, 48 mM Na2HPO4, 4 mM
EDTA, pH 6.0) with 8 mM cysteine in a total volume of 150 μl and
incubated at 40°C for 5 min. A final concentration of 5 μM of
substrate was added to the reaction solution, which was then
incubated at 40°C for 30 min. The reaction solutions were
quenched with 200 μl of 100 mM sodium chloroacetate (30 mM
NaC2H3O2, 70 mM HC2H3O2, pH 4.3). The quenched reactions
were then deposited into 96-well opaque black bottom plates and
the fluorescence was measured using a BioTek Synergy HTX plate
reader and the following filters (360/40 nm for excitation, 460/
40 nm for emission). CtsD activity was measured following the
manufacturer’s instructions specified in the Cathepsin D Activity
Assay Kit. Briefly, cells were lysed with 100 µl of chilled cell lysis
buffer (provided in kit) and incubated on ice for 10min. The
solution was then centrifuged for 5 min. Following centrifugation,
27.5 µg of clear cell lysate was added to 100 µl of reaction buffer
(provided in kit) mixed with 2 µl of substrate. Reactions were
incubated at 37°C for 1 h and 30min. The reactions were then
deposited into 96-well opaque black bottom plates and the
fluorescence was measured using a BioTek Synergy HTX plate
reader and the following filters (360/40 nm for excitation, 460/
40 nm for emission). To assay CtsF activity,WC lysates were added
to 0.5 µl of 25% HCl and 1 µl of 250 μg/ml pepsin. 50 µl reactions
were incubated for 1 h at 37°C after which time 0.24 µl of 0.5 mM
Fluorogenic Cathepsin F Substrate followed by 5.76 µl dimethyl
sulfoxide and 70 µl of 0.1 M sodium phosphate buffer containing
1 mM EDTA and 0.1% (v/v) PEG 6000 (pH 6.5) were added to the
reactionmixture (total volume of 120 µl). Reactions were incubated
at 27°C for 1 h (Fonovic et al., 2004). The reactions were then
deposited into 96-well opaque black bottom plates and the
fluorescence was measured using a BioTek Synergy HTX plate
reader and the following filters (360/40 nm for excitation, 460/
40 nm for emission).

Statistical Analyses
Numeric data are reported as the means ± SEM. Statistical
analyses for all experiments were performed using GraphPad
Prism 8 (GraphPad Software Incorporated, La Jolla, CA,

United States). A one-sample t-test was used for evaluating
data where the raw data between biological replicates was
inherently variable (e.g., quantifying pixel intensity from a
western blot). A p-value < 0.05 was considered significant for
all analyses and n represents the number of independent
experiments that were performed. Details on the specific
statistical analyses performed are found in the figure captions.

RESULTS

Expression Profile of mfsd8 During the D.
discoideum Life Cycle
A previous study in D. discoideum showed that Mfsd8 localizes to
endocytic compartments, linked the function of Mfsd8 to protein
secretion, and revealed the Mfsd8 interactome during growth and
starvation (Huber et al., 2020b). To gain further insight into the
function of Mfsd8 in D. discoideum, here, we performed an in-
depth characterization of an mfsd8− cell line. The expression of
mfsd8 increases during the early stages of development, which
involves the chemotactic aggregation of cells into multicellular
mounds (Rot et al., 2009; Mathavarajah et al., 2017). Following
mound formation, mfsd8 expression decreases dramatically
reaching its lowest level just prior to terminal differentiation
of pre-spore and pre-stalk cells. Expression then rises slightly
during fruiting body formation. This expression profile suggested
to us that Mfsd8 primarily functions during growth and the early
stages of development. As a result, we focused our analysis on the
effects of mfsd8-deficiency on processes that occur during these
stages of the life cycle.

mfsd8−Cells Display Increased Proliferation
and Accumulation of Fluorescein
Isothiocyanate-Dextran During Growth
When cultured in liquid growth medium, mfsd8− cells
proliferated at a significantly increased rate compared to
WT cells (Figure 1A). Since D. discoideum cells ingest
extracellular liquid nutrients through macropinocytosis, we
assessed whether the rate of pinocytosis was affected by
mfsd8-deficiency (Hacker et al., 1997). Cells were incubated in
liquid growth medium containing FITC-dextran for a 120-min
period and the amount of intracellular fluorescence was measured
every 15 min. Like proliferation, the rate of FITC-dextran
accumulation was significantly increased in mfsd8− cells
relative to WT cells (Figure 1B).

Since loss of mfsd8 impacted cell proliferation and the
accumulation of FITC-dextran in liquid growth medium, we
tested whether mfsd8− cells would display the same phenotype
when grown on bacteria lawns. Cell lines were plated on lawns
of K. aerogenes and plaque formation was monitored. In general,
we observed that mfsd8− cells formed plaques earlier than
WT cells and the plaques were larger than WT plaques at all
time points examined (Figure 1C). Of note, 32 h after
depositing cells onto lawns, mfsd8− plaques were translucent,
while WT plaques were semi-translucent, indicating thatmfsd8−

cells cleared bacterial lawns earlier thanWT cells. When feeding
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on bacterial lawns, D. discoideum amoebae chemotactically
respond to folic acid that is secreted by bacteria (Pan et al.,
1972). However, we observed no significant effect of mfsd8-
deficiency on folic acid-mediated chemotaxis (Supplementary
Figure S1). Together, these results suggest that Mfsd8 regulates
cell proliferation, pinocytosis, and growth on bacterial lawns in
D. discoideum.

Loss of mfsd8 Increases Cell Size and
Inhibits Cytokinesis During Growth
When examining the proliferation of mfsd8− cells, we observed
thatmfsd8− cells appeared larger than WT cells. Indeed, when we
quantified the area of cells cultured in liquid growth medium, we
found that mfsd8− cultures contained a significantly higher

proportion of cells > 200 μm2 compared to WT cultures, and
a correlated lower proportion of cells 100–200 μm2 (Figure 2A).

When cultured in liquid growth medium, the majority of D.
discoideum cells are mononucleated. However, it is well
established that axenically grown cultures of D. discoideum
can also contain polynucleated cells, which form due to
defects in cytokinesis and tend to be larger than
mononucleated cells (Waddell et al., 1987). Based on these
findings, we examined the proportions of mononucleated and
polynucleated cells in mfsd8− cultures. We observed that loss of
mfsd8 significantly decreased the proportion of mononucleated
cells in culture and increased the proportion of polynucleated
cells (Figure 2B). Together, these findings showed that mfsd8-
deficiency increases cell size and reduces cytokinesis during the
growth phase of the D. discoideum life cycle.

FIGURE 1 | Effect ofmfsd8-deficiency on cell proliferation, pinocytosis, and plaque expansion. (A) Effect ofmfsd8-deficiency on cell proliferation. WT andmfsd8−

cells were grown axenically in HL5 medium. Cell densities were measured every 24 h over a 96-h period. Data presented as mean concentration (×106 cells/ml) ± SEM
(n = 5). Statistical significance was assessed using two-way ANOVA followed by Bonferroni post-hoc analysis. **p < 0.05 and ****p < 0.0001 vs. WT at the indicated time
points. (B) Effect of mfsd8-deficiency on pinocytosis. WT and mfsd8− cells were incubated in HL5 containing FITC-dextran for 120 min. Cells were collected,
washed, and lysed every 15 min. The fluorescence of the lysates was then measured using a plate reader. The data were corrected for background signals and
expressed as the mean fluorescence change (%) relative to the 0-min time point. Data presented as mean fluorescence change (%) ± SEM (n = 3). Statistical significance
was assessed using two-way ANOVA followed by Bonferroni post-hoc analysis. *p < 0.05, ***p < 0.001, and ****p < 0.0001 vs. WT at the indicated time points. (C) Effect
ofmfsd8-deficiency on plaque expansion on bacterial lawns. WT andmfsd8− cells grown axenically in HL5 were harvested, washed with KK2 buffer, and deposited onto
lawns of K. aerogenes. Plaques were imaged at the indicated time points and their diameters were quantified using Fiji/ImageJ. Scale bar = 20 μm. Data presented as
mean plaque diameter (mm) ± SEM (n = 4).
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Loss ofmfsd8 Alters the Levels of Autocrine
Proliferation Repressor During Growth
To gain insight into the possible mechanisms underlying the
increased proliferation of mfsd8− cells, the intracellular and
extracellular levels of AprA were examined. AprA functions
extracellularly to repress cell proliferation in D. discoideum
and has previously been shown to be aberrantly secreted by
cln3− cells, which like mfsd8− cells, also display increased rates
of proliferation (Brock and Gomer, 2005; Huber et al., 2014). WC
lysates and CM fromWT andmfsd8− cells were collected after 24,
48, and 72 h of axenic growth (Figure 1A). When analyzed by
western blotting, anti-AprA detected two protein bands; one at
60 kDa and the other at 55 kDa, which is consistent with the
banding pattern reported in previous studies (Brock and Gomer,
2005; Huber et al., 2014) (Figure 3). Intracellularly, the amounts
of 60 kDa AprA remained constant during all stages of axenic
growth for both WT and mfsd8− cultures (Figure 3A). However,
the amounts of 60 kDa AprA inmfsd8− cells were lower at all time
points analyzed compared to WT cells. The amounts of
intracellular 55 kDa AprA decreased in WT and mfsd8− cells
during axenic growth but there were no differences between cell
lines. In samples of CM, loss of mfsd8 reduced the extracellular
amount of 60 kDa AprA after 24 and 48 h of axenic growth,
compared to WT cells, but there was no effect at the 72-h time

point (Figure 3B). In addition, CM collected from mfsd8− cells
after 72 h of axenic growth contained more 55 kDa AprA than
CM collected from WT cells. Blots containing samples of CM
were also probed with anti-β-actin to validate that CM did not
contain intracellular proteins due to cell lysis (data not shown).
Since AprA functions as a proliferation repressor, these findings
suggest that altered levels of intracellular and extracellular AprA
may have contributed to the increased rate of proliferation of
mfsd8− cells.

mfsd8-Deficiency Increases the
Intracellular Activities of Several Lysosomal
Enzymes During Growth
Lysosomal enzymes play an essential role in degrading material
internalized by amoebae during the growth phase of the D.
discoideum life cycle to provide cells with nutrients (Ashworth
and Quance, 1972). Interestingly, in mice, loss of Mfsd8 has been
shown to affect the levels of several lysosomal enzymes (Danyukova
et al., 2018). Thus, we were interested in assessing lysosomal enzyme
activity in mfsd8− cells during growth. Loss of mfsd8 significantly
increased the intracellular activities of α-galactosidase, α-glucosidase,
β-glucosidase, α-mannosidase, and N-acetylglucosaminidase
(Figure 4). The activity of β-galactosidase was also slightly
elevated but not statistically significant (p = 0.08). mfsd8-

FIGURE 2 | Effect ofmfsd8-deficiency on cell size and cytokinesis. (A) Effect of mfsd8-deficiency on cell size. WT and mfsd8− cells grown axenically in HL5 were
deposited onto a hemocytometer and imaged. Scale bar = 20 μm. The area of each individual cell was quantified using Fiji/ImageJ. Data was placed into different cell
area bins and expressed as a mean percentage of total cells analyzed ± SEM (n = 5). Statistical significance was assessed using two-way ANOVA followed by Bonferroni
post-hoc analysis. *p < 0.05 vs. WT. (B) Effect ofmfsd8-deficiency on cytokinesis. WT andmfsd8− cells grown axenically in HL5 were collected and deposited onto
coverslips placed inside separate wells of a 12-well dish. Cells on coverslips were then submerged in low-fluorescence HL5 overnight at 21°C. The following day, cells
were fixed in −80°C methanol mounted onto slides with Prolong Gold Anti-Fade Reagent containing DAPI. Scale bar = 20 μm. The number of nuclei within each cell was
scored. For each experiment, 10 random images, each containing at least 10 cells, were obtained from each coverslip. Data presented as mean percentage of total cells
analyzed ±SEM (n = 7). Statistical significance was assessed using two-way ANOVA followed by Bonferroni post-hoc analysis. *p < 0.05 and **p < 0.01 vs. WT.
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deficiency also elevated the activities of Ppt1 and CtsF. In humans,
mutations in PPT1 and CTSF cause the CLN1 and CLN13 subtypes
of NCL, respectively (Mole and Cotman, 2015). Finally, there was no
effect of mfsd8 loss on the activities of Tpp1, CtsB, or CtsD. In
humans, mutations in TPP1 and CTSD cause the CLN2 and CLN10
subtypes of NCL, respectively, and CTSB has been identified as a
potential biomarker for CLN6 disease (Huber, 2021). Together, these
data suggest thatmfsd8− cells increase the activities of some, but not
all, lysosomal enzymes to support their increased rates of
proliferation and pinocytosis.

Loss of mfsd8 Delays Aggregation During
the Early Stages of Multicellular
Development
Based on the increased expression ofmfsd8 during the early stages of
development (Rot et al., 2009), we suspected that loss ofmfsd8would
affect cellular processes during this stage of the life cycle. Therefore,
we performed two assays to examine the impact ofmfsd8-deficiency
on aggregation. In the first assay, cells adhered to Petri dishes were
submerged in KK2 buffer to initiate the developmental program.
After 8 h, there was a noticeable delay in the aggregation of mfsd8−

cells compared to WT cells (Figure 5A). A delay in mfsd8−

aggregation was also observed when cells were deposited on
KK2-buffered agar (Figure 5B). In D. discoideum, mound
formation occurs through the chemotactic aggregation of cells
towards 3′,5′-cyclic adenosine monophosphate (cAMP) (Konijn

et al., 1967). However, we did not observe a significant effect of
mfsd8-deficiency on cAMP-mediated chemotaxis (Supplementary
Figure S1).

A previous study showed that mfsd8-deficiency alters the
secretion of two other CLN protein homologs in D. discoideum,
Cln5 and CtsD, during the early stages of development (Huber et al.,
2020b). Thus, we performed a CB swap experiment to examine the
possible role of altered secretion in the delayed aggregation ofmfsd8−

cells. For this assay, we starved WT cells for 2 h and then collected
the CB. In nine independent experiments, we observed that
incubating mfsd8− cells in CB collected from WT cells partially
restored the delayed aggregation of mfsd8− cells relative to WT cells
(Figure 6). We also examined the effect ofmfsd8-deficiency on cell-
substrate adhesion, which plays an essential role in aggregation
(Tarantola et al., 2014). During the early stages of development, loss
ofmfsd8 caused more cells to de-adhere from Petri dishes relative to
WT cells (Figure 7). Combined, these data suggest that reduced cell-
substrate adhesion along with aberrant protein secretion likely
contribute to the delayed aggregation of mfsd8− cells during the
early stages of D. discoideum development.

mfsd8-Deficiency Affects the Intracellular
and Extracellular Amounts of Proteins
Involved in Aggregation and Cell Adhesion
To gain further insight into the cellular mechanisms affected by
mfsd8-deficiency, we starved WT and mfsd8− cells for 4 h and

FIGURE 3 | Effect ofmfsd8-deficiency on the intracellular and extracellular levels of AprA during growth. WT andmfsd8− cells were grown in HL5, harvested after
24, 48, and 72 h of growth, and lysed. Conditioned media (CM) was also harvested at each time point. (A)Whole cell lysates (15 µg) were separated by SDS-PAGE and
analyzed by western blotting with anti-AprA and anti-β-actin (loading control). Molecular weight markers (in kDa) are shown to the right of each blot. Protein bands were
quantified using Fiji/ImageJ. The amounts of AprA were normalized against the amounts of β-actin. Data presented as mean amount of AprA relative to WT 24 h
(%) ± SEM (n = 7). (B) Samples of CM were harvested at each time point and standardized against cell number. Equal volumes of CM (15 μl) were separated by SDS-
PAGE and analyzed by western blotting with anti-AprA. Molecular weight markers (in kDa) are shown to the right of each blot. Protein bands were quantified using Fiji/
ImageJ. Data presented as mean amount of AprA relative to WT 24 h (%) ± SEM (n = 7).
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analyzed the intracellular and extracellular amounts of CtnA,
CadA, and DscA. CtnA is a component of a secreted 450 kDa
protein complex that regulates group size during aggregation by
repressing cell-cell adhesion (Roisin-Bouffay et al., 2000). CadA
and DscA, which were previously shown to interact with Mfsd8
(Huber et al., 2020b), both play important roles in regulating cell
adhesion during the early stages of development (Cano and
Pestaña, 1984; Springer et al., 1984; Knecht et al., 1987; Brar
and Siu, 1993). In addition, loss of dscA impairs cell-substrate
adhesion during aggregation (Springer et al., 1984; Bastounis
et al., 2016). In this study, loss of mfsd8 significantly reduced the
intracellular level of CtnA but increased the amount of the
protein in CB, suggesting that secretion of CtnA was increased
due tomfsd8-deficiency (Figure 8). Loss ofmfsd8 had no effect on
the amount of CadA inside cells but significantly increased its
level extracellularly. Finally, loss of mfsd8 reduced the
intracellular and extracellular levels of DscA. Combined, these
data indicate that mfsd8-deficiency affects the intracellular and

extracellular amounts of proteins involved in aggregation and cell
adhesion, which could explain the delayed aggregation and
reduced adhesion of mfsd8− cells during the early stages of
development.

Loss of mfsd8− Alters Lysosomal Enzyme
Activities During the Early Stages of
Development
During multicellular development, D. discoideum amoebae rely
on autophagy and the actions of several lysosomal enzymes to
provide cells with energy and building blocks required for fueling
aggregation and fruiting body formation (Loomis, 1969; Loomis,
1970; Dimond et al., 1973; Kilpatrick and Stirling, 1976; Knecht
et al., 1985; Otto et al., 2003; Kiel, 2010). As noted above, previous

FIGURE 4 | Effect ofmfsd8-deficiency on enzyme activity during growth.
WT and mfsd8− cells grown axenically in HL5 were collected and lysed. The
activities of α-galactosidase, β-galactosidase, α-glucosidase, β-glucosidase,
α-mannosidase, N-acetylglucosaminidase, palmitoyl-protein
thioesterase 1 (Ppt1), tripeptidyl peptidase 1 (Tpp1), cathepsin B (CtsB),
cathepsin D (CtsD), and cathepsin F (CtsF) were assessed as described in the
Materials and Methods. Data presented as mean enzyme activity (% WT) ±
SEM (n > 4). Statistical significance was determined using the one-sample
t-test (mean, 100; two-tailed) vs. WT. *p < 0.05 and ***p < 0.001 vs. WT.

FIGURE 5 | Effect of mfsd8-deficiency on aggregation. (A) WT and
mfsd8− cells grown axenically in HL5 were submerged in KK2 buffer and
imaged at the indicated time points. Scale bars = 250 μm. Images are
representative of six independent experiments. (B)WT andmfsd8− cells
grown axenically in HL5 were harvested, washed with KK2 buffer, and
deposited onto 0.5% agar/KK2. Images were taken once cells were
deposited and after 5 h. Scale bar = 250 μm. The amount of aggregation of
each cell line was quantified by measuring the area of the cell spot that
remained after 5 h of starvation, subtracting it from the initial area, and then
expressing the difference as a percentage of the area of the cell spot at 0 h.
Data presented as mean % aggregation ± SEM (n = 9). Statistical significance
was assessed using the Kruskal-Wallis test followed by the Dunn’s multiple
comparisons test. **p < 0.01.
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work in mice showed that loss ofMfsd8 affects the levels of several
lysosomal enzymes (Danyukova et al., 2018). Thus, we assessed
the effect of mfsd8-deficiency on lysosomal enzyme activity
during the early stages of D. discoideum development. After
4 h of starvation, we observed increased intracellular activity of
α-mannosidase and decreased activity of Ppt1 and CtsF
(Figure 9). There was no significant effect of mfsd8-deficiency
on the activities of α-galactosidase, β-galactosidase, α-glucosidase,
β-glucosidase, N-acetylglucosaminidase, Tpp1, CtsB, or CtsD.
Combined, these findings show that loss of mfsd8 alters the
activities of some, but not all, lysosomal enzymes during
aggregation.

DISCUSSION

In this study, we examined the cellular roles of Mfsd8 during the
growth and early development of D. discoideum (Figure 10).
During growth, mfsd8-deficiency enhanced cell proliferation,
FITC-dextran accumulation, and growth on bacterial lawns.

The increased proliferation of mfsd8− cells correlated with
altered levels of the proliferation repressor AprA and increased
activity of several lysosomal enzymes. We also showed that Mfsd8
functions during the early stages of development to regulate cell
adhesion, protein secretion, lysosomal enzyme activity, and
aggregation. Together, this study provides new insights into
the multifaceted roles of MFSD8 in the eukaryotic cell.

The enhanced proliferation and accumulation of FITC-
dextran observed in mfsd8− cells suggests that the increased
proliferation was at least partly due to increased nutrient
uptake. When grown on bacterial lawns, mfsd8− cells form
plaques earlier than WT cells, further supporting their
increased rate of growth. However, we showed that loss of
mfsd8 has no effect on folic acid-mediated chemotaxis, which
drives bacterial acquisition during feeding (Pan et al., 1972),
suggesting that Mfsd8 influences mechanisms other than folic
acid signalling during bacterial uptake.

Mfsd8 localizes to the macropinocytosis pathway in D.
discoideum (Journet et al., 2012). In addition, previous work
has shown that Mfsd8 interacts with proteins that negatively
regulate endocytosis such as the Ras GTPase RapA and the
nucleoside diphosphate kinase NdkC-1 (Seastone et al., 1999;
Annesley et al., 2011). As a result, the loss of mfsd8 could have
impacted the ability of these proteins to limit the rate of
endocytosis in mfsd8− cells. Mfsd8-interactors also include
transport proteins as well as proteins that localize to endocytic
vesicles and the cytoskeleton (e.g., actin-10, myosin-2 heavy
chain, tubulin alpha chain, and V-ATPase subunit B) (Huber
et al., 2020b). Since endocytic processes are highly dependent on
cytoskeletal elements for membrane invagination and vesicle
transport (Kumari et al., 2010; Mooren et al., 2012), these
observations provide insight into the mechanisms underlying
the role of Mfsd8 in pinocytosis.

FIGURE 6 | Effect of conditioned buffer on the aggregation of mfsd8−

cells. WT cells were submerged in KK2 buffer for 2 h, after which time, the
conditioned buffer (CB) of starving WT cells was collected and added to
mfsd8− cells at the onset of starvation. Images are representative of nine
independent experiments. Scale bar = 250 μm.

FIGURE 7 | Effect of mfsd8-deficiency on cell-substrate adhesion. WT
and mfsd8− cells were submerged in KK2 buffer for 4 h, after which time they
were shaken at 150 rpm for 30 min. Samples of conditioned buffer were
collected to measure cell dissociation, while cells remaining on the dish
were lysed to assess protein concentration. Data presented as mean cell
dissociation (×106 cells/ml) and protein concentration (μg/ml) ± SEM (n = 9).
Statistical significance was assessed using one-way ANOVA followed by
Bonferroni post-hoc analysis. **p < 0.01 vs. WT.
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Loss ofmfsd8 increases cell size, which like proliferation, could
be explained by increased liquid nutrient uptake. However, we
also observed that mfsd8-deficiency reduces cytokinesis, which is
consistent with previous work in D. discoideum that correlated
reduced cytokinesis and enhanced pinocytosis to increased cell
size (Adachi, 2001; Winckler et al., 2001; Lim et al., 2005). In
addition, enhanced proliferation and reduced cytokinesis have
been observed in other D. discoideum mutants (Brock and
Gomer, 2005; Bakthavatsalam et al., 2008; Huber et al., 2014;
Mathavarajah et al., 2018). In this study, we observed reduced
cytokinesis of mfsd8− cells submerged in growth medium on
dishes. We suspect the cytokinesis defect could be due to aberrant
adhesion, which is consistent with our observations of reduced
adhesion of mfsd8− cells and previous work in D. discoideum
linking aberrant cytokinesis to defects in adhesion (Nagasaki
et al., 2009; Tsujioka et al., 2012). Finally, Mfsd8 was previously
shown to interact with several proteins involved in cytokinesis,
including actin-10, RapA, myosin-2 heavy chain, and Ras-like
protein RasG (Tuxworth et al., 1997; Huber et al., 2020b).
Together, these findings support a role for Mfsd8 in cytokinesis.

In D. discoideum, AprA is a secreted factor that represses cell
proliferation and shares structural and functional similarity with
human dipeptidyl peptidase 4 (Brock and Gomer, 2005; Herlihy
et al., 2013; Herlihy et al., 2017). In addition to repressing cell
proliferation, AprA also coordinates cytokinesis followingmitosis
and helps to reduce the formation of multinucleated cells (Brock
and Gomer, 2005). In this study, extracellular AprA accumulated
in parallel with cell density, which aligns with observations in
previous studies (Brock and Gomer, 2005; Huber et al., 2014).
However, loss ofmfsd8 reduced the intracellular and extracellular

levels of 60 kDa AprA suggesting that Mfsd8 may regulate
proliferation by modulating both the synthesis and secretion
of AprA. Contrary to the levels of 60 kDa AprA, loss of mfsd8
dramatically increased the extracellular levels of 55 kDa AprA as
cells approached the stationary phase of axenic growth. While the
identity of the 55 kDa band is not known, it has been proposed to
be a AprA cleavage product (Huber et al., 2014). Therefore, its
increased presence inmfsd8− CM during the later stages of axenic
growth could be due to AprA degradation once cells reach the
stationary phase of growth, which is consistent with our
observation of mfsd8− cells reaching stationary phase earlier
than WT cells. Combined, these observations suggest that loss
of mfsd8 affects the synthesis and secretion of AprA, which may
have played a role in the aberrant proliferation and cytokinesis
observed in mfsd8− cells.

Lysosomes play an essential role in degrading endocytosed
material to simple metabolites (Tjelle et al., 1996; Pillay et al.,
2002). A recent study usingMEFs derived from aMfsd8−/−mouse
showed that loss ofMfsd8 alters the amounts of soluble lysosomal
proteins (Danyukova et al., 2018). In addition, our previous work
showed that 61% of Mfsd8-interactors during growth have
catalytic activity (Huber et al., 2020b). In this study, we
observed that loss of mfsd8 increases the intracellular activities
of several lysosomal enzymes, including α-galactosidase, α-
glucosidase, β-glucosidase, α-mannosidase,
N-acetylglucosaminidase, Ppt1, and CtsF. While these
observations suggest that Mfsd8 plays a role in regulating
lysosomal enzyme activity, the increased activities of these and
potentially other lysosomal enzymes could also be explained by
mfsd8− cells ingesting material at an increased rate. The increased

FIGURE 8 | Effect of mfsd8-deficiency on the intracellular and extracellular levels of CtnA, CadA, and DscA. Cells grown axenically in HL5 were starved for 4 h in
KK2 buffer, after which time whole cell (WC) lysates and conditioned buffer (CB) were collected. WC lysates (15 μg) and concentrated CB (0.25 μg) were separated by
SDS-PAGE and analyzed by western blotting with anti-CtnA, anti-CadA, anti-DscA, anti-α-actinin (loading and fractionation control), and anti-β-actin (loading and
fractionation control). Protein bands from WC lysates were standardized against the levels of α-actinin and β-actin. Data presented as mean protein amount (%
WT) ± SEM (n = 8). Statistical significance was assessed using the one sample t-test. *p < 0.05, ***p < 0.001, and ****p < 0.0001 vs. WT.
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lysosomal enzyme activity would allow material to be digested at
an enhanced rate to prevent its accumulation and/or provide
macromolecules required to fuel the increased rate of
proliferation. Although one could argue that the increased
intracellular fluorescence in mfsd8− cells could be due to
reduced degradation of the internalized material, this seems
unlikely since the increased lysosomal enzyme activity suggests
that degradation of internalized material is normal in mfsd8−

cells. Finally, while loss of mfsd8 affected CtsF activity, there are
several proteins in D. discoideum that share sequence similarity
with human CTSF (Huber et al., 2020a). Therefore, it is currently
not known which CTSF-like protein(s) in D. discoideum is/are
affected by mfsd8-deficiency.

Here, we showed that loss of mfsd8 delays aggregation but
has no effect on cAMP-mediated chemotaxis. In addition,
submerging mfsd8− cells in CB harvested from starving
WT cells partially restored the timing of aggregation to WT
levels. These findings support a regulatory role for Mfsd8 in

processes involved in aggregation and suggest that Mfsd8 may
regulate protein secretion. In a previous study, we showed that
mfsd8-deficiency alters the secretion of Cln5 and CtsD (Huber
et al., 2020b). Here, we showed that loss of mfsd8 also
modulates the secretion of CtnA. However, we did not
observe any obvious effects of mfsd8-deficiency on global
protein secretion during growth or starvation (data not
shown). Thus, it seems that Mfsd8 may regulate the
secretion of selected proteins via an undetermined pathway
to regulate aggregation.

mfsd8-deficiency also affected cell adhesion during the early
stages of development. Consistent with this phenotype, we
observed increased extracellular amounts of CadA in mfsd8−

CB and reduced intracellular and extracellular amounts of
DscA. Thus, it appears that altered levels of these two cell
adhesion proteins likely contributed to the reduced adhesion
of mfsd8− cells. This is further supported by work that has
reported impaired cell-substrate adhesion for cells lacking dscA
(Springer et al., 1984; Bastounis et al., 2016). Intriguingly, both
CadA and DscA were identified in theMfsd8-interactome (Huber
et al., 2020b). In addition, the increased secretion of CtnA also
likely contributed to the reduced adhesion of mfsd8− cells, since
increased extracellular CtnA has been shown to reduce adhesion
(Roisin-Bouffay et al., 2000).

During multicellular development, D. discoideum amoebae
utilize autophagy and lysosomal enzymes to provide cells with
energy required for fruiting body formation (Loomis, 1969;
Loomis, 1970; Dimond et al., 1973; Kilpatrick and Stirling,
1976; Knecht et al., 1985; Otto et al., 2003; Kiel, 2010). In this
study, we observed increased activity of α-mannosidase inmfsd8−

cells and reduced activity of Ppt1 and CtsF. Intriguingly, α-
mannosidase activity is also increased in Mfsd8−/− MEFs
suggesting that the regulation of α-mannosidase may be an
evolutionarily conserved function of MFSD8 (Danyukova
et al., 2018). However, this effect may be cell type-dependent
since Damme et al. (2014) reported unaltered activity of α-
mannosidase in protein extracts generated from the cerebral
cortex and liver of aged Mfsd8-depleted mice. In addition, a
reduced amount of intracellular PPT1 was reported in human
MFSD8 knockout HAP1 cells (Danyukova et al., 2018). Finally,
Danyokova et al. (2018) reported reduced amounts of
intracellular CLN5 and CTSD, which is supported by our
findings in D. discoideum of reduced intracellular levels of
Cln5 and CtsD in mfsd8− cells due to increased secretion
(Danyukova et al., 2018; Huber et al., 2020b). Combined,
these findings support a role for MFSD8 in regulating
lysosomal enzyme activity. However, at present, we are
unable to determine if the altered activities of α-
mannosidase, Ppt1, and CtsF in mfsd8− cells contributed to
the delayed aggregation or if the delayed aggregation altered
the activities of those enzymes.

Collectively, our data shows that Mfsd8 plays a pleiotropic role
in regulating D. discoideum growth and the early stages of
multicellular development. While the molecular function of
Mfsd8 in D. discoideum is not known, several of the
phenotypes we uncovered could be explained by Mfsd8
functioning as a chloride channel, as has been reported in

FIGURE 9 | Effect of mfsd8-deficiency on enzyme activity during
starvation. WT and mfsd8− cells grown axenically in HL5 were starved in KK2
buffer for 4 h, after which time cells were lysed. The activities of α-
galactosidase, β-galactosidase, α-glucosidase, β-glucosidase, α-
mannosidase, N-acetylglucosaminidase, palmitoyl-protein thioesterase 1
(Ppt1), tripeptidyl peptidase 1 (Tpp1), cathepsin B (CtsB), cathepsin D (CtsD),
and cathepsin F (CtsF) were assessed as described in the Materials and
Methods. Data presented as mean enzyme activity (% WT) ± SEM (n > 4).
Statistical significance was determined using the one-sample t-test (mean,
100; two-tailed) vs. WT. *p < 0.05 and ***p < 0.001 vs. WT.
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mammalian models (Wang et al., 2021). Future research to
resolve the molecular function of Mfsd8 in D. discoideum
should provide clarity on how loss of mfsd8 affects the
diversity of processes we uncovered in this study. Intriguingly,
aberrant phenotypes observed in cells lackingmfsd8 are also seen
in other D. discoideum NCL models, further suggesting that CLN
proteins function in shared or convergent biological pathways
(Journet et al., 1999; Huber et al., 2014; Huber, 2017; Huber et al.,
2017; Huber and Mathavarajah, 2018; Mathavarajah et al., 2018;
Smith et al., 2019; Huber, 2020; McLaren et al., 2021). Overall, the
findings of this study have provided novel insight into the roles of
Mfsd8 in D. discoideum, which could be used to inform research
in mammalian models of CLN7 disease.
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FIGURE 10 | Current model depicting the functions of Mfsd8 in D. discoideum. (1) Loss ofmfsd8 affects cell proliferation, pinocytosis, plaque expansion, cell size,
and cytokinesis during growth, and aggregation, protein secretion, and cell adhesion during the early stages of development. (2) Loss ofmfsd8 reduces the intracellular
and extracellular amounts of DscA during the early stages of development and increases the extracellular amount of CadA. Loss of mfsd8 decreases the extracellular
amount of AprA during growth. (3) Loss of mfsd8 affects lysosomal enzyme activity during growth and the early stages of development. (4) Mfsd8 regulates the
secretion of Cln5, CtsD, and CtnA during the early stages of development. (5) Mfsd8 interacts with CadA, CtsD, and DscA during growth and the early stages of
development.
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Discovery of Small Molecule KCC2
Potentiators Which Attenuate In Vitro
Seizure-Like Activity in Cultured
Neurons
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KCC2 is a K+-Cl− cotransporter that is expressed in neurons throughout the central
nervous system. Deficits in KCC2 activity have been implicated in a variety of neurological
disorders, including epilepsy, chronic pain, autism spectrum disorders, and Rett
syndrome. Therefore, it has been hypothesized that pharmacological potentiation of
KCC2 activity could provide a treatment for these disorders. To evaluate the
therapeutic potential of pharmacological KCC2 potentiation, drug-like, selective KCC2
potentiators are required. Unfortunately, the lack of such tools has greatly hampered the
investigation of the KCC2 potentiation hypothesis. Herein, we describe the discovery and
characterization of a new class of small-molecule KCC2 potentiator. This newly discovered
class exhibits KCC2-dependent activity and a unique mechanistic profile relative to
previously reported small molecules. Furthermore, we demonstrate that KCC2
potentiation by this new class of KCC2 potentiator attenuates seizure-like activity in
neuronal-glial co-cultures. Together, our results provide evidence that pharmacological
KCC2 potentiation, by itself, is sufficient to attenuate neuronal excitability in an in vitro
model that is sensitive to anti-epileptic drugs. Our findings and chemical tools are
important for evaluating the promise of KCC2 as a therapeutic target and could lay a
foundation for the development of KCC2-directed therapeutics for multiple neurological
disorders.

Keywords: KCC, small molecule, potentiator, HTS, epilepsy

INTRODUCTION

KCC2 (SLC12A5) is a K+-Cl− cotransporter that utilizes the electrochemical K+ gradient to drive the
efflux of Cl− from cells (Payne, 1997). This activity is critical for establishing and maintaining low
intracellular Cl− [(Cl−)i] in neurons of the mature nervous system (Williams et al., 1999; Schulte et al.,
2018). It is the resulting Cl− gradient that underlies the ability of GABAA and glycine receptors to
mediate inhibitory neurotransmission and a healthy excitatory/inhibitory balance.

Pathologically elevated levels of [Cl−]i in neurons are implicated in a variety of neurological
disorders, including: epilepsy (Duy et al., 2019; Fukuda and Watanabe, 2019) neuropathic pain
(Kahle et al., 2014a), autism spectrum disorders (Tyzio et al., 2014), and Rett syndrome (Tang et al.,
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2019). These pathologically high levels of neuronal [Cl−]i are
thought to cause excessive neural excitability that is a hallmark of
these disorders (Schulte et al., 2018; Akita and Fukuda, 2020).
During pathological states, elevated [Cl−]i is thought to cause
excess neuronal excitability through decreasing the efficacy of Cl−

channel effectors of fast inhibitory neurotransmission, namely
GABAA and glycine receptors, which use the Cl− gradient
generated by low neuronal [Cl−]i to exert their inhibitory
effects. Diminished fast inhibitory neurotransmission leads to
pathological increases in excitatory neuronal activity (Raimondo
et al., 2017). Therefore, restoring a normal [Cl−]i through
potentiation of KCC2-mediated Cl− transport could counteract
pathologically elevated levels of neuronal [Cl−]i in the epilepsies
and other diseases, and thus produce a therapeutic effect.

There is consistency between 1) clinical and 2) preclinical
evidence supporting KCC2 potentiation as a viable therapeutic
strategy in epilepsy. 1) Clinically, over a dozen loss-of-function
KCC2mutations in humans have been linked to epilepsies (Kahle
et al., 2014b; Puskarjov et al., 2014; Stödberg et al., 2015; Saitsu
et al., 2016; Saito et al., 2017), and resected tissue from epileptic
patients has shown electrophysiological and protein expression-
level abnormalities consistent with diminished KCC2 function
(Huberfeld et al., 2007; Munakata et al., 2007). 2) preclinically,
pharmacological (Sivakumaran et al., 2015; Kelley et al., 2016;
Dzhala and Staley, 2020) or genetic (Woo et al., 2002; Silayeva
et al., 2015; Chen et al., 2017; Kelley et al., 2018) inhibition of
KCC2 activity exacerbates seizure-like activity across multiple
epilepsy models. In contrast, genetically increasing KCC2 activity
attenuates seizure-like activity in the same model systems,
without overt side effects (Chen et al., 2017; Moore et al.,
2018; Magloire et al., 2019). Furthermore, TrkB modulators
that indirectly increase KCC2 activity restore the efficacy of
phenobarbital (PB), a GABAA positive allosteric modulator
and antiepileptic drug, in PB-resistant seizure models (Carter
et al., 2018; Kang et al., 2020; Kipnis et al., 2020). While some
preliminary evidence exists linking pharmacological KCC2
potentiation to antiepileptic efficacy (Carter et al., 2018;
Dzhala and Staley, 2020; Kang et al., 2020; Kipnis et al., 2020),
further validation of the efficacy of KCC2 potentiation is
warranted, owing to limitations with current small-molecule
KCC2 potentiators.

To further evaluate if pharmacological KCC2 potentiation is
antiepileptic, small molecule KCC2 potentiators with adequate
potency, efficacy, and selectivity are required. Recently described
KCC2 potentiators have increased the field’s understanding of
KCC2 in neurological disease (Tang et al., 2019). However, these
compounds have critical limitations because they 1) either act by
modulating signaling pathways that have pleiotropic effects on
cells (Lee et al., 2007; Yamada et al., 2016; Tang et al., 2019; Zhang
et al., 2020), thereby complicating the interpretation of their
effects, or 2) have some controversy surrounding their ability to
potentiate KCC2 (Gagnon et al., 2013; Cardarelli et al., 2017;
Gagnon et al., 2017). Therefore, discovery of new, selective KCC2
potentiators would greatly benefit the field.

Herein we describe the discovery of a new class of small-
molecule KCC2 potentiator with a unique mechanism-of-action.
We demonstrate that the compounds in this class attenuate

seizure-like neuronal hyperactivity in cortical neuronal-glial
co-cultures providing supporting the hypothesis that
pharmacological KCC2 potentiation alone is sufficient to
attenuate neuronal hyper-excitability.

MATERIALS AND METHODS

HEK-293 Cell Culture
HEK-293 cells were cultured up to 80%–90% confluence in T75
flasks (TPP) containing HEK-293 medium [α-MEM (Corning)
supplemented with 10% (v/v) fetal bovine serum (FBS) (Gibco),
1x glutagro (Corning)] and appropriate antibiotics for selection
(vide infra) at 37°C and 5% CO2. Cells were passaged every
3–4 days using TrypLE (Gibco) up to a maximum of 20 passages.

Rat Husbandry
Timed-pregnant Sprague Dawley dams were purchased from
Taconic Biosciences. Experiments involving animals were
approved by and adhered to the guidelines of the Vanderbilt
Institutional Animal Care and Use Committee.

Antibodies for Western Blotting and
Immunofluorescence
Primary antibodies used forWestern blotting were: 1:1,000 rabbit
Anti-K+-Cl− cotransporter (KCC2) Antibody (MilliporeSigma
07-432) and 1:500 mouse Transferrin Receptor Monoclonal
Antibody (H68.4) (ThermoFisher Scientific 13-6800).
Secondary antibodies used for Western blotting were: 1:15,000
goat anti-Rabbit IRDye 800CW (LI-COR 926-32211) and 1:
10,000 goat anti-Mouse IgG IRDye 680RD (LI-COR 926-
68070). Primary antibodies used for immunofluorescence were:
1:100 mouse anti-KCC2/SLC12A5 Antibody (S1-12) (Novus
Biologicals NBP2-59337) and 1:50 rabbit anti-GAD65/GAD67
(Thermo Fisher Scientific PA5-36080). Secondary antibodies
used for immunofluorescence were: 1:500 goat anti-Mouse IgG
IRDye 680RD (LI-COR 926-68070) and 1:500 Goat anti-Rabbit
Alexa Fluor 555 Secondary Antibody (ThermoFisher A-21428).
Cell nuclei were labeled using Hoechst 33,342 at 1 μg/ml.

Molecular Cloning
The most widely expressed KCC2 isoform in the adult
mammalian brain (KCC2b) was subcloned from the pCITF-
KCC2 vector (Addgene plasmid #61404) into pcDNA4/TO
(ThermoFisher Scientific) between the AflII and NotI
restriction sites using Gibson Assembly (New England Biolabs)
for inducible expression of KCC2b. SuperClomeleon (Grimley
et al., 2013) was subcloned into the pENTR1A no ccDB (w48-1)
(Addgene #17398) Entry Vector (Campeau et al., 2009) using
Gibson Assembly. The SuperClomeleon ORF was subsequently
recombined into the pLenti CMVPuro DEST (w118-1) (Addgene
#17452) destination vector for lentiviral transduction and
constitutive SuperClomeleon expression using LR Clonase II
Enzyme Mix (ThermoFisher Scientific). The SuperClomeleon-
pLenti-CMV-puro vector was propagated in NEB® Stable
Competent E. coli (New England Biolabs) to prevent
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homologous recombination of long terminal repeats. All
sequences were verified by Sanger Sequencing (GenHunter)
before cell line generation.

Polyclonal Cell Line Generation for the Cl−

Flux Assay
Two polyclonal cell lines were created for use with the Cl− flux
assay 1) one expressing KCC2 and 2) one lacking KCC2
expression. 1) Generation of a KCC2-expressing polyclonal cell
line: to allow for inducible expression of KCC2, T-REx-293 cells
(ThermoFisher Scientific) seeded at 40% confluence in a T75 flask
were transfected with the pcDNA4/TO-KCC2 construct using
FuGENE6 (Promega), according to the manufacturer’s
instructions. One day after transfection, the cells were treated
with 5 μg/ml blasticidin, to select for the tetracycline repressor
protein in T-REx-293 cells, and 250 μg/ml zeocin, to select for
KCC2. Cells remained under selection for 2 weeks to ensure
stable KCC2 expression. To generate a stable T-REx-293-
KCC2-SuperClomeleon cell line, SuperClomeleon-containing
lentivirus was produced in HEK-293T cells through
transfection of the pLenti-CMV-puro-SuperClomeleon transfer
vector, the pCMV-VSV-G (Addgene #8454) envelope plasmid,
and the pMDLg/pRRE (Addgene #12251) and pRSV-Rev
(Addgene #12253) packaging plasmids using FuGENE6. The
T-REx-293-KCC2 polyclonal cell line was then seeded at 40%
confluence in a T75 flask and transduced with SuperClomeleon-
containing lentivirus as described in (Campeau et al., 2009). One

day after transduction, the virus-containing medium was
removed, and the cells were washed with fresh HEK-293
medium. Cells were treated with 5 μg/ml blasticidin, 250 μg/ml
zeocin, and 3 μg/ml puromycin roughly 24 h after removal of the
virus to generate the polyclonal T-REx-293-KCC2-
SuperClomeleon cell line. 2) Generation of a control cell line
lacking KCC2 expression: The T-REx-293-SuperClomeleon
polyclonal cell line was generated by transducing T-REx-293
with SuperClomeleon-bearing lentivirus as described above. A
clone was selected whose YFP and CFP fluorescence levels
matched those of uninduced 4p2.F7 cells used for screening
(see below) to control for baseline SuperClomelon expression.

Monoclonal Cell Line Generation for HTS
The T-REx-293-KCC2-SuperClomeleon polyclonal cell line was
cell-sorted based on highest YFP and CFP fluorescence into
individual wells of a 96-well, TC-treated plate (Corning) using
a BD FACSAria IIIu. After allowing the cells to proliferate to near
confluence in the presence of antibiotic selection, the ~200
resulting monoclonal cell lines were screened using the Cl−

flux assay (described below) ± 100 µM KCC2 potentiator
N-Ethylmaleimide (NEM) (MilliporeSigma) and ± KCC2
induction with 1 µM tetracycline (MilliporeSigma). The six cell
lines having the highest KCC2 induction-dependent NEM
activity, as determined by the highest Area Under the Curve
(AUC) of the YFP/CFP ratio in treated vs. untreated cells, were
then tested for 1) suitability for HTS by Z′ value calculation (see
below), and 2) for predicted KCC2 pharmacology by testing a

FIGURE 1 | Discovery of KCC2 Potentiators by High-throughput Screening. (A)Cl− flux assay schematic and data normalization. KCC2 activity is approximated by
measuring intracellular Cl− using HEK-293 cells overexpressing KCC2 and the Cl− sensor SuperClomeleon. Data are normalized as a YFP/CFP ratio, such that an
increase in KCC2 activity registers as an increase in value. (B,C) Calculation of Z′ for the Cl− flux assay. (B) Vehicle control subtracted and averaged traces from the Cl−

flux assay used for Z′ calculation. Cells were treated with either the indirect KCC2 potentiator WNK463 or DMSO control. Error bars represent standard deviation of
the mean (SD). (C) Percent Area Under the Curve (AUC) of Cl− flux assay traces in (B). The mean AUC (solid line) and three x SD away from mean AUC (dotted line) are
displayed for each treatment (n = 192). (D) Results of screening approximately 23,000 unique compounds at a concentration of 10 µM in the Cl− flux assay. Data are
presented as Z-scores relative to vehicle control values on each plate. A Z-score of 3 (dotted line) was used as a cut off for separating potentiator hits (gold) from
uncategorized compounds (gray). All experiments were performed at 37°C.
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panel of known KCC2modulators (Supplementary Figure S1A).
The cell line, 4p2.F7, which had the highest Z’ value and exhibited
pharmacology consistent with KCC2 expression was
subsequently used for HTS.

Cl− Flux Assay
The Cl− flux assay functioned by monitoring [Cl−]i levels via a the
genetically encoded Cl− sensor, SuperClomeleon (Grimley et al.,
2013), and, after compound treatment, using the reported
changes in [Cl−]i as a surrogate for changes in KCC2 Cl−

transport activity. The SuperClomeleon Cl− sensor functions
by FRET between a Cl−-sensitive YFP, which is quenched
upon Cl− binding, and a Cl−-insensitive CFP, which is used as
a control for SuperClomeleon expression. The corresponding
changes in FRET ratio are then used to quantify changes in [Cl−]i.
The day before the experiment, HEK-293 cells were counted and
plated at 20,000 cells/well in black-walled, amine-coated, 384-well
plates (Corning) at 20 µl/well in HEK-293medium supplemented
with 10 ng/ml tetracycline to induce KCC2 expression. After
incubation for approximately 24 h at 37°C and 5% CO2, cell

culture medium was removed by centrifugation in the Blue
Washer (BlueCatBio) under the GentleSpin setting, and 20 µl/
well Assay Buffer [1x Hank’s Buffered Salt Solution
(ThermoFisher) + 20 mM HEPES (Corning) (pH 7.3)] was
added to each well. Compound plates were made in
polypropylene, v-bottom, 384-well plates (Greiner) with
compounds dissolved at 2x relative to the desired
concentration in Assay Buffer; dimethyl sulfoxide (DMSO)
concentrations were kept below 0.8% (v/v) final. Cell plates
were incubated at 37°C within the Panoptic plate reader
(WaveFront Biosciences) for at least 30 min prior to the
beginning of the run to allow for temperature equilibration to
37°C. To measure Cl− flux, fluorescence was recorded at 1 Hz
[excitation at 440/40 nm and emission alternating between 480/
17 nm (CFP) and 536/40 nm [YFP FRET]) for 20 s, then 20 µl/
well of the 2x compound solution was added and fluorescence
was recorded for an additional 20 min. For data analysis, a YFP/
CFP FRET ratio was calculated by taking the YFP fluorescence
intensity value and, to account for the temporal offset between
CFP and YFP recordings, interpolating CFP values to match the

FIGURE 2 | VU0500469 (VU469) potentiates KCC2-mediated Cl− transport acrossmechanistically distinct assays of KCC2 activity in HEK-293 cells. (A,B) Effect of
15 µM VU0500469 on Cl− flux in the presence or absence of KCC2 overexpression (n > 9). (A) Cl− Flux Assay in cells overexpressing KCC2. Left: AUC of the YFP/CFP
Cl− efflux ratio. Right: Vehicle control subtracted and averaged traces of the YFP/CFP Cl− efflux ratio. Dotted line represents time of compound addition. (B)Cl− flux assay
in cells lacking KCC2 overexpression. (C,D) Effect of 15 µM VU0500469 on Tl+ influx in the presence or absence of KCC2 overexpression (n > 20). (C) Tl+ influx in
cells overexpressing KCC2. Left: maximum fold increase in Tl+-sensitive dye fluorescence. Right: fold increase in Tl+-sensitive dye fluorescence over time. Dotted line
represents time point of Tl+ addition. (D) Tl+ influx in cells lacking KCC2 overexpression. (E) Effect of 30 µM VU0500469 on K+ influx in cells overexpressing KCC2 in the
absence or presence of KCC2 inhibitor ML077 (n = 3). (F) VU0500469 structure. All experiments conducted at 37°C. Error bars represent SD. Statistical significance
calculated by Welch’s t-test (E) and Mann–Whitney U test (A–D): * = p < 0.05, *** = p < 0.001, ns = p > 0.05.
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YFP timepoints. The YFP values were then divided by the
interpolated CFP values to generate a YFP/CFP FRET ratio to
quantify Cl− extrusion (Figure 1A). The FRET ratio traces were
subsequently normalized by dividing each fluorescence trace by
the trace’s average FRET ratio before compound addition. To
quantify Cl− flux over the course of the run, average vehicle
control-treated traces were subtracted from each trace to reveal
the signal dependent on presence of an active test compound, and
AUC for each FRET trace was calculated using the trapezoidal
rule. For cotreatment experiments, compounds were sourced
from the following distributors: Go6983 (Tocris), WNK463
(Selleckchem), Bumetanide (MilliporeSigma), and VU0463271
(Tocris). All other compounds were either synthesized in house
(see Synthesis sections below) or purchased from Life
Chemicals Inc.

Z’ Calculation
Z’ values were calculated as in (Zhang et al., 1999) using the
following formula:

Z′ � 1 − ((3σ (c+)) + (3σ (c−))/(
∣∣∣∣∣μ (c+) − μ (c−)

∣∣∣∣∣))

Where σ_(c+) is the standard deviation (SD) of positive control
(KCC2 potentiator)-treated wells, 3σ_(c−) is the SD of the
vehicle-treated wells, μ_(c+) is the mean of positive control-
treated wells, and μ_(c−) is the mean of the positive control-
treated wells.

Thallium (Tl+) Influx Assay
The day before the experiment, HEK-293 derived cell lines were
resuspended in HEK-293 medium supplemented with 100 ng/ml
tetracycline to induce KCC2 expression, counted, and were plated

at 20,000 cells/well in black-walled, amine-coated, 384-well plates
at 20 µl/well. On the day of the experiment, a 5x Tl+ stimulus
solution [125 mM sodium bicarbonate, 12 mM thallium sulfate,
1 mMmagnesium sulfate, 1.8 mM calcium sulfate, 5 mM glucose,
and 10 mM HEPES (pH 7.3)] was prepared and pipetted into a
polypropylene, v-bottom, 384-well plate. Compounds were
prepared at a 2x concentration in Assay Buffer in a separate
polypropylene, v-bottom, 384-well plate, with a final DMSO
concentration below 0.8% (v/v). The stimulus and 2x
compound plates were sealed and incubated for at least
30 min at 37°C within the Panoptic plate reader before
assaying. After approximately 24 h of induction, the cells were
loaded with the Tl+-sensitive dye, Thallos (ION Biosciences): the
cell culture medium in the cell plate was removed and replaced
with 20 µl/well Assay Buffer containing 2.5 μg/ml Thallos-AM,
and cells were dye-loaded for 45 min at 37°C. After dye loading,
the dye-loading solution was removed and replaced with 20 µl/
well Assay Buffer pre-warmed to 37°C. The cell plate was then
incubated for 10 additional minutes at 37°C in the Panoptic
before assaying. After incubation, fluorescence intensity values
were recorded at 1 Hz (482/35 nm excitation and 536/40 nm
emission) for 10 s prior to compound addition. 20 µl/well of
2x compound solution was added to the cells and incubated
for 10 min followed by the addition of 10 µl/well of the 5x Tl+

stimulus solution and an additional 1 min of data collection. Data
for each well were normalized by dividing data at each time point
for a given well by the average of its own pre-compound addition
baseline fluorescence (F/F0) and Tl+ influx was quantified by the
maximum fluorescence after Tl+ stimulus addition. The T-REx-
293-KCC2 monoclonal cell line, TK2D2, and untransfected
T-REx-293 cells were used for all Tl+ influx experiments. The
TK2D2 cell line was generated from the T-REx-293-KCC2

FIGURE 3 | Development of VU0916219, a KCC2 potentiator with improved activity. Experiments conducted at 37°C, using the Cl− Flux Assay in HEK-293 cells
overexpressing KCC2. Data are normalized to maximum VU0500469 activity being 100%. (A) Structures of the most potent and efficacious VU0500469 analogs. (B)
Comparison of VU0500469 dose-response curve to the most potent (left panel) and efficacious (right panel) compounds. (C) Structure of VU0916219. (D) Comparison
of VU0916219 to the most efficacious compound (left panel), and VU0500469 (right panel). (n ≥ 6), error bars represent SD.
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polyclonal cell line described in the “Polyclonal Cell Line
Generation for the Cl− Flux Assay” section by serial dilution
and subsequent clonal selection based on maximum Tl+ influx
that was sensitive to the KCC2 inhibitor VU0463271.

High-Throughput Screening
Eighty nanoliters of 10 mM (nominal) test compound dissolved
in DMSO was transferred from the Vanderbilt Institute of
Chemical Biology (VICB) Discovery Collection to 384-well,
v-bottomed, polypropylene plates (Greiner) using an Echo 555
Acoustic Liquid Handler (Labcyte) and diluted to a concentration
of 20 µM by addition of 40 µl/well Assay Buffer using aMultidrop
Combi Reagent Dispenser (ThermoFisher Scientific). The
compound plates were mixed on a plate shaker (ThermoFisher
Scientific) for at least 2 min, sealed and bath sonicated (Branson)
for approximately 1 min. Compound plates and cell plates were
incubated at 37°C for at least 30 min before assaying. The 4p2.F7
T-REx-293-KCC2-SuperClomeleon cell line was prepared and

assayed at 37°C, at final compound concentration of 10 µM
(nominal), as described in the Cl− flux assay section. Z-scores
were calculated relative to the YFP/CFP ratio AUCs of vehicle-
treated wells on a plate-by-plate basis. Potentiator Hits were
defined as compounds with a Z-score > 3. The first 9,000
compounds were screened at random from the VICB
Discovery Collection. The final 14,000 compounds were
iteratively screened, in batches of approximately 3,000
compounds, to enrich for compound classes which could
accommodate chemical variation while still potentiating
KCC2-dependent Cl− extrusion in four steps. First, hits were
selected and re-tested in the Cl− flux assay, with or without KCC2
expression, to gauge reproducibility and KCC2-dependence.
Second, hits were tested in the Tl+ influx assay to test if their
activity was consistent across disparate assays of KCC2 ion
transport. Third, hits that exhibited reproducible and
consistent activity at KCC2 were enriched in the next round
of screening by selecting plates from the compound library

FIGURE 4 | VU0500469 potentiates KCC2 by a unique mechanism. All experiments conducted using the Cl− flux assay in HEK-293 cells overexpressing KCC2 at
37°C, unless otherwise noted. (A) Schematic depicting investigated small molecule targets known to regulate Cl− homeostasis. (B) Co-treatment of modulators of Cl−

homeostasis from (A) with or without VU0500469 (n ≥ 16). (C) Left: representative Western blot of biotinylated surface fraction from cells treated with vehicle (DMSO),
VU0916219 (VU219), or the positive control phorbol 12-myristate 13-acetate (PMA). Band intensity was normalized to Transferrin Receptor (TfR) levels. O,
oligomeric KCC2, M, monomeric KCC2. Right: quantification of Surface KCC2/Total KCC2 normalized to TfR levels. (D) Left: representative Western blot of total protein
fraction from cells treated as in (C). Right: quantification of total KCC2 normalized to TfR levels. (n = 4) Error bars represent SD. Statistical significance calculated by
Mann–Whitney U test (B) or paired t-test (C,D): * = p < 0.05, *** = p < 0.001.
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containing structurally similar compounds, together with
random compounds to continue a broad sampling of the
chemical library throughout the screen. Compounds of similar
structure were selected using chemical similarity searching in
Python, using the RDKit Library (RDKit.org): chemical
fingerprints for the entire compound library were generated
using RDKit fingerprints, and similarity was quantified
between hits and the rest of the VICB Discovery Collection by
Tanimoto coefficient calculation. The highest Tanimoto
coefficients were interpreted as the most chemically similar
compounds. Fourth, compound plates containing the enriched
compound set was then screened, and the process repeated after
hit determination.

Potassium (83Rb+ Tracer) Influx Assay
Wild-type or KCC2-expressing HEK-293 cells were grown in 10-cm
dishes in DMEM/F12 medium supplemented with 5% (v/v) fetal

bovine serum and 1% (v/v) penicillin/streptomycin. For K+ influx
experiments, cells were plated (2ml/dish) for 2 h in 35-mm, poly-L-
Lysine (0.1 mg/ml, Sigma)-coated dishes.Mediumwas then aspirated
and replaced with 1ml of the appropriate buffer (below) for a 10min
preincubation period. For KCC2-mediated 83Rb+ influx
measurements, cells were rinsed and incubated with a Na+-free
solution containing 132mM N-methylglucamine (NMDG)-Cl,
5 mM KCl, 2 mM CaCl2, 0.8mM MgSO4, 1mM glucose, 5 mM
HEPES, pH 7.4 with NMDG. For NKCC1-mediated K+ influx
measurements, the solution contained 132mM NaCl, 5 mM KCl,
1 mMCaCl2, 0.8mMMgSO4, 1mM glucose, 60mM sucrose, 5 mM
HEPES, pH 7.4 with NaOH. Following the preincubation period, the
medium was aspirated and replaced with identical solutions
containing 200 μM ouabain and 0.25 μCi/ml 83Rb+. After three
rapid washes in ice-cold solution, the cells were lysed with 0.5 ml
0.5 N NaOH for 1 h then neutralized by adding 0.25ml glacial acetic
acid. Aliquots were then collected for protein assay (Biorad) and

FIGURE 5 | VU0500469 inhibits seizure-like, synchronous Ca2+ oscillations in cultured rat cortical neurons. (A) Cartoon description of the synchronous Ca2+

oscillation assay, which uses neuronal Ca2+ oscillations from high density neuronal-glial cocultures to model epileptiform activity. (B,C) Validation of the synchronous
neuronal Ca2+ oscillation assay’s ability to report anti-epileptic and KCC2-dependent activity. (B) Example Ca2+ oscillation trace treated with the antiepileptic drug
carbamazepine (CBZ). Segments before and after compound addition are highlighted to better show neuronal Ca2+ oscillations in the absence and presence of
compound, respectively. The time point of compound addition denoted by the red line. Oscillations recognized by a spike counting algorithm are marked by a red “X.” (C)
Quantified % pre-addition oscillation rate for CBZ, the GABAA positive allosteric modulator diazepam, vehicle control, the convulsant 4-AP, and the KCC2 inhibitor
VU0463271 (n = 3). (D–F) VU500469 dose-dependently prevents seizure-like Ca2+ oscillations. (D) VU0500469 structure. (E) Example trace treated with 20 μM
VU0500469, annotated as in (B). (F) Dose-dependent effect of VU0500469 on Ca2+ oscillation rate (n = 10). (G–I) VU0500469, a structurally related analog of
VU0500469without significant activity in the Cl− flux assay, does not affect seizure-like Ca2+ oscillations. (G) VU0500469 structure. (H) Example trace treated with 20 μM
VU0500469, presented as in (B). (I) Dose-dependent effect of VU0500469 on % pre-addition oscillation rate. Error bars represent SD. (n = 10). Statistical significance
calculated by one sample t-test (6B, DMSO v. diazepam) and Welch’s t-test for all other samples: ** = p < 0.01, *** = p < 0.001.
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β-scintillation counting. K+-influx were calculated based on
83Rb+ uptake and expressed in pmole K+/mg protein/min.

Surface Biotinylation
The surface biotinylation protocol was based on previously
published work by Friedel et al. (2017), with modifications to
accommodate compound treatment. The day before the
experiment, 4p2.F7 T-REx-293-KCC2-SuperClomeleon cells
were plated in 10 cm, TC-treated, cell-culture dishes
containing HEK-293 medium supplemented with 1 μg/ml
tetracycline to achieve 90% confluence during surface
biotinylation. After approximately 24 h, cells were washed in
Assay Buffer and treated with test compounds dissolved in Assay
Buffer that had been warmed to 37°C. After 15 min at 37°C, the
cells were washed once in Assay Buffer, and incubated with the
compound-containing Assay Buffer solution supplemented with
0.4 mg/ml EZ-link Sulfo-NHS-SS Biotin (Pierce 89,881) at 20°C
for 30 min. The biotinylation reaction was subsequently
quenched using Phosphate-Buffered Saline (PBS)/Ca/Mg [PBS
containing 0.1 mM CaCl2 and 1 mM MgCl2 (pH 7.3)] that had
been supplemented with 100 mM lysine and adjusted to final
osmolality of 300 mOsm with H2O. Cells were then washed three
times in ice-cold PBS/Ca/Mg and harvested by cell scraping. Cell
pellets were generated by centrifugation at 500x g for 2 min, the
supernatant solution was removed by aspiration, and the cells
were transferred in ice-cold Lysis Buffer [50 mM NaCl, 1% (v/v)
Triton X-100, 0.5% (v/v) deoxycholate, 0.1% (v/v) SDS, 50 mm
Tris-HCl, 10 mM iodoacetamide, and protease inhibitors
(ThermoFisher Scientific 78430) (pH 8)] to a microcentrifuge
tube, and lysed with gentle agitation at 4°C for 30 min. Lysates
were centrifuged at 1,200x g at 4°C for 5 min, and the clarified
lysates were transferred to a new microcentrifuge tube. Protein
concentrations were determined by BCA assay (Pierce) using
BSA (MilliporeSigma) as a standard. Lysate containing 20 µg of
protein were set aside at 4°C overnight, for use as a control of total
protein levels, and lysate containing 400 µg of protein was
incubated with streptavidin-conjugated agarose (Pierce 89,881)
overnight at 4°C with gentle agitation. The next day, the agarose
beads with bound biotinylated proteins were washed 3 times in
ice-cold lysis buffer, and one time in ice-cold PBS/Ca/Mg
supplemented with 10 mM iodoacetamide. Protein was eluted
from agarose beads in 40 µl of Loading Buffer [65.8 mM Tris-
HCl, 26.3% (w/v) glycerol, 2.1% (w/v) SDS, 5% (v/v) β-
mercaptoethanol (pH 7)] pre-heated to 95°C. The 20 µg total
protein sample (above) and 40 µl of the eluted protein from the
streptavidin beads were then loaded onto an SDS-PAGE gel for
Western blotting and quantification as described below.

SDS-PAGE and Western Blot
HEK-293 cells were lysed and protein concentrations quantified as
described in the Surface Biotyinlation section. 20 µg of lysate, unless
otherwise specified, was diluted 1:1 in Loading Buffer that was
preheated to 95°C, immediately loaded onto a NuPAGE Bis-Tris
4%–12% (w/v) SDS-PAGE gel (ThermoFisher Scientific) and
separated using the XCell SureLock Mini-Cell system
(ThermoFisher Scientific). Proteins were transferred to a PVDF
membrane using the iBlot2 transfer system (ThermoFisher

Scientific), incubated in Intercept Blocking Buffer (LI-COR) for
1 h at room temperature to inhibit non-selective antibody binding,
and incubated in primary antibody overnight. The blots were washed
3 times in Tris-Buffered Saline-Tween (TBS-T) [150mM NaCl,
25mM Tris base, 0.05% (v/v) Tween 20 (pH 7.4)] for 5min each
time, incubated with secondary antibody for 1 h at room
temperature, washed 3 times in TBS-T, and rinsed in TBS. All
blots were imaged using the Odyssey CLx system (LI-COR) and
quantified using the Image Studio acquisition software (LI-COR).
Consistent with previous reports, KCC2 had amultiband pattern (6).
We interpreted the lower band at approximately 120 kDa, the
predicted molecular weight for full length KCC2, as monomeric
KCC2. We interpreted the bands at approximately 240 kDa and
above as dimeric- and higher-order oligomers of KCC2. For
quantification of the amount of KCC2 in each sample, values for
monomeric and oligomeric bands were pooled. For surface
biotinylation experiments, the amount of endogenous transferrin
receptor (TfR) expression was used to normalize for loading
differences in the total- and surface-fractions of KCC2. For
surface/total protein quantification, the KCC2 signal from surface
and total fractions were normalized to their respective TfR levels, and
then the normalizedKCC2 surface valueswere divided by normalized
KCC2 total values.

Neuronal-Glial Co-Culture
Brain cortices were isolated from E18 Sprague Dawley rat embryos
and placed in ice-cold PBS and prepared as described in (Pacico and
Mingorance-Le Meur, 2014). Cortices were dissociated in 0.25% (w/
v) Trypsin (Gibco) at 37°C for 20min. The trypsin reaction was
quenched by addition of neurobasal complete medium (NbC)[1x
Neurobasal (Gibco), 1x B-27 supplement (Gibco), 1x glutamax
(Gibco), 100 U/ml penicillin-streptomycin (Gibco)] supplemented
with 10% (v/v) horse serum (NbC+HS) (Gibco). The tissue was then
pelleted at 100x g for 5min, the supernatant solution was removed by
aspiration, and a single-cell suspension was generated by trituration
in NbC + HS medium. The cells were then counted, diluted to
500 cells/µl in NbC +HS, and 100 µl of this suspension was plated in
black-walled, poly-L-lysine-coated, 96-well plates (Greiner) for a final
density of 50,000 cells/well. The neuronal-glial cocultures were then
incubated at 37°C and 5% CO2 for 4 h, and the serum-containing
NbC+HSmediumwas then replacedwith serum-freeNbCmedium.
The neuronal-glial co-cultures were maintained until at least 14 days
in vitro (DIV) at 37°C and 5% CO2 before assaying. Half of the
medium was exchanged with fresh NbC medium every 3–4 days.

Synchronized Neuronal Ca2+ Oscillation
Assay
Neuronal-glial co-cultures were assayed between 14 DIV and 18
DIV using a protocol adapted from (Pacico and Mingorance-Le
Meur, 2014). The medium was removed from the co-cultures and
the co-cultures were loaded with Fluo-8 (AAT Bioquest) by
incubation in 90 µl/well dye-loading solution [1x HBSS
(Corning), 20mM HEPES (MilliporeSigma), 1 μg/ml Fluo-8
AM, 1 mM probenecid, 3 mg/ml BSA (MilliporeSigma) (pH
7.3)] for 30min at 37°C. The dye-loading solution was then
removed and replaced with 180 µl/well Neuronal Assay Buffer
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[1x Ca2+- and Mg2+-free HBSS (Corning) + 2 mM CaCl2 + 3 mM
MgCl2 + 20mM HEPES (pH 7.3)] that was pre-warmed to 37°C.
The co-cultures were then immediately loaded into the Panoptic
plate reader and assayed. Cultures were continuously imaged at
5 Hz (482/35 nm excitation and 536/40 nm emission) at 37°C
throughout the run. After a 3-min reading to establish a Ca2+

oscillation baseline, 20 µl of a 100x compound solution was added
to the co-cultures using the Panoptic. Co-cultures were
subsequently imaged for 12min to quantify the effect of
compounds on the Ca2+ oscillation rate. Ca2+ oscillation rates
were quantified using Python. Our data analysis workflow
consisted of: 1) correction for baseline drift, 2) peak counting,
and 3) oscillation rate normalization. 1) correction for baseline
drift: fluorescent traces were corrected by calculating a smoothened
version of each trace and then subtracting the smoothened trace
from the original trace. Traces were smoothened by a mean filter
generated by iterative convolutions of a 100-frame and a 200-frame
averaging kernel over the timeseries data; afterward, the
smoothened trace was subtracted from the overlapping region
of the original trace. 2) peak counting: peaks were counted
separately in the pre-compound addition and post-compound
addition segments by counting peak-to-peak local maxima using
a manually set threshold value and minimum distance between
peaks to prevent over/under counting of peaks. 3) oscillation rate
normalization: oscillation rates were calculated by dividing Ca2+

oscillation counts by time. Lastly, post-compound addition
oscillation rates were normalized as a percentage of the baseline
oscillation rate to yield a “%baseline oscillation rate.”All edge wells
in the 96-well plate (Rows A and H, together with columns 1 and
12) were omitted from data analysis owing to differences in signal
observed in those wells relative to the rest of the plate.

Immunofluorescence
Immunofluorescence staining of cortical cocultures was performed
after 14 DIV as described above for Ca2+-imaging experiments. NbC
medium was removed and cells were washed 3 times with PBS and
fixed with 4% (w/v) paraformaldehyde in 1x HBSS for 20min at
room temperature. Cells were then washed with PBS and
subsequently permeabilized with 0.3% (v/v) Triton X-100
(MilliporeSigma) in PBS for 15 min. Permeabilized cells were
blocked in 10% (v/v) bovine serum albumin (BSA)
(MilliporeSigma) in PBS for 45min cells were washed 3 times
with PBS. Cells were treated with mouse anti-KCC2/SLC12A5
antibody (S1-12) and rabbit anti-GAD65/GAD67 in 1% BSA in
PBS at 4°C overnight. Cells were washed 3 times with PBS prior to
being incubated with goat anti-mouse and goat anti-rabbit AF555
secondary antibodies for 45 min at room temperature. Cells were
washed 3 times with PBS and stained with Hoechst (1:5,000,
ThermoFisher Scientific, H3570). Images were recorded using the
ImageXpress Micro XLS system (Molecular Devices).

Statistical Analyses
All reported data were drawn from at least three independent
experimental replicates. Statistical analyses were conducted in R
and Python. All tests with a two-sided p < 0.05 were considered
statistically significant. Assumptions of normality were tested
using the Shapiro-Wilk test. For two samples of normally

distributed data, the Welch’s unequal variances t-test was used
for hypothesis tests using independent data, and the paired t-test
was used for dependent data. To test if one, normally distributed
sample was statistically significant from a single value, a one
sample t-test was used. For two samples of data that were not
necessarily normally distributed, the Mann-Whitney U test was
used. For hypothesis testing of linear regression models
containing normally distributed inputs, the Wald test was used
with a t-distribution of the test statistic.

Compound Synthesis General Procedure
All non-aqueous reactions were performed in flame-dried or
oven-dried round-bottomed flasks under an atmosphere of
argon. Stainless steel syringes or cannula were used to transfer
air- and moisture-sensitive liquids. Reaction temperatures were
controlled using a thermocouple thermometer and analog
hotplate stirrer and monitored using liquid-in-glass
thermometers. Reactions were conducted at room temperature
(approximately 21°C–23°C) unless otherwise noted. Flash column
chromatography was conducted using silica gel 230–400 mesh.
Reactions were monitored by analytical thin-layer
chromatography, using Silica Gel 60 F254 glass-backed pre-
coated silica gel plates (MilliporeSigma). The plates were
visualized with UV light (254 nm) and stained with potassium
permanganate or p- anisaldehyde-sulfuric acid followed by
charring. Yields were determined by weight of isolated,
spectroscopically pure compounds.

Materials for Compound Synthesis
Solvents and chemicals were purchased from Sigma-Aldrich,
Acros Organics, TCI and/or Alfa Aesar and used without
further purification. Solvents were purchased from Fisher
Scientific. Dry dichloromethane (DCM) was collected from an
MBraun MB-SPS solvent system. Dichloroethane (DCE) was
distilled from calcium hydride and stored over 4 Å molecular
sieves. Triethylamine, N,N-dimethylformamide (DMF) and
DMSO were used as received in a bottle with a Sure/Seal.
N,N-diisopropylethylamine was distilled from calcium hydride
and stored over KOH. BF3·diethyl ether was distilled prior to use
from calcium hydride. Deuterated solvents were purchased from
Cambridge Isotope Laboratories.

Instrumentation for Compound Synthesis
Preparative reverse-phase HPLC (Gilson) was performed using a
Phenomenex Gemini column (5 micron, 110 Å, 50 mm ×
21.20 mm, flow rate 30 ml/min) with UV/Vis detection. Low-
resolution mass spectra were obtained on an Agilent 1200 series
system with UV detection at 214 and 254 low-resolution mass
spectra were obtained on an Agilent 6130 single quad mass
spectrometer with electrospray ionization (ESI) in positive
mode. LC-MS experiments were performed with the following
parameters: Accucore C18 column 2.6 μm, 2.1 mm × 30 mm
column) at 40°C; an acetonitrile (ACN)/water with 0.1% (v/v)
trifluoroacetic acid gradient 7%–90% (v/v) ACN (method 1) for
1.5 min and 40%–90% (v/v) ACN (method 2) for 1.5 min; flow
rate of 1.5 ml min-1. 1H NMR spectra were recorded on Bruker
400 or 600 MHz spectrometers and are reported relative to
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internal chloroform (1H, δ 7.26), methanol (1H, δ 3.31), and
DMSO (1H, δ 2.50). Data for 1H NMR spectra are reported as
follows: chemical shift (δ ppm), multiplicity (s, singlet, d, doublet,
t, triplet, dd, doublet of doublet, ddd, doublet of doublet of
doublet, m, multiplet, br, broad), coupling constants (Hz), and
integration. 13C NMR were recorded on Bruker 100 or 150 MHz
spectrometers and are reported relative to internal chloroform
(13C, δ 77.1), methanol (MeOH) (13C, δ 49.2), and DMSO (13C,
δ 40.3).

Methyl 4-(P-Tolylthio)Butanoate 3
A mixture of methyl 4-bromobutanoate (2.19 g, 12.07 mmol), 4-
methylbenzenethiol (1.0 g, 8.05 mmol), and K2CO3 (2.22 g,
16.10 mmol) in ACN (24 ml) was stirred for 3 h and solvent
was removed in vacuo. The crude residue was dissolved in
ethylacetate (EtOAc) (30 ml), washed with saturated NH4Cl
solution (30 ml), extracted with EtOAc (3 ml × 30 ml), and
dried over MgSO4. The solvent was removed under reduced
pressure and the residue was purified by column
chromatography (0%–30% (v/v) hexane/EtOAc gradient) to
afford sulfide 3 as a yellow oil (2.46 mg, 95%). LCMS (ESI) Rt
1.14 min, m/z: 225.2 [M + H]+.

Methyl 4-Tosylbutanoate 4
To a solution of ester 3 (1.0 g, 4.46 mmol) in MeOH/
tetrahydrofuran (THF) (22 ml/66 ml) was added a solution of
Oxone (31.2 ml, 1.0 M in water). The reaction mixture was stirred
for 20 h and concentrated in vacuo. The crude mixture was
diluted with water (50 ml), extracted with EtOAc (3 ml ×
50 ml), and dried over MgSO4. The solvent was removed
under reduced pressure and the residue was purified by
column chromatography (0%–50% (v/v) hexane/EtOAc
gradient) to afford sulfone 4 as a yellow oil (0.66 g, 58%).
LCMS (ESI) Rt 0.86 min, m/z: 257.1 [M + H]+.

4-Tosylbutanoic Acid 5
To a solution of sulfone 4 (0.66 g, 2.57 mmol) in dioxane/
methanol (10 ml/5 ml) was added NaOH (6.43 ml, 1.0 M
solution). The reaction mixture was stirred for 3 h at 40°C,
acidified to pH 2 with HCl (1.0 N solution), extracted with
EtOAc (3 ml × 20 ml), and dried over MgSO4. The crude
product was used without further purification. 1H NMR
(DMSO-d6, 400 MHz) δ 7.76 (d, J = 8.0 Hz, 2H), 7.48 (d, J =
8.0 Hz, 2H), 3.32–3.27 (m, 2H), 2.43 (s, 3H), 2.33 (t, J = 7.2 Hz,
2H), 1.75–1.67 (m, 2H); LCMS (ESI) Rt: 0.72 min, m/z: 243.1 [M
+ H]+.

N-(4-Methylbenzo[d]
Thiazol-2-yl)-4-Tosylbutanamide 6
To a solution of 4-tosylbutanoic acid 5 (100mg, 0.61mmol) in DMF
(3ml) was added N,N-Diisopropylethylamine (DIPEA) (0.43ml,
2.44mmol), followed by 1-[Bis(dimethylamino)methylene]-1H-
1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate
(HATU, 0.35 g, 0.92mmol). After stirring for 30min at 0°C, 4-
methylbenzo[d]thiazol-2-amine (148mg, 0.61 mmol) was added to
reactionmixture. The reactionmixture was stirred 12 h, diluted with

water (5 ml), and resulting precipitate collected and washed with
water (3 ml × 10ml). Amide 6 was obtained as a white solid product
(174mg, 73%) by filtration. 1H NMR (DMSO-d6, 400MHz) δ 7.78
(dd, J = 8.8, 8.4 Hz, 3H), 7.48 (d, J = 8.0 Hz, 2H), 7.24 (d, J = 8.0 Hz,
1H), 7.19 (t, J = 8.4 Hz, 1H), 3.37–3.33 (m, 2H), 2.60 (t, J = 7.2 Hz,
2H), 2.56 (s, 3H), 2.42 (s, 3H), 1.86 (q, J = 7.2 Hz, 2H); LCMS (ESI)
Rt 1.09 min, m/z: 389.3 [M + H]+.

N-(2-(Dimethylamino)
Ethyl)-N-(4-Methylbenzo[d]
Thiazol-2-yl)-4-Tosylbutanamide
(VU0500469)
To a solution of N-(4-methylbenzo[d]thiazol-2-yl)-4-
tosylbutanamide (50 mg, 0.128 mmol) in THF (3 ml) was
added sodium bis(trimethylsilyl)amide (0.384 ml, 1 M solution
in THF) at 0°C. After stirring for 10 min a solution of 2-bromo-
N,N-dimethylethan-1-amine (60 mg, 0.26 mmol) in THF
(0.8 ml) was added, the mixture was allowed come to room
temperature, stirred for 12 h, and quenched with saturated
NH4Cl solution (10 ml). The quenched reaction was extracted
with EtOAc (3 ml × 10 ml), and dried over MgSO4. The solvent
was removed under reduced pressure and the residue was purified
by column chromatography (0%–10 % (v/v) DCM/MeOH
gradient) to afford VU0500469 as a white solid (33 mg, 46%).
1H NMR (MeOH-d4, 400 MHz) δ 7.83 (d, J = 8.0 Hz, 2H), 7.64
(d, J = 8.0 Hz, 1H), 7.46 (d, J = 8.0 Hz, 2H), 7.24–7.18 (m, 2H),
4.37 (t, J = 7.2 Hz, 2H), 3.37 (t, J = 7.2 Hz, 2H), 3.00 (t, J = 8.0 Hz,
2H), 2.95 (t, J = 6.8 Hz, 2H), 2.78 (t, J = 8.0 Hz, 2H), 2.62 (s, 3H),
2.46 (s, 3H), 2.42 (s, 6H), 2.10 (t, J = 7.2 Hz, 2H); LCMS (ESI) tR:
1.01 min, m/z: 460.4 [M + H]+.

N-(4-Methylbenzo[d]
Thiazol-2-yl)-4-(Phenylsulfonyl)
Butanamide (1)
To a solution of 4-(phenylsulfonyl) butanoic acid (68 mg,
0.3 mmol) in DMF (2 ml) was added DIPEA (0.21 ml,
1.2 mmol), followed by 1-[Bis(dimethylamino)methylene]-
1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide
hexafluorophosphate (HATU, 171 mg, 0.45 mmol). After
stirring for 30 min at 0°C, 4-methylbenzo[d]thiazol-2-amine
(49 mg, 0.3 mmol) was added to reaction mixture. The
reaction mixture was stirred 12 h, diluted with water
(3 ml), and the resulting precipitate collected and washed
with water (3 ml × 10 ml). The crude amide 1) was
obtained as a white solid (82 mg, 73%) and used for the
next step without further purification. LCMS (ESI) tR:
1.06 min, m/z: 375.3 [M + H]+.

4-((4-Fluorophenyl)
Sulfonyl)-N-(4-Methylbenzo[d]Thiazol-2-yl)
Butanamide (2)
Amide 2 was obtained as a white solid (82 mg, 70%) following the
procedure described above except using 4-((4-fluorophenyl)
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sulfonyl)butanoic acid (74 mg, 0.3 mmol) as the coupling partner.
LCMS (ESI) tR: 1.07 min, m/z: 393.2 [M + H]+.

N-(2-(Dimethylamino)
Ethyl)-N-(4-Methylbenzo[d]
Thiazol-2-yl)-4-(Phenylsulfonyl)Butanamide
(VU0500458)
To a solution of N-(4-methylbenzo[d]thiazol-2-yl)-4-
(phenylsulfonyl)butanamide (33mg, 0.088mmol) in THF (2ml)
at 0°C was added a solution of sodium bis(trimethylsilyl)amide
(0.26ml, 1M solution in THF). After maintaining the reaction
mixture at 0°C for 10 min, 2-bromo-N,N-dimethylethan-1-amine
(41 mg, 0.18 mmol) in THF (0.5 ml) was added. The reaction
mixture was allowed to warm to room temperature, maintained
for 12 h, and quenched with saturated NH4Cl solution (5ml). The
quenched reaction was extracted with EtOAc (3 ml × 10ml), and
dried overMgSO4. The solvent was removed under reduced pressure
and the residue was purified by column chromatography (0%–10 %
(v/v) DCM/MeOH gradient) to afford VU0500458 as a yellow solid
(16 mg, 41%). 1HNMR (MeOH-d4, 400MHz) δ 7.97 (d, J = 9.2 Hz,
2H), 7.75 (t, J = 8.4 Hz, 1H), 7.67 (d, J = 8.4 Hz, 2H), 7.65–7.63 (m,
1H), 7.25–7.18 (m, 2H), 4.42 (t, J = 7.2 Hz, 2H), 3.40 (t, J = 7.2 Hz,
2H), 2.98 (t, J = 6.8 Hz, 2H), 2.86 (t, J = 7.6 Hz, 2H), 2.63 (s, 3H), 2.48
(s, 6H), 2.14 (q, J = 7.6 Hz, 2H); LCMS (ESI) Rt 0.97 min, m/z: 446.4
[M + H]+.

N-(2-(Dimethylamino)
Ethyl)-4-((4-Fluorophenyl)
Sulfonyl)-N-(4-Methylbenzo[d]Thiazol-2-yl)
Butanamide (VU0916219)
VU0916219 was prepared using same method with
VU0500458. 1H NMR (MeOH-D4, 400 MHz) δ 8.01 (dd, J
= 8.8, 5.2 Hz, 2H), 7.65 (d, J = 7.2 Hz, 1H), 7.38 (t, J = 8.4 Hz,
2H), 7.27–7.19 (m, 2H), 4.4 (t, J = 7.2 Hz, 2H), 3.40 (t, J =
7.2 Hz, 2H), 3.00 (t, J = 6.0 Hz, 2H), 2.88 (t, J = 7.6 Hz, 2H),
2.63 (s, 3H), 2.50 (s, 6H), 2.15 (t, J = 7.6 Hz, 2H); LCMS (ESI)
Rt 0.98 min, m/z: 464.3 [M + H]+.

RESULTS AND DISCUSSION

Discovery of KCC2 Potentiators by
High-Throughput Screening
To identify small-molecule KCC2 potentiators, we developed a high-
throughput screening (HTS)-compatible KCC2 activity assay using a
monoclonal HEK-293 cell line inducibly expressing KCC2 and
constitutively expressing the Cl− sensor SuperClomeleon (Grimley
et al., 2013). In this assay, changes in SuperClomeleon fluorescence,
reflective of changes in [Cl−]i, were used as a surrogate for measuring
KCC2 activity (Figure 1A). Note that our Cl− efflux assay measures
the effect of the compounds immediately following their addition to
the cell, enabling detection of fast-acting modulators. Throughout
this manuscript, data are normalized to the Förster resonance energy
transfer (FRET) ratio between the Cl−-sensitive YFP and Cl−

insensitive CFP (YFP/CFP ratio) of SuperClomeleon, where an

increase in this ratio is interpreted as an increase in KCC2
activity. All of the activity assay data in HEK-293 cells reported in
the manuscript were obtained at 37°C due to our observation that
many of the compounds tested, in particular those from the class we
focus on in the present studies, exhibit strong temperature
dependence within this cell line.

To establish that the Cl− flux assay was suitable for HTS,
first we determined that the Cl− flux assay reports KCC2
activity by demonstrating that the assay responds to known
KCC2 modulators including indirect-acting KCC2
potentiators as well as a direct-acting KCC2 inhibitor
(Supplementary Figure S1A), and that the observed
responses to these modulators are dependent on KCC2
expression (Supplementary Figures S1B,C). Further, none
of the compounds affected Cl− flux in SuperClomeleon-
expressing cells that had not be transfected with KCC2.
After establishing that the Cl− flux assay is capable of
measuring KCC2 activity, we established that the assay was
suitable for HTS by demonstrating highly reproducible
separation between assay signal in vehicle-treated and
KCC2 potentiator-treated wells. Our results show highly
reproducible separation between potentiator- and control-
treated cells on a plate-by-plate and day-by-day basis as
quantified using the Z′ method (Zhang et al., 1999). For Z′
value calculation, we treated every other well on the 384-well
plate with either vehicle or WNK463 (Yamada et al., 2016), a
With-No-Lysine (WNK) kinase inhibitor that indirectly
potentiates KCC2. These experiments yielded a mean Z’
value of 0.69 ± 0.03 (Figures 1B,C), consistent with a well-
to-well and experiment-to-experiment separation of vehicle
and KCC2 potentiator-treated wells suitable for HTS.

Having demonstrated that the Cl− flux assay was suitable for
HTS, we used it to screen ~23,000 small molecules from the
Vanderbilt Discovery Collection (Figure 1D, Supplementary
Figure S1D). Compounds that promoted an apparent decrease
in [Cl−]i with a Z-score > 3 compared to vehicle-treated controls
were selected for further testing. The compounds that displayed
activity in cells expressing KCC2 but not cells lacking KCC2
expression were considered verified hits. Of the verified hits we
discovered, VU0500469 (Figure 2F) stood out based on its
unique pharmacological profile which is described in detail
below (Figure 2).

The Activity of VU0500469 Depends on the
Expression of KCC2 and is Consistent
Across Mechanistically Distinct Assays of
KCC2-mediated Ion Transport
To establish that the activity of VU0500469 in the Cl− efflux assay
was dependent on the expression of KCC2, we tested it in HEK-
293 cells in the presence and absence of KCC2 expression.
VU0500469 enhanced Cl− efflux compared to DMSO vehicle
alone in cells expressing the cotransporter but not in cells lacking
KCC2 expression (Figures 2A,B). To further evaluate
VU0500469, we tested its activity in two mechanistically
distinct KCC2 assays. We used the Tl+ influx assay which
utilizes Tl+, a K+ congener, and a Tl+-sensitive fluorescent
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indicator (Weaver et al., 2004; Delpire et al., 2009) to report
KCC2-mediated Tl+ influx. As seen in Figures 2C,D, cells
expressing KCC2 demonstrate a significantly larger (p < 0.001)
Tl+ uptake than cells lacking KCC2, and VU0500469 further
enhanced this Tl+ influx in cells expressing the cotransporter. We
also used radioactive 83Rb+ uptake to measure KCC2-mediated
K+ influx (Xie et al., 2020) in KCC2 expressing HEK-293 cells. As
seen in Figure 2E, 30 µM VU0500469 markedly stimulated K+

influx (p < 0.05), an effect that was abolished by the addition of a
maximally effective concentration of ML077, a selective KCC2
inhibitor (Delpire et al., 2012).

Improvement of the Pharmacological
Properties of VU0500469 to Yield
VU0916219
While we were encouraged by the first-in-class KCC2 potentiator
activity of VU0500469, the compound exhibited lower potency
(EC50, 14.2 ± 0.7 µM; Figure 3B) than desired. Starting with
VU0500469, we sought to improve potency by further screening
our in-house compound library and through direct synthetic
modification of the VU0500469 scaffold (Figure 3,
Supplementary Figure S2). We began by screening 200
compounds from the Vanderbilt Discovery Collection with
structural similarity to VU500469 to develop a preliminary
structure-activity relationship (Supplementary Figure S2A).
Structural similarity to VU0500469 was quantified by Tanimoto
coefficient (Tc) calculation after chemical fingerprinting (Peltason
and Bajorath, 2008) of the Vanderbilt Discovery Collection.
Compounds with the highest Tc were screened using the Cl− flux
assay in the presence and absence of KCC2 expression. From this
screen, we discovered inactive analogs with high structural similarity
to VU0500469, e.g., VU0500693 (Tc = 0.82) and VU0500849 (Tc =
0.79), which were utilized as inactive control compounds
(Supplementary Figures S2B,C). The data demonstrate that
changes to the structure of compounds closely related to
VU0500469 can result in considerable changes in activity.
Importantly, we discovered multiple KCC2-dependent Cl− efflux
potentiators with either improved potency, e.g. VU0500690 (Tc =
0.87), or improved efficacy, e.g. VU0500458 (Tc = 0.99) relative to
VU0500469 (Figures 3A,B). We also discovered VU0500469
analogs that, while sharing the central benzothiazole moiety and
retaining KCC2 potentiator activity, had appreciable differences in
structure through the rest of the molecule. This is the case for
VU0500789 (Tc = 0.73) and VU0496374 (Tc = 0.55)
(Supplementary Figures S2D,E). From these data, we conclude
that VU0500469 analogs can tolerate structural changes while
maintaining an ability to potentiate KCC2 activity.

To confirm that the activities of VU0500469 and VU0500458
were in fact due to compounds with the structures as drawn, we
resynthesized VU0500469 (Supplementary Scheme S1) and
VU0500458 (Supplementary Scheme S2), and demonstrated that
these resynthesized compounds (Figures 3B,D) retained the same
activity in the Cl− flux assay as the stocks from the Vanderbilt
Discovery Collection (Figure 2A).

To improve upon the pharmacological properties of
VU0500469, we sought to combine the fluorophenyl group of

VU0500690 (the most potent compound discovered, Figures
3A,B) with the 4 methyl-benzthiazole from VU0500458 (the
most efficacious compound. Figures 3A,B). We synthesized
VU0916219 using a similar synthetic route to VU0500458
(Supplementary Scheme S2). As seen in Figure 3D,
VU0916219 matched the efficacy of VU0500458 and increased
in potency (EC50, 17.1 ± 1.2 µM vs. 28.8 ± 4.2 µM). While the
potency of VU0916219 was still slightly lower than VU0500469
(EC50, 17.1 ± 1.2 µM vs. 14.2 ± 0.7 µM), the >40% increase in
efficacy relative to VU0500469 resulted in an overall increase in
KCC2 activity. These data establish a preliminary SAR for
VU0500469-like compounds and indicate that the VU0500469
structural class is a suitable starting point for future medicinal
chemistry efforts.

VU0500469 Exhibits a Unique
Pharmacological Profile Relative to Known
KCC2 Potentiators
Confident that the activity of VU0500469 was KCC2-dependent, we
next sought to evaluate whether VU0500469-like compounds act
through an established KCC2 regulatory mechanism, or a novel one
(Figure 4, Supplementary Figure S3).

There are many signaling pathways that indirectly influence the
activity of KCC2 (Medina et al., 2014). Based on the rapid onset of
VU0500469’s ability to potentiate Cl− efflux, we reasoned that
VU0500469 might act through one of three Cl− homeostasis
effectors known to be expressed in HEK-293 cells: PKC (Lee
et al., 2007), WNK-SPAK/OSR1 (Friedel et al., 2015), and
NKCC1 (Delpire et al., 2009) (Figure 4A). To test if VU0500469
affected these regulatory pathways, we first used a pharmacological
co-treatment approach, together with the Cl− flux assay, in KCC2-
expressing HEK-293 cells. We observed that 20 µM VU0500469
retained its ability to potentiate Cl− efflux (Figure 4B,
Supplementary Figure S3A; p < 0.001) despite treating cells with
saturating inhibitory concentrations of either PKC (Go6983) or
WNK (WNK463) (Supplementary Figures S3B,C), suggesting
that VU0500469 acts independently of these regulatory
mechanisms. In addition, VU0500469 did not affect the flux of
K+ in native HEK-293 cells with or without addition of bumetanide,
indicating that the compound does not affect NKCC1 activity.
Furthermore, we reasoned that VU0500469 acts by a distinct
mechanism relative to compounds which increase KCC2 activity
on the timescale of hours to days, such as CLP257 (Gagnon et al.,
2013), owing to its rapid onset on the scale of minutes, and that
VU0500469 works independent of pathways that increase KCC2
expression, such as KCC2 expression enhancing compounds
(KEECs) (Tang et al., 2019), because VU0916219, our most
active analog of VU0500469, does not alter total KCC2 protein
expression (Figure 4D).

An established mechanism to increase the amount of KCC2 ion
transport activity is by increasing the surface expression of KCC2
(Lee et al., 2007). To determine if VU0500469-like compounds were
acting via this mechanism, we quantified KCC2 surface levels using
surface biotinylation (Friedel et al., 2017) in response to compound
treatment. We isolated surface fractions using streptavidin affinity
purification from HEK-293 cells expressing KCC2, and we
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subsequently quantified surface and total KCC2 expression levels by
immunoblot. Treatment with either 100 nM phorbol 12-myristate
13-acetate (PMA), a PKC agonist previously shown to increase
KCC2 surface expression (Lee et al., 2007), or 60 μM VU0916219,
ourmost active analog of VU0500469 (Figure 3C, Tc = 0.82), caused
a statistically significant increase in KCC2 surface levels relative to
vehicle-treated controls (Figure 4C; p < 0.05). In contrast, total
KCC2 levels were statistically indistinguishable from vehicle-treated
controls for both PMA and VU0916219 (Figure 4D; p > 0.05).
Taken together, these data are consistent with the conclusion that the
VU0500469-like compounds increase KCC2 surface expression
without affecting total KCC2 expression.

VU0500469 Prevents Synchronized Ca2+

Oscillations in Neuronal-Glial Co-Cultures
To assess the activity of VU0500469 on KCC2 in a more native
system and investigate if this chemical class had activity on a seizure-
like process, we utilized a neuronal-glial co-culture ‘seizure’ model
(Pacico andMingorance-LeMeur, 2014) (Figure 5A). This model is
based on the observation that high-density neuronal-glial rat cortical
cultures undergo synchronous Ca2+ oscillations that mirror
synchronous electrical activity during seizure events. The rate of
these Ca2+ oscillations is reduced when the cultures are treated with
antiepileptic drugs, such as carbamazepine (CBZ) (Figures 5B,C; p<
0.01), and elevated when treated with convulsants, such as 4-
aminopyridine (4-AP) (Figure 5C; p < 0.001).

To validate the suitability of this system for modeling KCC2
activity during seizure-like events, we demonstrated that 1) KCC2
was expressed in neuronal populations using
immunofluorescence (Supplementary Figure S4A), and 2)
KCC2 was functional in these neurons by demonstrating that
selective pharmacological inhibition of KCC2 increased Ca2+

oscillation rates (Figure 5C; p < 0.01), while pharmacological
potentiation of GABAA receptors, which relies on the Cl−

gradient established by KCC2, decreased Ca2+ oscillation rates
(Figure 5C; p < 0.01) (Schulte et al., 2018).

Treatment of these neuronal-glial co-cultures with VU0500469
caused a dose-dependent decrease in Ca2+ oscillations (Figures
5D–F) while a closely related analog, VU0500693, that showed
negligible activity in the Cl− flux assay (Supplementary Figure S2B)
failed to decrease Ca2+ oscillation rate (Figures 5G–I). Moreover,
there was a statistically significant correlation between increased
KCC2 activity in the HEK-293 cell-based Cl− flux assay and a
decrease in neuronal Ca2+ oscillation rate (Supplementary Figure
S4B, p < 0.05). Collectively, these results support the conclusion that
VU0500469 potentiates KCC2 activity in neurons and in doing so,
decreases seizure-like activity.

CONCLUSION

Wehave discovered and performed preliminary characterization of a
new class of small-molecule KCC2 potentiator, and we have
determined that this class can decrease seizure-like events in an
in vitromodel of epilepsy. The discovery of a new KCC2 potentiator
class is significant because these compounds provide a new set of

tools to further the investigation of KCC2’s therapeutic potential in a
host of neurological disorders with tremendous unmetmedical need.
Our discovery that the VU0500469 class prevents in vitro seizure-
like events further validates the antiepileptic promise of KCC2
potentiation, and provides preliminary evidence that
pharmacological KCC2 potentiation, alone, is sufficient to
produce an antiepileptic effect. These findings could help lay the
foundation for the development of new treatments for epilepsy.
While promising, our current best compounds do have limitations,
most notably in terms of their potency for potentiating KCC2.
Future work will focus on improving the potency of compounds in
the VU0500469 class, more fully evaluating the selectivity of
VU0500469-like compounds across a broad range of targets and
establishing a more complete understanding of the mechanism by
which VU0500469-like compounds potentiate KCC2 activity.
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In this work, we studied an lmna nonsense mutation encoding for the C-terminally
truncated Lamin A/C (LMNA) variant Q517X, which was described in patients affected
by a severe arrhythmogenic cardiomyopathy with history of sudden death. We found that
LMNA Q517X stably expressed in HL-1 cardiomyocytes abnormally aggregates at the
nuclear envelope and within the nucleoplasm. Whole-cell patch clamp experiments
showed that LMNA Q517X-expressing cardiomyocytes generated action potentials
with reduced amplitude, overshoot, upstroke velocity and diastolic potential compared
with LMNA WT-expressing cardiomyocytes. Moreover, the unique features of these
cardiomyocytes were 1) hyper-polymerized tubulin network, 2) upregulated acetylated
α-tubulin, and 3) cell surface Nav1.5 downregulation. These findings pointed the light on
the role of tubulin and Nav1.5 channel in the abnormal electrical properties of LMNA
Q517X-expressing cardiomyocytes. When expressed in HEK293 with Nav1.5 and its β1
subunit, LMNA Q517X reduced the peak Na+ current (INa) up to 63% with a shift toward
positive potentials in the activation curve of the channel. Of note, both AP properties in
cardiomyocytes and Nav1.5 kinetics in HEK293 cells were rescued in LMNA Q517X-
expressing cells upon treatment with colchicine, an FDA-approved inhibitor of tubulin
assembly. In conclusion, LMNA Q517X expression is associated with hyper-
polymerization and hyper-acetylation of tubulin network with concomitant
downregulation of Nav1.5 cell expression and activity, thus revealing 1) new
mechanisms by which LMNA may regulate channels at the cell surface in
cardiomyocytes and 2) new pathomechanisms and therapeutic targets in cardiac
laminopathies.
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INTRODUCTION

Lamin A/C (LMNA) are type-V intermediate filament proteins
expressed by the majority of differentiated somatic cells. Both
proteins are encoded by the same gene on chromosome 1q22
through alternative splicing events and targeted to the nucleus
where they polymerize to form the nuclear lamina, which is a
scaffold that underlies the inner nuclear membrane. This mesh of
proteins plays multifunctional roles in cell biology. Nuclear
lamins are pivotal for the maintenance of cellular and nuclear
integrity and for correct intranuclear mechanotransduction,
spatial organization of chromatin, regulation of signaling, and
gene expression (Carmosino et al., 2014; Gerbino et al., 2018).

Hundreds of different mutations in the lmna gene segregate
with largely autosomal-dominant conditions identified as
laminopathies. Mostly, these diseases affect specifically the
striated muscle with a recurrent involvement of the heart.
Notably, almost half of the LMNA cardiomyopathy patients
succumb to sudden cardiac death as a result of a fatal
arrhythmia, and conduction defects associated with LMNA
mutations can substantially precede the onset of structural
heart modification, meaning that subtle but fatal arrhythmias
may occur before any noticeable change in the function
(Hasselberg et al., 2018).

Several hypotheses have been postulated to underlying the
electrical abnormalities in the heart of laminopathy patients.

We demonstrated that either nuclear fragility or ER stress may
increase the rate of apoptosis in cells expressing pathogenic
LMNA variants (Forleo et al., 2015; Carmosino et al., 2016).
Recently, we also found proinflammatory cytokines deregulation
in different LMNA mutant carriers with arrhythmogenic
cardiomyopathies (Gerbino et al., 2021). Of note, either
apoptosis or inflammation may in turn induce deposition of
fibrotic tissue acting as an arrhythmic substrate.

Moreover, the expression and the function of the connexin 43
have been found altered in cardiomyocyte syncytia (Gerbino
et al., 2017; Borin et al., 2020) and mouse heart (Macquart
et al., 2019) expressing pathogenic variants of LMNA, thus
accounting for conduction defects associated with those variants.

Electrical disturbance in the heart may also result from the
defective electrical impulse generation due to ion channels
remodeling of atrial and ventricular myocytes.

Some LMNA variants have been associated with changes in
sodium currents. Olaopa and collaborators showed that variants
R545H and A287Lfs*193 reduced the peak Na+ current when
coexpressed with Nav1.5 channel in HEK293 cells (Olaopa et al.,
2018). The LMNA V445E mutant also reduced the peak current
of INa+ when coexpressed with Nav1.5 channel in HEK293 cells
(Liu et al., 2016). Similarly, the expression of LMNA R399C
mutant decreases the density of cardiac sodium current in
Nav1.5-expressing HEK293 cells (Han et al., 2019). Recently,
Savarini et al. showed that iPSC-derived cardiomyocytes
expressing LMNA K219T pathogenic variant have altered
action potentials, reduced peak sodium current, and
diminished conduction velocity (Salvarani et al., 2019).

On the other hand, both peak and late INa+ were significantly
increased in cardiomyocytes from LmnaN195K/N195K transgenic

mice (Markandeya et al., 2016) with concomitant prolongation of
Action Potential (AP) duration.

Of note, the mechanisms through which LMNA mutants may
affect Nav1.5 trafficking and activity have not been always
elucidated. Interestingly, an epigenetic effect of LMNA K219T
variant acting through the scn5a gene silencing has been reported
(Salvarani et al., 2019).

Overall, regardless of which theory better explains the etiology
of cardiac arrhythmia in laminopathies, dissecting the pathogenic
mechanisms at the cellular level would offer information on the
mechanism by which this nuclear protein may regulate the
electrical properties of cardiomyocytes and personalized
therapeutic approaches in the field of laminopathies.

Here, we characterized a truncated LMNA variant, Q517X, a
pathogenic LMNA variant shown to be associated with dilated
cardiomyopathy with conduction abnormalities and
neuromuscular disorders (Stallmeyer et al., 2012). In the
family involved in our study, however, LMNA Q517X
segregates with a severe cardiac phenotype and history of
sudden death without any neuromuscular involvement, most
likely because of the genetic background of the mutation
carriers and environmental influences. The LMNA
haploinsufficiency due to the non-sense-mediated decay of the
messengers encoding for truncated LMNA variants has been
proposed as one of the pathogenic mechanisms in carriers of
lmna nonsense gene mutations. However, we and others
demonstrated the expression of the truncated LMNA variant
in the tissues of the carriers (Arbustini et al., 2002; Carmosino
et al., 2016). Accordingly, several studies performed on
genotype–phenotype correlations in cardiac laminopathy
demonstrated that truncation mutations are associated with
more severe phenotypes and poor prognosis in LMNA
mutation carriers because of the early onset of conduction
disturbance, atrial fibrillation, malignant ventricular
arrhythmias, and sudden death (van Rijsingen et al., 2012;
Nishiuchi et al., 2017). Thus, unmasking the pathogenic
mechanisms associated with the expression of C-terminal
truncated LMNA variants in cardiomyocytes has high clinical
relevance.

At the onset of the cardiomyopathy LMNA Q517X carriers
presented sinus node dysfunction, first-, second-, and third-
degree atrioventricular block and persistent atrial fibrillation.
Years later DCM developed with ventricular arrhythmias and
heart failure finally occurred. Since the key pathogenetic
mechanism in this cardiomyopathy seems to be the electrical
disturbance in the atria, we analyzed the possible effect of LMNA
Q517X expression in HL-1 cardiomyocytes. These
cardiomyocytes possess a mixed phenotype between an atrial
cardiomyocyte and a pacemaker cell, as evident by the ion
channels expressed at the plasma membrane of these cells
(Claycomb et al., 1998; Yang and Murray, 2011).
Consequently, these cells can beat spontaneously in culture for
the presence of If current, but the AP generation is due to Na+

inward current through Nav1.5 channel as in adult atrial
cardiomyocytes (Strege et al., 2012), thus providing a unique
model to investigate the effect of this LMNA mutant in atrial
automaticity.
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MATERIALS AND METHODS

Patients
The heterozygous nucleotide substitution c.1549C > T in exon 9
of the lmna gene, introducing a premature stop codon (p.Q517X),
was detected in a 36-year-old man referred to our
Cardiomyopathy Unit, Cardiology Unit, Department of
Emergency and Organ Transplantation, University of Bari
Aldo Moro, Bari (Italy). He presented conduction system
disorders, premature ventricular complexes, and left ventricle
dilatation. Clinical evaluations and molecular analysis were
proposed in all first-degree relatives of our index patient. The
participants underwent a clinical workup including medical
history, physical examination, 12-lead electrocardiogram
(ECG), transthoracic echocardiography, and 24-h ECG
monitoring. Written informed consent was provided by all
participating subjects and was obtained by parents of the
minor included in the study. This project was consistent with
the principles of the Declaration of Helsinki and was approved by
the Ethics Committee of the University Hospital Consortium,
Policlinico of Bari, Italy.

Cell Culture
HL1 cardiomyocytes were cultured in Claycomb Medium
(51800C, Sigma-Aldrich) supplemented with 10% fetal bovine
serum (F2442, Sigma-Aldrich), Penicillin/Streptomycin 100
U/mL: 100 μg/ml (P4333, Sigma-Aldrich), 2 mM L-Glutamine
(G7513, Sigma-Aldrich), and 0.1 mM Norepinephrine
[(±)-Arterenol] (A0937, Sigma-Aldrich) in a humidified 5%
CO2, 95% O2 incubator at 37°C.

HEK293 cells and HEK293T packaging cells were cultured in
Gibco™ DMEM, high glucose, GlutaMAX™ (31966-021, Life
Technologies™) supplemented with 10% Gibco™ Fetal Bovine
Serum (10270-106, Life Technologies™) and 1% Penicillin-
Streptomycin (10,000 U/mL,15140122, Gibco™, Life
Technologies™) in a humidified 5% CO2, 95% O2 incubator
at 37 °C.

Cell concentration and viability were assessed using Trypan
Blue Stain, 0.4% with LUNA-II™ Automated Cell Counter
(Logos Biosystems).

Generation of LMNA-Expressing HL-1
Stable Clones
HL-1 cells stably expressing LMNA WT or LMNA Q517X were
obtained using Lentiviral transduction.

For viral particles production HEK293T packaging cells were
plated at 30% confluence on 60-mm Petri dishes coated with
Poly-L-lysine hydrobromide (2,636, Sigma-Aldrich). After 24 h,
cells were co-transfected, using Invitrogen™ Lipofectamine™
2000 Transfection Reagent (Invitrogen Corporation), with the
plasmid encoding the protein of interest (either Lamin WT
mCherry-tagged pLV [Exp]-Neo-CMV > mCherry (ns):
hLMNA [NM_170707.4] or LMNA Q517X mCherry-tagged
pLV [Exp]-Neo-CMV > mCherry (ns):hLMNA
[NM_170707.4]*, Vector Builder, CA), two additional
plasmids such as an envelope protein VSV-G-expressing

plasmid pMD2G and a packaging plasmid pSPAX2-expressing
Gag-pol and Tat viral proteins (Addgene) in OPTIMEM
(Gibco™ Opti-MEM™). The day after the transfection the
medium was replaced by 3 ml of fresh supplemented DMEM
with penicillin–streptomycin. 24-h after, the virus-containing
medium was harvested, clarified with 0.45-µm filter, and
stored at −80°C, and 3 ml of fresh medium was re-added to
the cells. After additional 24-h of incubation, the virus-containing
medium was harvested again and pooled with that collected the
day before.

For viral transduction, the HL-1 cells were plated in a 6-well
plate at 30–50% of confluency, and after adhesion, they were
incubated with 500 µl of virus-containing medium at 37°C in a
humidified 5% CO2 incubator for 18h. The cells were then
incubated with 400 μg/ml Geneticin (G418, Gibco, Life
Technologies) for 1 week to select stable clones.

Generation of Transfected HEK293 Cells for
Patch Clamp Studies
HEK293 cells were transiently co-transfected with plasmids
encoding LMNA WT or LMNA Q517X, the voltage sodium
channel Nav1.5, and the Nav1.5 accessory β1 subunit using
lipofection following the manufacturer’s instructions
(Invitrogen Corporation), 24 h before patch clamp
experiments.Where described, HEK293 were transiently co-
transfected with plasmids encoding LMNA WT or LMNA
Q517X and the voltage K+ channel KCNH2 (Supplementary
Figure S4).

The generation of the LMNA WT mCherry-tagged construct
was previously described (Carmosino et al., 2016). The generation
of the LMNA Q517X mCherry-tagged construct was performed
by the mutagenesis of the LMNA WT mCherry construct using
the “Stratagene’s Quik Change II XL site-directed mutagenesis
kit” KIT (Agilent Technologies, United States). The mutagenic
primers were designed using the Quick Change Primer Design
Program available online at www.agilent.com/genomics/qcpd/$.
The mutation was verified by sequencing. Nav1.5 GFP-tagged
and β1 subunit constructs were kindly provided by Paola Imbrici
fromDepartment of Pharmacy-Drug Sciences, University of Bari,
Italy. GFP-tagged KCNH2 encoding plasmid was previously
characterized by us (De Zio et al., 2019).

Electrophysiological Recordings
Electrophysiological recordings were performed with the Patch
Clamp technique in a whole-cell configuration using the
Multiclamp 700B (Axon CNS-Molecular Devices, Sunnyvale,
CA, United States) amplifier interfaced with the Axon
Digidata 1,500 (Axon Instrument-Molecular Devices,
Sunnyvale, CA, United States). Currents were sampled at 10 k
Hz and low-pass filtered at 5 kHz. AxoScope 10.4 (Molecular
Devices, Sunnyvale, CA, United States) and pClamp 10.4
(Molecular Devices, Sunnyvale, CA, United States) were used
to acquire and analyze the data. After gigaseal formation and
whole-cell access, pipette capacitance (Cp) and the membrane
capacitance (Cm) were compensated adjusting the Cp fast and the
Cp slow setting on the MultiClamp 700B. A Rs stable for the
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entire experiment and lower than 20 MΩ was considered
acceptable. All recordings were performed at room
temperature (26 °C) on HL-1 cardiomyocytes stably expressing
either LMNA Q517X or LMNA WT and on HEK293 cells
transiently co-transfected with the GFP-tagged Nav1.5
channel, its associated β1 subunit, and LMNA Q517X or WT-
expression plasmids. Where described HEK293 cells were
transiently co-transfected with GFP-tagged KCNH2 and
LMNA Q517X or WT-expression plasmids. Fluorescent tags
were used for selecting the transfected cells. Borosilicate patch
pipettes were pulled to obtain tip resistances of 2–4 MΩ with the
P-1000 Pipette puller (SUTTER INSTRUMENT, Novato, CA
94949, United States).

For the electrophysiological recordings on HL-1
cardiomyocytes, cells stably expressing either LMNA WT or
LMNA Q517X were plated at low confluence, on 35-mm Petri
dishes coated with gelatin-fibronectin (5 μg/ml Fibronectin,
F1141, Sigma-Aldrich, in 0.02% Gelatin from bovine skin,
G9391, Sigma-Aldrich), the day before the experiments. After
complete cell adhesion, 10-μM Colchicine (C-9754 Sigma) was
added to the complete Claycomb media for an overnight
treatment in a humidified 5% CO2, 95% O2 incubator at
37 °C, when required. HL-1 spontaneous action potentials
were recorded using an extracellular solution contained (in
mM): 138 NaCl, 4 KCl, 1 MgCl2, 1,8 CaCl2, 10 Hepes, 10
Glucose (pH of 7.4, adjusted with NaOH, and osmolarity of
290 ± 10 mmol/kg, adjusted with mannitol) and an internal
pipette solution contained (in mM): 144 KCl, 2 MgCl2, 10
Hepes, 5 EGTA (pH of 7.2 adjusted with KOH and osmolarity
of 280 ± 10 mmol/kg, adjusted with mannitol). Spontaneous
action potentials (APs) were recorded in current clamp mode
without current injection and analyzed for the following
parameters: amplitude (expressed in mV), overshoot
(expressed in mV), upstroke (expressed as ΔV/Δt), maximum
diastolic potential (MDP, expressed in mV), and threshold
(expressed in mV).

For the electrophysiological recordings on HEK293 cells
transiently expressing either LMNA WT or LMNA Q517X,
Nav1.5 channel and its β1 subunit were plated at low
confluence the day before the experiments on 35-mm Petri
dishes coated with Poly-L-lysine hydrobromide for 20 min at
room temperature (2636 Sigma-Aldrich). After complete
adhesion, 10-μM Colchicine (C-9754 Sigma) was added to the
complete Glutamax media for an overnight treatment in a
humidified 5% CO2, 95% O2 incubator at 37°C, when needed.

The whole-cell Na+ current (INa) in the HEK293 cells was
recorded using a bath solution contained (in mM): 140 NaCl, 5
KCl, 1 CaCl2, 1 MgCl2, 10 HEPES, 5 Glucose (pH of 7.4, adjusted
with NaOH, and osmolarity of 290 ± 10 mmol/kg, adjusted with
mannitol) and an internal pipette solution contained (in mM):
140 CsCl, 10 NaCl, 10 HEPES, 1 EGTA, pH 7.4, adjusted with
CsOH. The INa current was measured by 20 ms depolarizing
voltage steps ranging from −90 to +60 mV in 5 mV increments
after a holding potential of −120 mV to remove the possible
inactivation.

The peak values of INa recorded at each voltage step were
normalized to the cell capacitance and reported (as current

density, in pA/pF) plotted against the membrane potential
(Vm). Additionally, a scatter plot was used to show the
distribution of the maximum INa peaks of each experiment
(expressed as current density, in pA/pF).

The conductance (G) was determined using the modified
Ohm’s law equation:

G � I/(Vm − Vrev),
where I is the peak current Na+ evoked at the membrane potential
Vm and Vrev the reversal potential for the Na+ in our
experimental condition. The conductance values were
normalized with respect to the maximum conductance value
(G/Gmax) and plotted against the voltage. The conductance
voltage curves were fitted with the Boltzmann function

GNa � GNa,max/{1 + exp[(V1/2 − Vm)/K]}
to yield the membrane potentials at half-maximal conductance
(V1⁄ 2), and the slope factors (K). Additionally, the scatter plots
were used to show the distribution of V1/2 and the K of each
experiment for both experimental conditions.

Electrophysiology on KCNH2-expressing HEK293 cells was
conducted as previously described (De Zio et al., 2019).

Laser Confocal Immunofluorescence
Analysis
For the immunofluorescence analysis HL-1 cardiomyocytes were
plated on 12-mm diameter glass coverslips coated with gelatin-
fibronectin (5 μg/ml Fibronectin, F1141 Sigma-Aldrich, in 0.02%
Gelatin from bovine skin, G9391 Sigma-Aldrich). After complete
cell adhesion, 10 μMColchicine (C-9754 Sigma) was added to the
complete Claycomb media for an overnight treatment in a
humidified 5% CO2, 95% O2 incubator at 37°C, when needed.
Cells were subjected to immunofluorescence analysis as
previously described (Gerbino et al., 2016). Primary antibodies
used were: anti-β-Tubulin antibody produced in mouse (1:1,000
in PBS-BSA 1%, T5293 Sigma-Aldrich), the anti-mCherry
antibody (1:500 in PBS-BSA 1%, ab167453 Abcam), the anti-
γ-tubulin antibody (1:200 in PBS-BSA 1%, T6557 Sigma-
Aldrich). After 3 washes in PBS the cells were incubated with
the appropriate Alexafluor-conjugated secondary antibodies (Life
Technologies™) for 1 h at RT. The confocal images were obtained
with a laser scanning fluorescence microscope Leica TSC-SP2
(HCX PL APO, ×63/1.32–0.60 oil objective); 8-bit images were
saved at 1,024 × 256 and acquired using the Leica Confocal
Software®. Fluorescence was quantified in a selected region of
interest (ROI) using Fiji (https://imagej.net/Fiji).

For immunofluorescence analysis on cardiac biopsies, 10-µm-
thick paraffine-embedded sections of heart biopsies were
deparaffinized by incubation at room temperature with
histolemon for 10 min and rehydrated with a graded series of
ethanol. Sections were then subjected to antigen retrieval by
boiling in citrate buffer (10 mM sodium citrate, pH 6) and
incubated with PBS-1% SDS for 10’. After blocking with 1%
bovine serum albumin in PBS for 30’, the sections were incubated
with anti-LAMIN A/C (1:100 in PBS-BSA 1%, #2032 Cell
Signaling) and then with Alexa Fluor-conjugated secondary
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antibodies (Life Technologies). The images were acquired as
described for HL-1 cells.

Cell Surface Biotinylation
For biotinylation experiments, HL-1 cardiomyocytes were plated
in wells of a 6-multiwell cell culture support coated with gelatin-
fibronectin (5 μg/ml Fibronectin, F1141, Sigma-Aldrich, in 0.02%
Gelatin from bovine skin, G9391 Sigma-Aldrich), at a density to
be 100% at the time of biotinylation. When necessary cells were
incubated with 10 μM colchicine overnight before biotinylation.
The procedure was previously described with some modification
(Carmosino et al., 2008). Briefly, the HL-1 cells were washed twice
in cold phosphate buffer saline (PBS, pH 8) containing 1 mM
Ca2+ and 0.5 mMMg2+ (PBS-CM) and incubated for 30 min at
4 °C in 2 mg/ml Biotin 3-sulfo-N-hydroxysuccinimide ester
sodium salt (B5161 Sigma-Aldrich) in PBS-CM. After three
washes in PBS-CM the exceeding biotin was removed washing
the cells twice, 10 min at 4 °C, with a quenching solution (50 mM
NH4 Cl in PBS). After biotin binding cells were lysed in Lysis
buffer (in mM: 20 Tris-HCl pH 8, 150 NaCl, 5 EGTA, and 1%
triton X-100) supplemented with 1X protease inhibitor mixture
(Roche), and phosphatase inhibitor (in mM: 10 NaF, 100
orthovanadate, 15 pyrophosphate), for 30 min on ice and
sonicated at 60 amplitude with Vibra-cell® (Sonics and
Materials Inc.) 3 times for 15 s. After sonication, membranes
were pelleted at 13000 rpm for 30 min at 4 °C and the supernatant
was collected. Protein concentrations were determined by
Bradford protein assay. An equal amount of total protein from
each group was incubated with streptavidin-agarose beads (69203
Novogen) overnight at 4 °C in a rotating device. Beads were then
washed with Lysis buffer supplemented with protease and
phosphatase inhibitors, and proteins were eluted by incubation
with Laemmli buffer and freshly added 100 mM DTT, for 20 min
at 95 °C and 1,000 rpm. The protein samples were subjected to
SDS-Page and western blot analysis as described below.

Cell and Tissue Lysates
HL-1 cells, 100% confluent, plated in the wells of a 6-multiwell
cell culture support coated with gelatin-fibronectin (5 μg/ml
Fibronectin, F1141 Sigma-Aldrich, in 0.02% Gelatin from
bovine skin, G9391 Sigma-Aldrich) were placed on ice, washed
in PBS, and exposed to RIPA buffer (in mM: 150 NaCl, 10 Tris/
HCl, 1% Triton X-100, 0.1% SDS, 1% deoxycholate-Na, 5 EDTA;
pH 7.2) supplemented with protease and phosphatase inhibitors
(in mM: 10 NaF, 100 orthovanadate, 15 pyrophosphate). Cells
were then sonicated at 60 amplitude with Vibra-cell® (Sonics and
Materials Inc.) and membranes pelleted at 13000 rpm for 30 min
at 4°C. Protein concentrations were determined by Bradford
protein assay. Proteins were de-natured in 1 × Laemmli
Sample Buffer (Bio-Rad), 50 mM DTT and subjected to SDS-
PAGE and western blotting as described below.

Lysates were also prepared from cardiac biopsies from the
index patient’ transplanted heart. These biopsies were kindly
provided by Niguarda Pathological Anatomy Center, Milano,
Italy, where the index patient underwent heart transplantation.
Twenty µm-thick paraffine-embedded sections of heart biopsies
were deparaffinized by incubation at room temperature with

histolemon for 10 min and rehydrated with a graded series of
ethanol. The sections were then pelleted at 16000 × g for 5 min
and homogenized in 500 mM Tris-HCl pH 8 and 2% SDS at 90°C
for 3 h. The samples were centrifugated for 30 min at 16000 × g at
4°C and the supernatants were subjected to SDS-PAGE and
western blotting as described below. Lysates from an explanted
heart of a patient with heart disease not related to LMNA
mutations were used as control, as previously described
(Carmosino et al., 2016).

Western Blot
Protein samples were electrophoresed on 7.5% or 10%
polyacrylamide SDS gel (Mini-PROTEAN TGX Stain-Free
Precast Gels; Bio-Rad) and transferred on 0.2-µm PVDF
membrane (Trans-Blot Turbo Mini 0.2 µm PVDF Transfer Packs
#1704156; Bio-Rad) using the Trans-Blot Turbo Transfer System
(Bio-Rad). After blocking at room temperature for 1 h in TBST-5%
milk or in TBST-BSA 3% (TBST in mM: 50 Tris, 150 NaCl, 0.1%
Tween-20; pH 7.4), blots were incubated overnight at 4°C with the
following antibodies in blocking buffer: anti-Lamin A/C (1:1000 in
TBST-1%BSA; 2032 Cell Signaling); anti-mCherry antibody (1:1000
in TBST-BSA 1%; ab167453 Abcam); anti-Nav1.5 (1:700 in TBST-
1% BSA; S8809 Sigma-Aldrich), anti-acetylated α-tubulin antibody
(1:1000 in TBST-1% BSA; T7451 Sigma-Aldrich), anti-β-tubulin
antibody (1:1000 in TBST-1% BSA; T5293 Sigma-Aldrich), anti-
AKT (1:2000 in TBST-1% BSA; 4691 Cell Signaling), anti-phospho-
AKT (Ser473) XP® (1:4000 in TBST-1% BSA; 4060 Cell Signaling),
anti-ERK1/2 p44/42 MAPK (ERK1/2) (1:1000 in Milk-5% BSA;
4695 Cell signaling), anti-phospho ERK1/2 p44/42MAPK (ERK1/2)
(1:2000 in Milk-5% BSA; 4695 Cell signaling); the anti-mCherry
antibody (1:500 in PBS-BSA 1%, ab167453 Abcam. As secondary
antibodies were used the goat anti-mouse IgG-HPR conjugate (1:
5000 in TBST-3% BSA; Bio-Rad) and an anti-rabbit IgG-peroxidase
antibody produced in goat (1:5000 in TBST- BSA 3%; Sigma-
Aldrich) depending on the primary antibodies’ species. The
immunoreactive bands were detected with a ChemiDoc™ System
(Bio-Rad). Densitometric analysis was performed by Image Lab 6.0
software. For protein load controls, the stain-free technology from
Bio-Rad was used.

Statistical Analysis
GraphPad Prism 6 was used for the statistical analysis and graph
representation of the data. Data are given as mean ± standard
error of themean. Statistical analysis was performed using one- or
two-way ANOVA test or with Student’s t-test for unpaired data
depending on the data set analyzed.

RESULTS

Clinical Findings
The heterozygous nucleotide substitution c.1549C > T in exon 9
of the lmna gene introduced a premature stop codon producing a
truncated version of the Lamin A/C (LMNA) protein after amino
acid 517 (Q517X). This mutation was detected in a 36-year-old
man referred to our Cardiomyopathy Unit, Cardiology Unit,
Department of Emergency and Organ Transplantation,
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University of Bari Aldo Moro, Bari (Italy). The index patient had
a family history of sudden death (father’s brother died suddenly at
the age of 19 during his sleep). The family members available for
clinical evaluations and molecular analysis were the index
patient’s son and sister. The 5-year-old son carried the LMNA
Q517X mutant and was asymptomatic, free of arrhythmias, and
showed normal cardiac function, thus suggesting incomplete and
age-related penetrance of the mutation. The 43-year-old sister
was LMNA mutation-negative, clinically asymptomatic, and had
no arrhythmias or structural cardiac abnormalities (Figure 1A,
5 years). The index patient (the arrow in the family three)
presented with conduction system disturbances such as sinus

node dysfunction, first-, second-, and third-degree
atrioventricular block (Figure 1B), numerous repetitive
premature ventricular complexes (PVCs), recurrence of
persistent atrial fibrillation (Supplementary Figure S1A), and
biatrial and biventricular dilation. Based on the
electrocardiographic and echocardiographic findings, in
combination with a positive family history of sudden death, he
received a dual chamber implantable cardioverter-defibrillator
(ICD) in primary prevention. Years later, 24-h Holter and ICD
remote monitoring showed ventricular fibrillation (VF)
discontinued by appropriate ICD shocks, after ineffective anti-
tachycardia pacing (Supplementary Figure S1B). Moreover,

FIGURE 1 | (A) Pedigree of the family carrying the LMNA Q517X pathogenic variant. The filled symbols indicate clinically affected individuals, the diagonal slashes
indicate deceased individuals; +/− indicate positive/negative for the mutation; the arrow indicates the index patient. (B) ECG data from index patient showing sinus
rhythm, first-degree atrioventricular block (upper trace), and type 1 second-degree atrioventricular block (lower trace) recorded during a 24-h ECGmonitoring. (C) Apical
4C views of echocardiographic imaging from index patient showing a spherical, severely dilated, and markedly hypocontractile left ventricle. (D) In the PLAX view of
echocardiographic imaging from index patient, showing a highly dilated left atrium. (E) Western blot analysis of whole lysate of left atrium (PA) and (PV) ventricular
myocardial tissue from the mutant carrier (black arrow in A) and control (CTR) heart biopsies. (F) Representative confocal immunofluorescence images of LMNA in heart
biopsies from a control patient (CTR) and from the index patient (IP). ECG, electrocardiogram; PLAX view, parasternal long-axis view.
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echocardiogram showed spherical, severely dilated (LVEDVi
92 ml/m2 and LVESVi 69 ml/m2) and markedly
hypocontractile (LVEF 25%) left ventricle (Figure 1C) as well
as highly dilated left atrium (Figure 1D). At the age of 49, the
patient underwent heart transplant for both sustained VT/VF
recurrences as a storm and severe impairment of left ventricular
function.Western blot experiments on samples of ventricular and
atrial myocardium obtained from the index patient at the time of
cardiac transplantation confirmed the expression of the truncated
LMNA variant in index patient’s heart. As control, we used
cardiac muscle tissues from a patient who experienced heart

transplantation due to an ischemic heart disease not related to
LMNA mutations (Figure 1E). The immunofluorescence
confocal analysis using anti-LMNA antibodies on heart
biopsies showed LMNA results expressed in protein aggregates
in the nuclei of LMNA Q517X carrier’s heart (Figure 1F, IP).

LMNA Q517X Alters Action Potential
Properties in HL-1 Cardiomyocytes
When stably expressed in HL-1 cardiomyocytes, LMNA Q517X
abnormally aggregated at the nuclear envelope and accumulated

FIGURE 2 | (A) Representative confocal immunofluorescence images of LMNA WT and Q517X in stably transfected HL-1 cardiomyocytes. The insets report the
fluorescence distribution along the line (yellow line) crossing nuclei in each cell line. (B) Representative AP recordings by whole-cell patch clamp in the current clamp
configuration in LMNAWT (black trace) and LMNA Q517X-expressing HL-1 cells (red trace) and scatter plots for the analysis of AP parameters in LMNAWT (black dots,
N = 12) and LMNA Q517X-expressing HL-1 cells (red squares, N = 9); ***p < 0.001; **p < 0.01; Student’s t-test for unpaired data.
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FIGURE 3 | (A) Left panel: representative western blot of p-ERK1/2 and ERK1/2 in lysates from LMNA WT and LMNA Q517X-expressing HL-1 cells; right panel:
normalized densitometric analysis of p-ERK1/2 immunoreactive bands in LMNA WT and Q517X-expressing HL-1 cells. (B) Left panel: representative western blot of
p-AKT and AKT in lysates from LMNA WT and LMNA Q517X-expressing HL-1 cells; right panel: normalized densitometric analysis of p-AKT immunoreactive bands in
LMNA WT and Q517X-expressing HL-1 cells. (C) Left panel: representative western blot of acetylated α-tubulin (acet α-tub) and α-tubulin (tub) in lysates from
LMNA WT and LMNA Q517X-expressing HL-1 cells; right panel: normalized densitometric analysis of acetylated α-tubulin immunoreactive bands in LMNA WT and
Q517X-expressing HL-1 cells. (D) Left panel: representative western blot of mCherry-tagged LMNA in lysates from LMNAWT and LMNA Q517X-expressing HL-1 cells;
right panel: normalized densitometric analysis of m-Cherry tagged LMNA immunoreactive bands. The data are means of 3 independent experiments. ****p < 0.0001
***p< =0.001; **p < 0.01; Student’s t test for unpaired data.
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within the nucleoplasm as clearly shown by the fluorescence
distribution profile (Figure 2A, HL-1 LMNA WT, HL-1 LMNA
Q517X, insets). This peculiar nuclear distribution is consistent
with that of LMNA observed in vivo in the index patient’s heart
(Figure 1E).

To evaluate the effect of LMNA Q517X expression on the
membrane electrical properties in cardiomyocytes, we analyzed
the biophysical properties of spontaneous action potentials in
HL-1 cardiomyocytes expressing either LMNA WT (Figure 2B,
HL-1 LMNA WT, black trace) or Q517X (Figure 2B, HL-1
LMNA Q517X, red trace) by whole-cell patch clamp
recordings in current clamp. The shape of the spontaneous
action potential generated by cardiomyocytes expressing the
LMNA mutant variant exhibited significant reduction in
Action Potentials (APs) amplitude (Figure 2B, Amplitude in
mV: black dots 88.04 ± 5.13 vs red squares 57.11 ± 3.11), APs
overshoots (Figure 2B, Overshoot in mV: black dots 21.25 ± 3.14
vs red squares 5.58 ± 1.17), maximum upstroke velocity
(Figure 2B, Upstroke in ΔV/Δt: black dots 1.03 ± 0.16 vs red
squares 0.28 ± 0.03), and maximum diastolic potential (MDP)
(Figure 2B, MDP in mV: black dots 65.63 ± 1.86 vs red squares
−52.03 ± 2.50) when compared to control cells; while no
significant changes were detected in the APs’ threshold
between the two experimental conditions (Figure 2B,
threshold in mV: black dots −35.49 ± 1.48 vs red squares
−33.25 ± 1.41).

LMNA Q517X Alters Tubulin State and
Decreased the Expression of Nav1.5 at the
Plasma Membrane in HL-1 Cardiomyocytes
In LMNAWT and Q517X-expressing cardiomyocytes we studied
the profile of key signaling molecules, already found to be
dysregulated in lamin cardiomyopathies. Specifically, enhanced
phosphorylation of ERK1/2 and AKT and decreased α-tubulin
acetylation have been reported in the heart of Lmna H222P/H222P

mice (Muchir et al., 2007; Choi et al., 2012). Here, we found that
the activation profiles of ERK1/2 and AKT, quantified as the
expression of their phosphorylated forms, were significantly
increased in Q517X cardiomyocytes when compared with their
control in accordance with the previous findings (Figures 3A,B).
However, acetylated α-tubulin significantly increased in Q517X
cardiomyocytes as unique feature of this mutant variant
(Figure 3C). The expression of LMNA variants is comparable
in the HL-1 clones used in the study (Figure 3D). It has been
accepted that acetyl transferase has major affinity for polymerized
tubulin (Janke and Chloë Bulinski, 2011); thus, we looked at the
polymerization state of tubulin meshwork by fluorescence
confocal analysis and found that it underwent hyper-
polymerization in Q517X-expressing cardiomyocytes compared
with their controls (Figure 4A). Quantitative analysis of
fluorescence intensity showed that tubulin density significantly
increased by approximately 50% in LMNA Q517X-expressing
cardiomyocytes compared with their controls (Figure 4A, right
panel). The perinuclear positioning of microtubule-organizing
center (MTOC) was not affected by the expression of LMNA
Q517X variant in these cells (Supplementary Figure S2), thus

suggesting that the physical connection between the nucleus and
microtubules is preserved upon LMNA Q517X expression.

It has been previously reported that the treatment with the
anticancer drug Taxol, which polymerizes the cytoskeleton
protein tubulin, may evoke cardiac arrhythmias reducing both
the Nav1.5 expression at the plasma membrane and the Nav1.5
activation rate (Casini et al., 2010).

We indeed semi-quantified membrane Nav1.5 expression
using cell surface biotinylation experiments in cardiomyocytes
expressing either LMNA Q517X or WT. We found that the
cells surface expression of Nav1.5 was significantly
downregulated by approximately 40% in LMNA Q517X-
expressing cardiomyocytes at the plasma membrane but not
in the total lysate (Figure 4B).

Currents in HL-1 cardiomyocytes have been previously shown
to have genotypic, phenotypic, and electrophysiologic properties
similar to adult atrial cardiomyocytes, with the upstroke phase of
the AP due to INa through Nav1.5 channel (Strege et al., 2012).
Accordingly, we measured a significant decrease in tetrodotoxin-
sensitive inward currents in LMNA Q517X-expressing
cardiomyocytes (Supplementary Figure S3). Of note, outward
currents were not affected by the expression of LMNA Q517X in
HL-1 cardiomyocytes (Supplementary Figure S3). Indeed, the
altered AP parameters registered in LMNA Q517X-expressing
cardiomyocytes (Figure 3B) may be actually explained by a
decreased density of Nav1.5 at the plasma membrane in
these cells.

LMNA Q517X Significantly Alters Nav1.5
Function in HEK293 Cells
To better analyze Nav1.5 biophysics in the presence of LMNA
Q517X we moved in HEK293 cells. Figure 5A shows
representative Na+ currents measured in HEK293 cells
coexpressing Nav1.5, its β1 subunits (Nav1.5 + β1) and either
LMNA WT or Q517X. As shown by the current–voltage curve
(Figure 5B; black line for Nav1.5 + β1 + LMNAWT, red line for
Nav1.5 + β1 + LMNA Q517X), the peak sodium current density
evoked by depolarizing steps of currents was significantly
decreased in cells expressing LMNA Q517X when compared
with control cells expressing LMNA WT. The scatter plot of
the maximum peak sodium currents clearly showed an up to 63%
decrease in current density upon LMNAQ517X expression (peak
current in pA/pF: black dots −504.46 ± 56.72 vs red squares
−213.59 ± 32.380). This is consistent with the reduced expression
of Nav1.5 at the plasma membrane shown above (Figure 4A).
The voltage dependency of the steady-state activation for LMNA
Q517X was shifted toward positive potentials with respect to WT
(Figure 5C). The scatter plot of V1/2 showed a slight but
significative shift of approximately 6 mV toward positive
values for this parameter upon LMNA Q517X expression
(Figure 5C, V1/2: black dots −51 ± 4.8 mV vs red squares
−45.25 ± 2.060 mV), thus indicating the need of a more
intense depolarization for the activation of Nav1.5 in these
cells. The slope factor of activation (K) was significantly
increased upon LMNA Q517X expression (Figure 5C, slope
factor in mV: black dots 1.019 ± 0.22 vs red squares 2.635 ±
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0.546), suggesting an alteration in voltage dependence of Nav1.5
activation in LMNA-Q517X-expressing HEK293 cells.

Interestingly, it has been also proved that a high prevalence of
variants in K+ channel encoding genes such as KCNH2 might
control atrial repolarization and predispose carriers to atrial
fibrillation (10.1161/circep.114.002519; 10.1093/eurheartj/
ehm619). Indeed, outward K+ currents through KCNH2
channel were analyzed in HEK293 cells transiently expressing
KCNH2 together with WT or Q517X LMNA. This K+ channel is
highly expressed in HL-1 cells where it is involved in the
repolarization phase of AP (Stimers et al., 2015). We found
that the biophysics of this channel was not affected by the
expression of LMNAQ517X variant (Supplementary Figure S4).

Tubulin State Manipulation Recovers AP
Parameters in LMNA Q517X-Expressing
HL-1 Cardiomyocytes and Nav1.5
Biophysics in HEK293 Cells
Alpha tubulin hyper-polymerization and hyper-acetylation are
the unique features of LMNA Q517X-expressing HL-1
cardiomyocytes, likely accounting for the AP abnormalities in
these cells.

An FDA-approved alkaloid, colchicine, inhibits tubulin
polymerization in heart (Deftereos et al., 2013) and

depolymerizes the tubulin network of LMNA Q517X-
expressing cardiomyocytes to the same extent of control cells
(Figure 6A, LMNA Q517X + colchi).

Concomitantly, colchicine treatment reduced the levels of
acetylated α-tubulin (Figure 6B) and increased the cell surface
expression of Nav1.5 in LMNA Q517X-expressing
cardiomyocytes (Figure 6C) toward the levels of those found
in LMNA WT-expressing cardiomyocytes.

Interestingly, Figure 7 shows that the treatment of HL-1
cardiomyocytes expressing LMNA Q517X with colchicine
leads to a WT-like shape of AP when compared with
untreated cardiac cells (red traces for LMNA Q517X, gray
traces for LMNA Q517X + colchicine). Moreover, colchicine
treatment induced a significant recovery of all AP’s parameters
measured in LMNA Q517X cardiomyocytes toward those found
in LMNAWT-expressing cardiomyocytes. Specifically, as shown
in the scatter plots (Figure 7, scatter plots) AP amplitude
(amplitude in mV: red squares 57.11 ± 3.11, vs gray squares
80.32 ± 7.45), AP overshoot (overshoots in mV: red squares
5.58 ± 1.17, vs gray squares 19.88 ± 4.07), maximum upstroke
velocity (upstroke in mV/ms: red squares 0.28 ± 0.03, vs gray
squares 0.90 ± 0.24), and the maximum diastolic potential (MDP
in mV: red squares −52.03 ± 2.50, vs gray squares -61.6 ± 2.675)
were all significantly increased in LMNA Q517X-treated
cardiomyocytes compared with their controls. No significant

FIGURE 4 | (A) Left panel: representative confocal laser immunofluorescence images in LMNAWT and LMNAQ517X-expressing HL-1 cells (in red LMNA, in green
β-tubulin); right panel: region of interest (ROI) for tubulin fluorescence quantification in LMNA WT and Q517X-expressing HL-1 cells. N = 15 for each experimental
condition. (B) Left panel: representative western blots of Nav1.5 α subunit in cell surface biotinylated proteins (biot-Nav1.5) and in cell lysates (Nav1.5) from LMNA WT
and Q517X-expressing HL-1 cells; right panel: normalized densitometric analysis of biot-Nav 1.5 immunoreactive bands in LMNAWT and Q517X-expressing HL-1
cells. The data are means of 3 independent experiments. ****p < 0.0001; **p < 0.01; Student’s t test for unpaired data.
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changes were observed in APs’ threshold between the two
experimental conditions (thresholds in mV: red squares
−33.25 ± 1.41, vs gray squares −33.96 ± 1.57).

Similarly, colchicine treatment reversed the Nav1.5 biophysical
parameters measured in LMNA Q517X-expressing HEK293 cells
toward those measured in LMNA WT-expressing HEK293 cells.
As shown in Figure 8A (representative current traces) and 8B
(current density plots: red line for Nav1.5 + β1 + LMNA Q517X,
gray line for Nav1.5 + β1 + LMNA Q517X + colchicine), Na+

currents recorded in HEK293 cells expressing LMNA Q517X
significantly increased upon colchicine treatment. The peak
current of Na+ returned to that observed in LMNA WT-

expressing-HEK293 cells (Figure 8B, peak current in pA/pF:
red squares −170.5 ± 32,942 vs gray squares −437,166 ±
33,843). Upon colchicine treatment the steady-state activation
curve of Nav1.5 in LMNA Q517X-expressing cells returned to
that observed in LMNAWT-expressing cells (Figure 8C, G/Gmax:
red line for Nav1.5 + β1 + LMNAQ517X, gray line for Nav1.5 + β1
+ LMNA Q517X + colchicine). Finally, upon colchicine treatment
both V1/2 and slope factor values measured in LMNA Q517X-
expressing HEK293 returned to those observed in LMNA WT-
expressing cells (Figure 8C; V1/2 in mV: red squares −42.68 ±
2.235 vs gray squares −49.93 ± 2.034; slope factor in mV: red
squares 2.886 ± 0.650 vs gray squares 1.141 ± 0.422).

FIGURE 5 | (A) Representative traces of inward Na+ currents evoked in HEK293 cells expressing either LMNAWT or LMNA Q517X, under 20s depolarizing steps
from −90mV to +60 mV (with 5-mV increments) starting from an holding potential of −120 mV. (B) Left panel: current density (pA/pF)–voltage relationships (I–V curve) of
the Na+ currents recorded for LMNA WT (black trace, N = 9), and LMNA Q517X-expressing HEK293 cells (red trace, N = 10); p < 0,0001 from −50 mV to −20 mV;
p-value< 0.001 at F02D15 mV an −10 mV; p-value < 0,01 at −5 mV and p-value < 0,05 at 0 mV and 5 mV, two-way Anova. Right panel: scatter plot of the
maximum peak sodium currents (pA/pF) for LMNAWT (black dots) and LMNA Q517X-expressing HEK293 cells (red squares); ***p < 0.001, Student’s t test for unpaired
data). (C) Left panel: conductance voltage (G/Gmax) relationships of Na+ currents (G–V curve) obtained for LMNAWT (black trace, N = 9) and LMNA Q517X-expressing
HEK293 cells (red trace, N = 10); p-value < 0,0001 at −50 mV and −45 mV; < 0.001 at −40 mV, two-way Anova. Right panel: scatter plots of the half-maximal
conductance (V1⁄ 2) and the slope factors (K) in LMNA WT (black dots) or LMNA Q517X-expressing HEK293 cells (red squares), respectively; *p < 0.01 Student’s t test
for unpaired data.
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DISCUSSION

In this work, we found that the pathogenetic LMNA Q517X
variant, through a modulation of the microtubule meshwork
state, impairs Nav1.5 expression and function at the plasma
membrane in the murine atrial cell line HL-1, thus proving
new insights into both the way how LMNA may regulate
cardiac function in physiopathological conditions and the
possible therapeutic approaches in the field of cardiac
laminopathies.

As a consequence of the reduced Nav1.5 activity at the plasma
membrane, APs have reduced amplitude, overshoot, upstroke
velocity, and increased diastolic potential in LMNA Q517X-

expressing cardiomyocytes compared with their controls.
These AP features may decrease conduction velocity in atrial
cardiomyocytes and autorhythmic cells inducing atrial
fibrillation, sick sinus syndrome, and AV-block, all clinical
findings of the index family carrying LMNA Q517X mutant
(Figure 1A, results). Atrial fibrillation is one of the most
common causes for cardiac function deterioration in the
setting of DCM (Middlekauff et al., 1991; Mamas et al., 2009),
which also occurred in LMNAQ517X carriers. Accordingly, loss-
of-function mutations in Nav1.5 encoding gene, scn5a, have been
found associated with atrial fibrillation and conduction defects
(Olson et al., 2005; Darbar et al., 2008). Of note, loss of function in
the Nav1.5 channel can be also associated with DCM and

FIGURE 6 | (A) Representative immunofluorescence confocal images of HL-1 cells expressing either LMNA WT or LMNA Q517X, the latter treated or not with
colchicine (+colchi). (B) Left panel: representative western blot of acetylated α tubulin (acet α-tub) and total α tubulin (tub) in the absence (–) or the presence (+) of
colchicine (colchi) in LMNAWT and LMNA Q517X-expressing HL-1 cells; right panel: normalized densitometric analysis of acetylated α-tubulin immunoreactive bands in
all the experimental conditions shown in the left panel. (C) Left panel: representative western blot of cells surface biotinylated Nav1.5 (biot-Nav1.5) and Nav1.5 in cell
lysates (Nav1.5) in the absence (–) or presence (+) of colchicine (colchi) in LMNA WT and LMNA Q517X-expressing HL-1 cells; right panel: normalized densitometric
analysis of biot-Nav1.5 immunoreactive bands in all the experimental conditions shown in the left panel. The data are means of 3 independent experiments *p < 0.01,
**p < 0.001, one-way Anova.
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ventricular arrhythmias, regardless of whether the atrial
fibrillation occurred, suggesting that reduction in the inward
Na+ current may affect directly electrical properties and fates
of ventricular cardiomyocytes (McNair et al., 2004). Indeed, we
cannot exclude that LMNAQ517X variant expressed in the whole
heart of carriers may affect directly ventricular function.

The clinical history of the index family carrying LMNAQ517X
mutant, however, puts the permanent atrial fibrillation and
conduction defects showed at the onset of the cardiomyopathy
as key events for the following heart failure.

We found that LMNA Q517X expression induced both
microtubules hyper-polymerization and Nav1.5 downregulation at
the plasmamembrane in atrial HL-1 cardiomyocytes and significant
reduction in the peak INa amplitude in Nav1.5-expressing HEK293
cells. These results are in agreement with the findings of Casini et al.,
showing that treatment with the anticancer drug Taxol, which
polymerizes tubulin, reduces sarcolemmal Nav1.5 in neonatal
cardiomyocytes, and INa amplitude in Na1.5-expressing HEK293
cells of about two-fold (Casini et al., 2010).

The density of the microtubule alters microtubule interactome
not only affecting channel delivery/turnover (Steele and Fedida,
2014), but also E-C coupling, myofilament contractility, and
proteostasis (Chinnakkannu et al., 2010), thus accounting also
for structural cardiac abnormality.

Interestingly, the increase in α tubulin density is paralleled by a
significant increase in the acetylation level of α tubulin at 40 lisine
(K40) in the amino acidic sequence on α tubulin (Figure 3C), as
expected by the known higher affinity of the tubulin

acetyltransferase (aTAT1) for polymerized tubulin (Janke and
Chloë Bulinski, 2011). It was demonstrated that K40 acetylation
weakens lateral interactions between protofilaments, thus softening
the microtubules (Portran et al., 2017). As microtubules in living
cells are frequently exposed to mechanical forces, an acetylation-
induced increase in their flexibility would allow microtubules to
better resist mechanical stress consequently making acetylated
microtubules more long-lived. At the same time, longer-lived
microtubules are still more likely to experience mechanical
stress, thus further accumulating acetylation marks, which could
reflect the notion that acetylation is a marker of microtubule age.

Indeed, it can be hypothesized that LMNA Q517X mutant
impairing the mechanical nuclear–cytoskeletal coupling induces
an adaptive cellular response such as microtubules
polymerization and acetylation mimicking aged microtubules,
with consequences on dis-regulated trafficking of Nav1.5 channel
at the cell surface and the creation of pro-arrhythmic substrate.

The increasing in the α-tubulin acetylation may also account
for the upregulation of AKT pathway we also found in LMNA
Q517X-expressing cardiomyocytes. Interestingly, Giustignani
et al. found that tubulin acetylation recruits the chaperon
protein Hsp90 to microtubules stimulating the signaling
pathways of its client kinase AKT (Giustiniani et al., 2009).

Of note, microtubules polymerization and stabilization
obtained by either Taxol or Discodermolide two known
chemotherapies, significantly increased ERK1/2
phosphorylation in different cell lines (Seidman et al., 2001;
Klein et al., 2005). Accordingly, we cannot exclude that the

FIGURE 7 | Representative AP recordings by whole-cell patch clamp in current clamp configuration in untreated (red traces) and colchicine-treated LMNA Q517X-
expressing HL-1 cells (gray traces) and scatter plots for the analysis of AP parameters in untreated (red squares, N = 9) and colchicine-treated LMNA Q517X-expressing
HL-1 cells (gray squares, N = 5). *p < 0.01, **p < 0.001, Student’s t test for unpaired data.
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activation of ERK1/2 pathway we found in LMNA Q517X-
expressing cardiomyocytes may be a downstream process to
microtubules hyper-polymerization we found associated with
this LMNA variant.

The altered tubulin state has already been found associated
with some LMNA pathogenic variants. Instable microtubule
network with a decrease in the acetylation of α tubulin
triggered abnormal CX43 localization and consequent
electrical communication between cardiomyocytes in
LmnaH222P/H222P and LmnaN195K/N195K mice (Macquart et al.,

2019; Borin et al., 2020). Accordingly, stabilization of
microtubules using paclitaxel, a microtubule-stabilization agent
commonly used in chemotherapy, repositioned CX43 in
cardiomyocytes of LmnaN195K/N195K mice and improved
intraventricular conduction defects in these mice (Macquart
et al., 2019). Recently, instable microtubules meshwork was
also found in cardiomyocytes expressing E161K and D192G
pathogenic LMNA variants with again a displacement of CX43
(Borin et al., 2020), demonstrating a different pathogenic
mechanism by which LMNA may displace a sarcolemmal

FIGURE 8 | (A) Representative traces of inward Na+ currents evoked in untreated (Nav1.5 + β1 + LMNA Q517X) or colchicine-treated LMNA Q517X-expressing
HEK293 cells (Nav1.5 + β1 + LMNA Q517X colchi). (B) Left panel: current density (pA/pF)–voltage relationships (I–V curve) of the Na+ currents recorded in untreated (red
trace,N = 6), and colchicine-treated LMNAQ517X-expressing HEK293 cells (gray trace,N = 6); p-value < 0,0001 from −50 mV to −10 mV; p-value< 0.001 at −5 mV and
at 0 mV; p-value < 0.01 at 5 mV and p-value < 0,05 at 10 mV and 15 mV, two-way Anova. Right panel: scatter plot of the maximum peak sodium currents (pA/pF)
in untreated (red squares) and in colchicine-treated LMNA Q517X-expressing HEK293 cells (gray squares). (C) Left panel: conductance voltage (G/Gmax) relationships
of Na+ currents (G–V curve) obtained for untreated (red trace, N = 6), and colchicine-treated LMNA Q517X-expressing HEK293 cells (gray trace, N = 6); p-value <
0.001 at −50 mV and at −45 mV, two-way Anova. Right panel: scatter plot of the half-maximal conductance (V1⁄ 2) and slope factors (K) in untreated (red squares) and in
colchicine-treated LMNA Q517X-expressing HEK293 cells (gray squares); *p < 0.01; **p < 0.001, Student’s t test for unpaired data.
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protein through the microtubule network thus impairing heart
electrical physiology.

To the best of our knowledge, we reported for the first time that
an LMNA pathogenic variant is associated with an excess of
microtubule polymerization and stabilization, which impairs
Nav1.5 sarcolemmal expression and biophysics generating
abnormalities in AP generation and propagation in cardiomyocytes.

Interestingly, we showed that a well-known FDA-approved alkaloid,
colchicine, which depolymerizes the tubulin meshwork, reverted the
altered AP properties of LMNA Q517X-expressing cardiomyocytes
recapitulating those of the LMNA WT-expressing cardiomyocytes.

Similarly, when colchicine was tested on HEK293 cells
expressing Nav1.5 and LMNA Q517X, INa currents and
kinetics returned to those measured in control cells. The effect
of colchicine non only provided evidence that the altered state of
tubulin we observed is actually the key event in the electrical
features of mutant expressing cardiomyocytes but also suggested
a therapeutic intervention for this LMNA cardiomyopathy.

Interestingly, in vivo colchicine treatment significantly reduced
microtubule density in cardiomyocytes of different rat models
(Prins et al., 2017; Scarborough et al., 2021). Moreover, in the
last 15 years colchicine was introduced in the field of cardiology for
the treatment and prevention of different cardiovascular diseases
(Fiolet et al., 2021), thus suggesting colchicine as a possible ready-
to-use treatment for LMNA Q517X carriers.

In conclusion, our results confirm that LMNA protein at the
nuclear envelope controls a chain of events involved not only in the
mechanical but also in the electrical signaling transfer from the
nucleus to the cell membrane in cardiomyocytes. Moreover, our
findings suggest that every LMNA mutant may act with different
pathogenic mechanisms in generating a common clinical phenotype
in heart such as arrythmias and conduction defects. Indeed, it is very
important to characterize each LMNA pathogenic variant in
cardiomyocytes to gain insights on both the complexity of the
cardiac cell biology, the mechanisms leading to cardiac dysfunction
in laminopathies and the possible therapeutic approaches.
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KCC3a, a Strong Candidate Pathway
for K+ Loss in Alkalemia
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Eric Delpire1*
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Loss-of-function mutations in the human potassium chloride cotransporter-3 (KCC3)
cause a hereditary motor sensory neuropathy associated with agenesis of the corpus
callosum. While recapitulating the neuropathy, KCC3-knockout mice also exhibit high
blood pressure. This phenotype is believed to have neurogenic and/or vascular origins.
The role of KCC3 in the kidney is poorly understood. KCC3 is encoded by two major
isoforms originating from alternative promoters: KCC3a and KCC3b, with KCC3b being
the predominant transcript in the kidney. Although the transporter has previously been
localized to the proximal tubule, we show here the unique expression of the KCC3a isoform
in the connecting tubule. Using a KCC3a-specific polyclonal antibody validated for both
immunofluorescence and immunoblotting, we showed an intense KCC3a signal restricted
to cortical intercalated cells. No overlap is detected between KCC3a and sodium chloride
cotransporter (NCC), a distal convoluted tubule (DCT) marker; or between KCC3a and
ENaC or calbindin, which are both principal cell markers. KCC3a signal was observed in
cells expressing the apical V-ATPase and pendrin, establishing a unique expression
pattern characteristic of intercalated cells of type-B or type-nonA/nonB. We further
show that treatment of wild-type mice with hydrochlorothiazide, amiloride, or fed a K+-
deficient diet up-regulates KCC3a level, suggesting that volume depletion increases
KCC3a abundance. This hypothesis was confirmed by showing a higher abundance of
KCC3a protein after 23-h water restriction or after placing the mice on a low-salt diet. More
importantly, abundance of the Cl−/HCO3

− exchanger, pendrin, which is known to secrete
bicarbonate in alkalotic conditions, was significantly diminished in KCC3-knockout mice. In
addition, KCC3a abundance increased significantly alongside pendrin abundance in
bicarbonate-treated alkalotic mice, providing a credible mechanism for K+ loss in
metabolic alkalosis.

Keywords: K–Cl cotransport, intercalated cells, bicarbonate, metabolic alkalosis, K+ loss

INTRODUCTION

Alkalemia is defined as an arterial blood pH exceeding a value of 7.45. It can be caused by the
accumulation of alkali (HCO3

−) or the loss of acids (H+) (Foy and De Morais, 2017; Emmett, 2020;
Brinkman and Sharma, 2022). Different physiological conditions resulting in an increased intracellular
shift of H+, gastrointestinal loss, or renal H+ waste lead to metabolic alkalosis. The consumption of alkali,
the uses of diuretics, repeated vomiting, severe dehydration, and certain endocrine disorders also cause
metabolic alkalosis (Berend, 2018; Emmett, 2020). The kidney plays a key role to neutralize metabolic
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alkalosis by rapidly excreting excess HCO3
− in the urine. One key

mechanism for abating alkalosis is the secretion of bicarbonate by
type-B intercalated cells in the distal nephron (Wall et al., 2020). This
is achieved by pendrin, an exchanger located at the apical membrane
of intercalated cells which secrete HCO3

− in exchange for Cl−

(Royaux et al., 2001). Loss of blood K+ is often associated with
metabolic alkalosis. Hypokalemia and metabolic alkalosis are, for
instance, observed in conditions like Bartter and Gitelman
syndromes (Bhandari and Turney, 1998). In these cases, an
increased Na+ delivery to the aldosterone-sensitive distal nephron
results in the activation of the renal outer medullary potassium
channel (ROMK), and subsequent loss of K+. Low blood K+ has also
been linked to a reduction in pendrin level, which could contribute
to the maintenance of alkalosis in hypokalemia (Xu et al., 2017).
Pendrin’s ability to secrete HCO3

− in the urine depends on Cl−

recycling between the tubular lumen and the intracellular
compartment. Different transport systems have been implicated
in coupling Cl− recycling to pendrin function along the distal
nephron. The sodium-driven chloride/bicarbonate exchanger
(NDCBE) and the cystic fibrosis transmembrane conductance
regulator (CFTR) are two hypothesized examples of distal
nephron transport systems that have been linked to pendrin
activity (Wall, 2022).

KCC3, a K–Cl cotransporter mediating the tightly coupled efflux
of K+ andCl−, is expressed in the kidney (Pearson et al., 2001). KCC3
is involved in the pathogenesis of a human disease called HSMN/
ACC (hereditary sensory-motor neuropathy associated with
agenesis of corpus callosum) (Howard et al., 2002). The disorder
was first reported in the medical literature by Dr. Frederick
Andermann, a Canadian neurologist whose name is often
associated with the syndrome (Andermann et al., 1972). A
relatively high incidence of HSMN/ACC cases exists in parts of
Quebec, Canada, due to a founder effect dating back to the 17th
century (Andermann and Andermann, 1994). In addition, there are
additional sporadic cases described in the literature (Boettger et al.,
2003; Uyanik et al., 2006). While mouse models of inactive KCC3
recapitulate the neuropathy phenotype, the mice also display high
blood pressure (Boettger et al., 2003; Adragna et al., 2004; Garneau
et al., 2016). Studies have attributed this high blood pressure to
neurogenic (Rust et al., 2006) and vascular effects (Adragna et al.,
2004). The possibility that renal KCC3might also be involved in the
blood pressure phenotype has yet to be addressed.

The human protein atlas reveals low RNA tissue specificity for
KCC3 with relatively high expression levels in the retina, bone
marrow, testis, vagina, esophagus, kidney, and lower levels in all
other tissues (Uhlén et al., 2015; Sjöstedt et al., 2020). In 2001, we
reported two distinct transcripts of KCC3 starting with
alternative first exons: KCC3a starting with exon 1a (encoding
90 amino acids) and KCC3b, initiated from exon 1b (encoding 39
distinct amino acids). The KCC3a transcript is more abundant in
the brain, whereas KCC3b is more abundant in the kidney
(Pearson et al., 2001). RNA-seq analyses of microdissected rat
kidney tubule segments reveal a low expression level of KCC3
along the nephron (Lee et al., 2015). The analysis, however, does
not distinguish between the two major isoforms. Information
about KCC3 expression and function in the kidney is rather
limited. Using an antibody made to an exon 3–specific peptide,

we showed KCC3 at the basolateral membrane of the proximal
tubule S1 segment (Mercado et al., 2005), a signal later shown to
increase in hyperglycemia (Melo et al., 2013). Another study
examining renal function in the KCC3-knockout mouse revealed
increased diuresis (Garneau et al., 2016). Interestingly,
aldosterone was unchanged despite a significant increase in
mean arterial pressure and blood K+, indicating possible renal
involvement in the observed phenotype.

Here, we show abundant expression of KCC3a in intercalated
cells type-B or type-nonA/nonB. The signal was most abundant
in the cortex, indicating expression in connecting tubule (CNT),
the aldosterone-sensitive segment that links the distal convoluted
tubule to the collecting duct. Furthermore, we discovered that
KCC3a and pendrin are expressed in the same cells and are
functionally connected in terms of HCO3

− secretion. We propose
that coupling of pendrin function with KCC3a function results in
KHCO3 secretion and that KCC3a might be a key pathway for K+

loss in metabolic alkalosis.

MATERIALS AND METHODS

Animal Experiments
C57BL/6J male and female mice aged 2–3months were used in this
study. All animals had been maintained in a temperature-controlled
and pathogen-free barrier facility in ventilated cages with a 12-h
light/12-h dark cycle. KCC3-knockout (KCC3-KO) mice were
generated by disrupting exon 3 using targeted homologous
recombination in the embryonic stem cells as described before
(Howard et al., 2002). Homozygous KCC3-KO (KCC3−/−) and
controls (KCC3+/+) were generated by breeding heterozygous
KCC3 (KCC3+/−) mice. For diet manipulation, mice were
maintained on control diet (Envigo Teklad custom diet,
TD.88238; 1.05% K+, 0.29% Na+, 0.9% Cl−), potassium-deficient
diet (Envigo Teklad custom diet, TD.88239; 0% K+, 0.29% Na+,
0.45% Cl−), high-sodium diet (Envigo Teklad custom diet,
TD.190009; 1.05% K+, 1.57% Na+, 3.38% Cl−), or sodium-
deficient diet (Envigo Teklad custom diet, TD.190152; 1.05% K+,
0 Na+, 0.95% Cl−) for 4–5 days with free access to water. For the
water deprivation study, C57BL/6J mice were randomly assigned to
23-h water deprivation with free access to food, while control mice
had free access to both water and food. For tissue collection, mice
were sacrificed by isoflurane administration (inhalation), followed
by cervical dislocation. All studies using mice were approved by the
Vanderbilt Animal Care and Use Committee.

PCR Genotyping
Mice were genotyped at age ~postnatal day 21 by collecting tail
snips under isoflurane anesthesia. The 3–5 mm tail samples were
digested in 200 μL lysis buffer (25 mM NaOH, 0.2 mM EDTA,
pH ~12.0) at 95°C for 1 h and then neutralized with 200 μL Tris
buffer (40 mM, pH ~5.0). PCR reactions were set up to identify
the mutant gene (forward: 5′ GAACTTTGTGTTGATTCCTTT
GG 3′; reverse: 5′ TACAACACACACTCCAACCTCCG 3′) and
a control gene (forward: 5′ GAACTTTGTGTTGATTCCTTTGG
3′; reverse: 5′ TCTCCTAACTCCA TCTCCAGGG 3’). PCR
reactions were run on 1.5% agarose gel.
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Kidney Western Blot
Kidneys were snap-frozen in liquid nitrogen immediately after
harvesting and utilized directly or stored at −80°C. Single kidneys
were homogenized using a Potter homogenizer in 1 mL ice-cold
homogenization buffer containing 300 mM sucrose, 50 mM Tris-
HCl (pH 7.4), 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol,
1 mM phenylmethylsulphonyl fluoride, Halt protease and
phosphatase cocktail (Thermo Fisher Scientific, catalog#:
78442), and PhosSTOP phosphatase inhibitor cocktail tablet
(Roche, catalog#: 04906837001). Homogenate was centrifuged
at 6,000 rpm for 15 min at 4°C, and the supernatant was
transferred to a new tube and stored at −80°C. Protein assay
was done using Bio-Rad protein assay dye reagent (Bio-Rad,
catalog#: 5000006). Then, 40 μg protein was separated on a
4–20% Mini-PROTEAN TGX Precast protein gel (Bio-Rad,
catalog#: 4561095). Proteins were transferred to a
polyvinylidene fluoride membrane using the Trans-Blot Turbo
Transfer System (Bio-Rad, catalog#: 1704150). The membrane
was blocked with 5% nonfat milk in TBS-Tween, followed by
incubation with primary antibody for either 1 h at room
temperature or overnight at 4°C. The membrane was then
washed in TBS-Tween, incubated with horseradish peroxidase-
conjugated anti-rabbit IgG (Promega, catalog#: W401B) at room
temperature, and washed again in TBS-Tween. Proteins on the
membrane were visualized by incubating them in luminol/
enhancer solution (Bio-Rad Clarity Western ECL Substrate,
catalog#: 1705061). The signal was detected with a ChemiDoc
MP Imaging System (Bio-Rad, catalog#: 12003154). Protein
signal quantification was performed with ImageJ (http://
rsbweb.nih.gov/ij/) with all data normalized to actin.

Immunofluorescence
Kidneys were fixed in 10% neutral buffered formalin and slides
with paraffin-embedded sections were prepared. The tissues on
slides were de-paraffinized and rehydrated in decreasing
strengths of ethanol and then washed with PBS at room
temperature. After antigen retrieval in citra plus solution
(BioGenex, Catalog#: HK080-9K), tissue sections were
incubated overnight at 4°C with primary antibodies (Table 1),
followed by poly-HRP–conjugated secondary antibody (Table 1)

for 30 min, washed in PBS and incubated with tyramide solution
for 2 min at room temperature. After washing in PBS, tissue
sections were mounted on microscope slides with ProLong Gold
antifade reagent with DAPI (Invitrogen, catalog#: P36931).
Images were captured with a Zeiss LSM 880 laser scanning
confocal microscope.

KCC3a-Specific Antibody
The KCC3 antibody utilized in this study was raised in rabbits
against the first 132 amino acids of mouse KCC3a. This fragment
is encoded by exon 1a, exon 2, and the majority (84%) of exon 3.
The KCC3a-specific antibody was then purified using a fusion
protein that included only the first 44 residues of the transporter,
encoded by part of exon 1a. To establish the specificity of the
antibody, we created proteins with exon 1a and exons 2–3 fused
to EGFP. Exons were PCR amplified from mouse cDNA and
inserted into a pCDNA5 vector that contains the entire open
reading frame of EGFP. After verification of proper sequence by
sequencing, the DNA was purified with a Qiagen Medi prep kit
and transfected into HEK293-T cells for expression.

Cell Culture and Transfection
HEK293-T cells were maintained in the DMEM:F12 medium
(Gibco, catalog#:11320-033), supplemented with 10% fetal bovine
serum (R&D Systems, catalog#: S111110) and 2% penicillin/
streptomycin (Gibco, catalog#: 15140-122). Cells in 10-cm
dishes at 60–80% confluency were transfected with 15 μg DNA
and 45 μL Fugene 6 transfection reagent (Promega, catalog#:
11 814 443 001). Briefly, 15 μg DNA was added to 400 μL
Opti-MEM (Gibco, catalog#: 31985-070), followed by 45 μL
Fugene 6. After vigorous mixing with a pipet, the mixture was
incubated at room temperature for 20 min prior to dropwise

TABLE 1 | Antibodies.

Antibody Host/Type Dilution (use) Source References/Catalogue

KCC3a Rabbit polyclonal 1:500 (WB), 1:100 (IF) Eric Delpire Ding and Delpire, (2014)
Pendrin Rabbit 1:5000 (WB), 1:1000 (IF) Susan Wall (Knauf et al., 2001; Pham et al., 2020)
pNCC Rabbit polyclonal 1:2000 (WB) PhosphoSolutions p1311-53
GFP Alpaca 1:40 (IP) ChromoTek Gta-20
GFP Mouse monoclonal 1:1000 (WB) VAPR Clone 1C9A5
pNCC-T46 Sheep polyclonal 1:50 (IF) MRC Dundee S241C
V-ATPase Mouse monoclonal 1:100 (IF) Santa Cruz sc-55544
Calbindin-28 Mouse monoclonal 1:100 (IF) Abcam ab82812
ENaC (γ) Rabbit polyclonal 1:50 (IF) StressMarq SPC-405D
β-actin Rabbit monoclonal 1:3000 (WB) Abcam ab8227
anti-rabbit HRP-conjugated 1:2000 Promega W401B
anti-mouse HRP-conjugated 1:2000 Promega W402B

KCC3a, K+
–Cl- cotransporter isoform a; pNCC, phosphorylated NCC (Thr53); ENaC, epithelial sodium channel; V-ATPase, vacuolar-type ATPase; HRP-conjugated, horseradish

peroxidase-conjugated; WB, Western blot; IF, immunofluorescence; VAPR, Vanderbilt Antibody and Protein Resource.

TABLE 2 | Blood [K+].

Vehicle mean ± SEM,
mmol/L

HCTZ mean ± SEM,
mmol/L

Amiloride mean ± SEM,
mmol/L

3.4 ± 0.03 3.4 ± 0.16 6.4 ± 0.42**

HCTZ, hydrochlorothiazide; **p = 0.001 vehicle versus amiloride.
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addition to a 10-cm culture dish. Cells were then returned to the
37°C air with a 5% CO2 incubator for 36–48 h. Cells were then
washed once with 10 mL Hank’s saline with calcium and
magnesium (Gibco, catalog#: 14175-095), scraped with 700 μL
RIPA buffer (Sigma, catalog#: R0278) containing protease
inhibitors, incubated on ice for 20 min, briefly sonicated,
incubated on ice for an additional 10 min, and centrifuged at
21.1 g for 20 min.

Immunoprecipitation
Cell lysate (500 µg) was mixed with 25 μL GFP-Trap Agarose
beads (ChromoTek, Planegg-Martinsried, Germany) in a 1.5-mL
Eppendorf tube by rotating end-over-end for 2 h at 4°C. The
bead–protein complex was washed three times in RIPA buffer
and sedimented by centrifugation at 2,500 × g for 5 min at 4°C.
Immunoprecipitates were resuspended in 80 μL of 4x Laemmli-
sample buffer with dithiothreitol and incubated at 65°C for
15 min to dissociate immunocomplexes from beads. The beads
were sedimented by centrifugation at 2,500 x g for 2 min at 4°C.
Precipitated proteins in the supernatant were separated by SDS-
PAGE and blotted on PVDF membranes. Membranes were
probed with the primary antibody followed by HRP-
conjugated secondary antibody. Proteins on the membrane

were visualized by incubating them in the luminol/enhancer
solution (Bio-Rad). The signal was detected with a ChemiDoc
MP Imaging System.

Diuretic Test
C57BL/6J mice were randomly assigned to a vehicle (glycol:water
= 300:100), hydrochlorothiazide (37.5 mg/kg body weight) or
amiloride (9.375 mg/kg body weight) treatment, administered
once a day for 7 days by oral gavage. Blood and kidneys were
collected after 7 days of treatment.

Urine Analysis
Urine K+ was analyzed using the Diamond Diagnostics CareLyte
Plus electrolyte analyzer. For urinary K+ measurement, a 100 μL
urine sample was employed.

Blood Analysis
Blood was collected via cardiac puncture and transferred
into heparinized tubes. Immediately after collection, 80 μL of
blood was loaded into a Chem8+ cartridge for
electrolyte measurement using an i-STAT analyzer (Abbot
Point of Care).

FIGURE 1 |Generation of a potassium chloride cotransporter 3a (KCC3a)–specific antibody. (A) Structure of the mouse Slc12a6 (KCC3) gene showing alternative
promoters and exons 1a and 1b, as well as exons 2, 3, and 25. (B)Glutathione-S-transferases (GST)–exon 1a fusion protein used to purify the rabbit immune serum and
fusion protein exon 1a–enhanced green fluorescent protein (EGFP) purified from transfected HEK293 cells used to assess antibody specificity. (C) Immunoblot showing
EGFP expression in HEK293 cells transfected with 1a-EGFP or 2-3-EGFP but not untransfected cells. KCC3 signal in cells transfected with 1a-EGFP, but not 2-3-
EGFP or untransfected cells. (D) Immunoblot shows the band at ~130 kDa with kidney (K) and brain (B) samples fromwild-type mice, but not from KCC3-knockout (KO)
mice. Notably, there is an abundance of KCC3a in brain tissue, compared to the kidney.
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Statistics
The null hypothesis was tested using 2-tailed unpaired t-tests or
paired t-test by using GraphPad Prism 9 as indicated in the figure
legends. All data are plotted as means ± SEM. p < 0.05 was
considered significant.

RESULTS

KCC3a Antibody Validation
The KCC3a antibody was generated by immunizing rabbits with
a peptide fragment encoded by exon 1a–3 (Figure 1A) fused to
glutathione-S-transferase (Ding and Delpire, 2014). The
antibody was then purified from serum using a shorter GST
fusion protein, specific to exon 1a, and validated by Western blot

analysis using exon 1a-EGFP, a fusion protein expressed in
HEK293-T cells (Figures 1B,C), as well as brain and kidney
lysates isolated from wild-type mice and KCC3-knockout
littermates (Figure 1D). In mouse tissues, the specific signal
for KCC3a was observed at ~130 kDa and absent from the
KCC3-knockout mice. Notably, there was a relatively low
abundance of the protein in kidney samples compared to
brain samples.

Localization of KCC3a Along the Nephron
Immunofluorescence (IF) was performed to determine the
localization of KCC3a along the nephron and the antibody was
validated for IF using KCC3-knockout mice. In kidney sections
fromwild-typemice, the KCC3a signal was generally low, except in
distinct cells in the cortex. This signal was absent in KCC3-

FIGURE 2 | Potassium chloride cotransporter 3a (KCC3a) expression in pendrin-expressing cells. KCC3a signal (purple) in the kidney cortex of wild-type mice (A),
but not KCC3-knockout mice (B). KCC3a expression [green, (C)] and pendrin expression [red, (D)] with an overlap of signal [yellow, (E)] in the kidney cortex at 40X.
Notably, there is a presence of cells with faint basolateral KCC3a staining (white stars). Similarly, KCC3a expression [green, (F)] and pendrin expression [red, (G)] with
overlap [yellow, (H)] at 63X. The absence of KCC3 expression in most tubule segments surrounding the positive cells is also noted. Scale bars = 50 µm for panels
(A–E) and 10 µm for panels (F–H).
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knockout mice (Figures 2A,B). The discontinuous pattern of
expression indicated the presence of KCC3a in the CNT. Using
co-staining with pendrin antibody (Figures 2C–E), an intercalated
cell marker, we localized KCC3a in intercalated cells of type-B or
type-nonA/nonB. While a faint signal could be seen in a few cells
on the basolateral membrane (white stars, Figure 2E), most of the
signal was apical. Figures 2F–H show higher magnification images
with KCC3a and pendrin clearly overlapping at the apical pole.
Further co-labeling experiments showed that the KCC3a signal was
present in V-ATPase–positive cells (Figures 3A–C) and distinct
from phosphorylated sodium chloride cotransporter (pNCC)
(Figures 3D,E,G), ENaC (Figures 3D,F,G), and calbindin-28
signals (Figures 3H–J), indicating the absence of KCC3a
expression in distal convoluted tubule (DCT, identified with
pNCC) and CNT principal cells (identified with ENaC and
calbindin-28). Notably, we did not confirm the absence of
KCC3a expression in type-A intercalated cells.

Changes in KCC3a Abundance in Response
to Blood K+

Blood K+ is known to exert a strong effect on the distal nephron
(Terker et al., 2015; Ferdaus et al., 2016; Terker et al., 2016). As
KCC3a transports both K+ and Cl−, we investigated whether a
change in blood K+ affects KCC3a expression. Mice were fed with
a K+-deficient diet for 4–5 days to decrease their blood K+

concentration (López-Cayuqueo et al., 2018). KCC3a
abundance was significantly increased after 4–5 days of dietary
K+ deficiency, compared with mice maintained on a matched
control diet (Figure 4A). Signal quantitation showed 100% ±
29.10 for control K+ diet vs 207.3% ± 28.01 for K+ free diet (values
are mean ± SEM, p = 0.03). To confirm the effectiveness of the
K+-deficient diet, we analyzed pNCC abundance (Figure 4B),
which showed a significant increase in pNCC signal in the K+-free
diet group (100% ± 37.98 for control K+ diet vs. 3035% ± 169.3 for
K+-free diet, p < 0.0001).

FIGURE 3 | Potassium chloride cotransporter 3a (KCC3a) expression along the connecting tubule. KCC3a expression [green, (A)] and vacuolar-type ATPase
(V-ATPase) expression [red, (B)] with overlap of signal [yellow, (C)] in kidney cortex. KCC3a expression [purple, (D)], phosphorylated sodium chloride cotransporter
(pNCC) [green, (E)], epithelial sodium channels (ENaC) [red, (F)], and merged signal (G) in the kidney cortex. Expression of KCC3a [green, (H)], connecting tubule-
specific principal cell marker—Calbindin-28 [red, (I)] and merged image (J) in the renal cortex. The signal for KCC3a is interspersed among the calbindin-positive
cells. Scale bar = 50 µm.
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Hydrochlorothiazide and amiloride treatments are known to
cause opposite effects on blood K+ (Table 2), with a decrease in
K+ associated with NCC inhibition (Gamba et al., 1993; Monroy
et al., 2000; Terker et al., 2015). Interestingly, KCC3a abundance
increased in mice treated for seven days with either
hydrochlorothiazide or amiloride (Figures 5A,C). Indeed,
KCC3a signal was 100% ± 54.73 in mice treated with vehicle
vs. 467.6% ± 100.5 for mice treated with hydrochlorothiazide (p =
0.02) and 100% ± 60.38 for vehicle vs. 367.4% ± 85.97 for mice
treated with amiloride (p = 0.04). Again, the effect of the diuretic
treatments was assessed using pNCC abundance. Increased
pNCC was observed in hydrochlorothiazide-treated mice
(Figure 5B, 100% ± 34.0 for vehicle vs. 710.7% ± 96.65 for
hydrochlorothiazide, p = 0.001). Conversely, decreased pNCC
abundance was observed in mice treated with amiloride
(Figure 5D, 100% ± 12.91 for vehicle vs. 2.87% ± 2.05 for
amiloride, p = 0.0003).

Effect of Volume Depletion on KCC3a
Our data with hydrochlorothiazide and amiloride treatments
indicate that KCC3a abundance might not be following blood
K+, but rather water loss and volume contraction. Indeed, both
diuretics reduce the reabsorption of Na+ and water, leading to
volume contraction. To address this possibility, we subjectedmice
to a 23-h water deprivation protocol and to salt restriction. As
seen in Figure 6A, KCC3a abundance increased significantly in
mice after 23 h of water deprivation compared to mice with free
access to drinking water [100% ± 42.48 (control) vs. 1466% ±
171.1 (water deprivation), mean ± SEM, p = 0.0002]. Na+-
deficient diet is known to cause volume depletion (Bagshaw
et al., 2009; Bie, 2009). Again, as observed in Figure 6B,
KCC3a abundance was significantly higher after four days on a

low-Na+ diet compared to mice fed for four days on a high-Na+

diet [100% ± 12.25 (high-salt diet) vs 156.9% ± 13.57 (low-salt
diet), p = 0.02].

KCC3a Responds to Alkalosis
Our observations suggest that maneuvers causing loss of water or
volume depletion increased the abundance of the KCC3a protein.
KCC3a localizes on the apical membrane of pendrin-expressing
intercalated cells in the kidney cortex. To determine if KCC3a
tracks with pendrin, we fed mice for 24 h with 280 mM
bicarbonate in drinking water and observed a marked increase
in both KCC3a and pendrin abundance (Figures 7A,B). For
KCC3a, the increase was 2-fold [100% ± 24.03 (sucrose) vs
195.73% ± 11.22 (sucrose + bicarbonate), p = 0.006]; pendrin
was also higher [100% ± 50.90 (sucrose) vs 326.03% ± 75.74
(sucrose + bicarbonate), p = 0.03]. Alkalosis-triggered K+ loss was
confirmed in wild-type mice treated with vehicle (2% sucrose
drinking water) or 0.28 M NaHCO3 (with 2% sucrose in
drinking water) for 24 h (Genini et al., 2020) with 11.09 ±
4.62 μmol/body weight (BW) (g)/24 h for vehicle vs 22.93 ±
4.80 μmol/body weight (BW) (g)/24 h for NaHCO3, p = 0.008
(Figure 7C).

Downregulation of Pendrin in
KCC3-Knockout Mice
We evaluated pendrin abundance in KCC3-KO mice to confirm
the functional linkage of KCC3a to pendrin and found that
pendrin abundance was downregulated in KCC3-KO mice,
implying that KCC3a is required for pendrin. Pendrin
abundance was 100% ± 6.58 in control mice and 59.23% ±
11.92 in KCC3-KO mice, p = 0.006 (Figure 8).

FIGURE 4 |Change in potassium chloride cotransporter 3a (KCC3a) abundance in the kidney in mice on K+-deficient diet. (A) KCC3a abundance increased on K+-
free diet (KFD) than in the control (Ctrl) diet (two-tailed unpaired t-test). (B) The phosphorylated sodium chloride cotransporter (pNCC) abundance was higher on the KFD
than on the control diet (two-tailed unpaired t-test), indicating the diet’s efficiency. For blot quantification, densitometric values were normalized to β-actin. Values are
means ± SEM; values in parentheses indicate n values. *p < 0.05; ****p < 0.0001.
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DISCUSSION

Limited information exists on the expression and role of K–Cl
cotransporters in the kidney. Immunofluorescence studies have
localized KCC3 on the basolateral membrane of murine proximal
tubule epithelial cells (Mercado et al., 2005) and KCC4 on the
basolateral membrane of rabbit DCT (Velázquez and Silva, 2003)
and mouse intercalated cells type-A (Boettger et al., 2002). A
mathematical model of rat distal convoluted tubule addressed the

presence of a K–Cl cotransporter along the basolateral membrane
of the distal convoluted tubule and viewed it necessary for
luminal Cl− reabsorption and cell volume maintenance
(Weinstein, 2005). The nature of the K–Cl cotransporter in
mouse DCT is still unknown. In the Mercado study, the
proximal tubule KCC3 expression was demonstrated using an
exon 3–specific antibody (Mercado et al., 2005) which cannot
discriminate between the twomain isoforms, KCC3a and KCC3b.
Since we demonstrated in 2001 that KCC3b was the major

FIGURE 5 | Potassium chloride cotransporter 3a (KCC3a) abundance changes in response to hydrochlorothiazide (HCTZ) treatment. (A) KCC3a abundance
increases after HCTZ (37.5 mg/kg body weight) treatment compared with the vehicle (Veh, glycol:water = 300:100)-treated group (two-tailed unpaired t-test). (B) After
HCTZ treatment, compared with the Veh-treated mice, the abundance of phosphorylated sodium chloride cotransporter (pNCC) increases (two-tailed unpaired t-test),
demonstrating the drug’s effectiveness. (C) The abundance of KCC3a in amiloride-treated mice was higher than in vehicle-treated mice (two-tailed unpaired t-test).
(D) In mice treated with vehicle, the abundance of pNCC was lower than in mice treated with amiloride (two-tailed unpaired t-test). For blot quantification, densitometric
values were normalized to β-actin. Values are means ± SEM; values in parentheses indicate n values. *p < 0.05; ***p < 0.001.
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FIGURE 6 | Potassium chloride cotransporter 3a (KCC3a) abundance changes in response to water deprivation and high-salt versus low-salt diets. (A)Mice were
water restricted for 23 h, (Wat. Dep.) and KCC3a abundance was compared to mice maintained on water during the same period Ctrl, (two-tailed unpaired t-test). (B)
Mice were fed for 4 days on a high-salt or low-salt diet and analyzed for KCC3a expression (two-tailed unpaired t-test). For blot quantification, densitometric values were
normalized to β-actin. Values are means ± SEM; values in parentheses indicate n values. *p < 0.05; ***p < 0.001.

FIGURE 7 | Link between pendrin and KCC3a. (A,B)NaHCO3 treatment for 24 h increased KCC3a and pendrin abundances compared to control (Ctrl), (two-tailed
unpaired t-test). (C) Urinary K+ excretion was higher in NaHCO3-induced alkalotic condition (two-tailed paired t-test). For blot quantification, densitometric values were
normalized to β-actin. Values are means ± SEM; values in parentheses indicate n values. *p < 0.05; ***p < 0.001.
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isoform in the kidney, whereas KCC3a was the predominant
isoform in the brain (Pearson et al., 2001), it was likely that
proximal tubule cells were expressing KCC3b. This is further
evidenced in this study where we used a KCC3a-specific antibody
and observed signal only in the distal tubule.

We provide here the first report of a K–Cl cotransporter
expressed on the luminal membrane of renal epithelial cells.
Indeed, we observed intense KCC3a-specific staining at the
apical membrane of cells expressing the V-ATPase and
pendrin, thus localizing KCC3a in type-B or type-nonA/nonB
intercalated cells. Furthermore, the KCC3a-expressing cells were
surrounded by calbindin-positive cells, restricting KCC3a
expression to the CNT and cortical collecting duct (CCD), the
aldosterone-sensitive distal nephron, which performs many key
renal functions. In mice and rats, connecting tubules and cortical
collecting ducts are composed of ~40% intercalated cells and
~60% principal cells. Pendrin-positive nonA/nonB cells are found
in abundance in the CNT of the mouse kidney, while pendrin-
positive type-B cells predominate in the CCD (Kim et al., 1999;
Song et al., 2007).

Net transport through KCC3 is driven by the combined
gradients of K+ and Cl− across the membrane, and possibly
the need for cell volume (swelling) activation. Microperfusion
studies in the distal nephron provide luminal concentration
values for K+ and Cl− of ~2 mM and 30–60 mM, respectively
[summarized in Weinstein (2005)]. This means that the product
of [K+] x [Cl−] on the outside is 20–25 times smaller than the
product on the inside, and it would take an excess of 40–50 mM
luminal K+ to start reversing the gradients. Thus, due to the high
intracellular and low luminal concentration of K+ and Cl−,
transport through apical KCC3 should be poised in the
direction of secretion, that is, K+ loss.

Hydrochlorothiazide and amiloride are used as diuretics.
Though both drugs trigger diuresis and a reduction in blood
volume, they are known to have opposite effects on blood K+.
The fact that both diuretics led to an increase in KCC3a abundance
indicates that volume contraction rather than blood K+ was the
factor that influenced the expression of the cotransporter.
Similarly, long-term K+ depletion is known to result in
nephrogenic diabetes insipidus and the production of a large
amount of urine (Marples et al., 1996; Oksche and Rosenthal,
1998; Boyd-Shiwarski et al., 2020). In mice, a long-term K+-free
diet also causes an increase in water excretion (Boyd-Shiwarski
et al., 2020; Al-Qusairi et al., 2021 #4628). Plasma osmolarity,
plasma Na+, and electrolyte-free water clearance are higher on K+-
free diet than on a control K+ diet. Furthermore, the vasopressin
surrogate marker, copeptin, was also increased on K+-free diet
compared to the control diet (Al-Qusairi et al., 2021). As
desmopressin treatment could not reverse the water diuresis in
mice maintained on K+-free diet, the data suggested that low blood
K+ is associated with nephrogenic diabetes insipidus. Diuresis and
the fall in blood K+ occurred concomitantly after four days on K+-
free diet. In our study, although the effect of the K+-free diet at the
cellular level was not investigated, in line with the observation of
hydrochlorothiazide and amiloride treatments, we observed
increased KCC3a abundance in mice on K+-deficient diet.

Dehydration, imposed by water restriction, implies a
reduction in total body water leading to hypertonicity.
Dehydration is known to cause a reduction in body weight
and mean arterial pressure, along with an increase in
hematocrit, plasma osmolality, and vasopressin levels. To
investigate the effect of total body water reduction on KCC3a,
we performed a 23-h water deprivation study and observed that
water-deprived mice also displayed a higher abundance of

FIGURE 8 | KCC3 deletion in KCC3-knockout (KCC3-KO) mice downregulated pendrin abundance compared to control (Ctrl), (two-tailed unpaired t-test). For blot
quantification, densitometric values were normalized to β-actin. Values are means ± SEM; values in parentheses indicate n values. ***p < 0.001.

FIGURE 9 | KCC3a participates in K+ loss in isolated alkalemia caused
by metabolic alkalosis. Increased HCO3

− with a consequent increase in blood
pH is known as alkalemia. NonA/nonB and/or type-B intercalated cells
express pendrin and KCC3a at the apical membrane. Pendrin and
KCC3a are upregulated during base loading or metabolic alkalosis. As KCC3a
secretes K+ and Cl− and pendrin recycles Cl− in exchange for HCO3

−, this
leads to a net loss of KHCO3.
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KCC3a. Na+ depletion leads to a reduction of the extracellular
fluid compartment that is associated with a reduction in total
body fluid (Hurley and Johnson, 2015). Consistently, we observed
an increased abundance of KCC3a in mice exposed to a low-Na+

diet compared with a high-Na+ diet.
Contraction alkalosis is another possible reason of KCC3a

upregulation caused by water loss. The extracellular fluid (ECF)
volume reduces in contraction alkalosis with constant level of
HCO3

−. The ECF volume contraction causes alkalosis when
stomach HCl is lost through vomiting or thiazide and/or loop
diuretic treatment (Emmett, 2020). In our investigation, NaHCO3

treatment increased both pendrin and KCC3a abundance,
whereas deleting KCC3 decreased pendrin abundance,
suggesting that KCC3a and pendrin are functionally linked.
Notably, other transporters have been associated with pendrin
function. Alterations in the amount of pendrin have been linked
to changes in the cystic fibrosis transmembrane conductance
regulator, CFTR (Ko et al., 2002). CFTR likely aids in the
recycling of Cl− during pendrin activity. Although CFTR is
also known to secrete HCO3

− (Kunzelmann et al., 2017; Berg
et al., 2021), it is unknown whether CFTR mediates renal HCO3

−

secretion, independent of pendrin. Alkalosis-induced
upregulation of renal CFTR may result in direct HCO3

−

secretion by CFTR channels along the distal nephron.
Acute metabolic alkalosis prevents the proximal tubule from

reabsorbing NaHCO3 and fluid, resulting in increased distal
delivery of Na+ and HCO3

−, which promotes K+ secretion by
the distal nephron (Malnic et al., 1972). Greater distal Na+ and
fluid supply, as well as a luminal or systemic increase in HCO3

−

level and pH, stimulate ENaC, ROMK, and BK, resulting in
increased distal K+ secretion (Khuri et al., 1975; Palmer et al.,
1998; Satlin et al., 2006; Pech et al., 2010). Increased K+ secretion
via ROMK would ultimately lessen the driving force for K+

secretion by hyperpolarizing the membrane potential (Huang
and Kuo, 2007). This would ultimately restrict overall K+

secretion. Given the foregoing, KCC3a appears to be a likely
candidate for the K+ secretion observed during metabolic
alkalosis. KCC3a most likely acts as a recycling mechanism for
the Cl− ions that pendrin needs to secrete HCO3

− into the filtrate.
A similar role has been assigned to the sodium-driven chloride/
bicarbonate exchanger (NDCBE), which facilitates the recycling
of Cl− and HCO3

−. However, NDCBE is required to maintain
sodium balance and intravascular volume during salt depletion
(Sinning et al., 2017). Moreover, pendrin is also more abundant
and active in nonA and nonB intercalated cells (Kim et al., 2002)
that do not express NDCBE (Roy et al., 2015). As KCC3a
expression overlaps with pendrin expression, the cotransporter
could potentially play an important role in Cl− recycling in nonA/
nonB intercalated cells, allowing pendrin to secrete HCO3

− into
the tubular lumen. This function would result in net KHCO3

secretion (Figure 9). In metabolic alkalosis, the kidney seems
then to prioritize bicarbonate secretion over K+ loss. In a recent

study, Wall et al. reported that pendrin-KO mice excreted more
K+ than wild-type mice on a combined NaCl- and K+-deficient
diet (Pham et al., 2022). While pendrin-KO mice have normal
acid/base balance under basal conditions (Kim et al., 2005), they
develop severe metabolic alkalosis due to combining NaCl- and
K+-deficient diet. We found that KCC3a was upregulated in
response to metabolic alkalosis produced by NaHCO3

administration and on both NaCl- and K+-deficient diets.
Based on our current findings, the observed increased K+

excretion in pendrin-KO mice on a combined NaCl- and K+-
deficient diet could be attributable to the upregulation of KCC3a
in pendrin-KO mice.
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dDAVP Downregulates the
AQP3-MediatedGlycerol Transport via
V1aR in Human Colon HCT8 Cells
Mariangela Centrone1†, Mariagrazia D’Agostino1†, Marianna Ranieri 1, Maria Grazia Mola1,
Pinuccia Faviana2, Piero Vincenzo Lippolis3, Domenico Alessandro Silvestris 4,
Maria Venneri 1, Annarita Di Mise1, Giovanna Valenti 1 and Grazia Tamma1*

1Department of Biosciences, Biotechnologies and Biopharmaceutics, University of Bari Aldo Moro, Bari, Italy, 2Department of
Surgical, Medical, Molecular Pathology, and Critical Area, University of Pisa, Pisa, Italy, 3Department of Surgery, University of Pisa,
Pisa, Italy, 4Department of Onco-haematology, IRCCS Ospedale Pediatrico Bambino Gesù, Rome, Italy

Vasopressin (AVP) plays a key function in controlling body water and salt balance through
the activation of the vasopressin receptors V1aR and V2R. Abnormal secretion of AVP can
cause the syndrome of inappropriate antidiuresis that leads to hyponatremia, which is an
electrolyte disorder often observed in the elderly hospitalized and oncologic patients.
Beyond kidneys, the colonic epithelium modulates water and salt homeostasis. The water
channel AQP3, expressed in villus epithelial cells is implicated in water absorption across
human colonic surface cells. Here, the action of dDAVP, a stable vasopressin analog, was
evaluated on the AQP3 expression and function using human colon HCT8 cells as an
experimental model. Confocal and Western Blotting analysis revealed that HCT8 cells
express both V1aR and V2R. Long-term (72 h) treatment with dDAVP reduced glycerol
uptake and cell viability. These effects were prevented by SR49059, a synthetic antagonist
of V1aR, but not by tolvaptan, a specific V2R antagonist. Of note, the SR49059 action was
impaired by DFP00173, a selective inhibitor of AQP3. Interestingly, compared to the
normal colonic mucosa, in the colon of patients with adenocarcinoma, the expression of
V1aR was significantly decreased. These findings were confirmed by gene expression
analysis with RNA-Seq data. Overall, data suggest that dDAVP, through the V1aR
dependent pathway, reduces AQP3 mediated glycerol uptake, a process that is
reversed in adenocarcinoma, suggesting that the AVP-dependent AQP3 pathway may
represent a novel target in colon diseases associated with abnormal cell growth.

Keywords: vasopressin, V1aR, V2R, AQP3, glycerol, tolvaptan, SR49059, DFP00173

INTRODUCTION

The hormone vasopressin (AVP) controls numerous functions under physiological and
pathophysiological conditions. The actions evoked by AVP are mediated by three G protein-
coupled receptors (V1aR, V1bR, and V2R). Stimulation of V1Rs causes the activation of PLC/PKC
signaling and the mobilization of intracellular calcium (Thibonnier, 1992; Briley et al., 1994). The
major role of AVP is to modulate the sodium and water body’s homeostasis. In the kidney, AVP
binds V2R and stimulates the cAMP/PKA signal transduction pathway leading to AQP2
phosphorylation and trafficking to the plasma membrane where water reabsorption takes place
(Boone and Deen, 2008; Ranieri et al., 2019). In long term, stimulation with AVP or thirsting
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increases the expression of AQP2 and AQP3 which have a cAMP
response element CRE in their promoters (Yasui et al., 1997;
Okahira et al., 2008). Beyond its endocrine roles
(i.e., vasoconstriction and antidiuretic action), AVP also
controls apoptosis, mitogenesis, cell growth, and death (Carter
et al., 1993; Forti and Armelin, 2011; Miller et al., 2013).
Abnormal release of AVP from the pituitary gland or non-
pituitary sources causes the syndrome of inappropriate
antidiuretic hormone secretion (SIADH), a condition
characterized by water body deregulation and hyponatremia.
SIADH has been associated with some forms of cancers
including head and neck cancers, olfactory neuroblastomas,
pancreatic neuroendocrine tumors, lymphoma, breast and
colon cancers (Cabrijan et al., 1985; Gupta et al., 1986;
Jayadeep et al., 2020; Navarro-Almenzar and Perianes, 2020;
Li et al., 2021; Yasir and Mechanic, 2022). Importantly, several
types of cancers express vasopressin receptors (VRs) that cause
contrasting responses depending on receptor subtypes, their
relative expression, and signaling (North et al., 1999; North,
2000; Heasley, 2001). Besides normal VRs, neoplastic tissue
can express abnormal receptors concerning the sequence and
signaling. Different subtypes of small cell lung cancer (SCLC)
cells (NCI-H345; NCI-H82) express normal V1aR displaying,
however, differential sensitivity to the action of vasopressin. In
NCI-H82, stimulation with vasopressin increases the total level of
inositol phosphate without a relevant rise of intracellular calcium
compared to “classical” SCLC (North et al., 1997). On another
hand, MCF7 cells express normal V2R and a C-terminally
truncated V2R receptor (Rosenthal et al., 1994) which is
mainly located intracellularly (Robben et al., 2005).

V1R stimulation is often associated with increased cell growth
(Thibonnier et al., 2000) whereas V2R activation is correlated
with cytostatic effects (Pifano et al., 2017).

Aquaporins are known targets of vasopressin action in health
and disease (Yasui et al., 1997; Okahira et al., 2008; Valenti and
Tamma, 2021).

Interestingly aquaporins have been found expressed in several
tumor cells possibly playing a role in cell proliferation, invasion, and
migration (Levin and Verkman, 2006; Jung et al., 2011; Di Giusto
et al., 2012) but their regulatory actions remain still unclear.
Aquaporins may promote water flux through the plasma
membrane protrusion of migrating cells (Papadopoulos et al.,
2008). In this respect, it has been nicely hypothesized that the
compartmentalized cytoplasm, closed to the leading edge of
migrating cells, may be subjected to changes in osmolality,
secondary to actin depolymerization and ion flux. On the other
hand, aquaporins may modulate cell proliferation being involved in
mechanisms controlling cell volume, transport of glycerol, and other
small molecules (Jung et al., 2021). Glycerol is a pivotal metabolite
involved in the synthesis of triacylglycerols and glucose. Glycerol
constitutes a substrate for ATP generation that is crucial for cell
growth and proliferation (Méndez-Giménez et al., 2014). AQP3 is an
aquaglyceroporin permeable to water, glycerol, urea, and hydrogen
peroxide (H2O2) (Marlar et al., 2017). Importantly, it has been
demonstrated that water and glycerol transport in AQP3 is gated
by H+ (Zeuthen and Klaerke, 1999). Conversely, the permeability of
other AQPs, such as AQP1, AQP4, and AQP5, occurs in pH

independent manner (Zeuthen and Klaerke, 1999). AQP3 is
expressed in several human epithelia including kidney, skin,
airways, breast, liver, and gastrointestinal tract. Moreover, AQP3 is
expressed in gastric mucosa, in the ileum and colon where it is
involved in water and glycerol transport (Kreda et al., 2001;
Yamamoto et al., 2001; Mobasheri et al., 2005; Aburada et al.,
2011; Gregoire et al., 2015; Yde et al., 2016; Marlar et al., 2017).
Abnormal expression of AQP3 may be associated with different
diseases including cancer. Physiologically, AQP1 and AQP3 are
expressed in the colon, however, their expression profile is altered
in colorectal cancer (CRC). Compared to adjacent normal colon
epithelia, the abundance of AQP1 and AQP3 increased significantly
in CRC tissue (Mobasheri and Marples, 2004; Pei et al., 2011).
Numerous studies have demonstrated abnormal expression of
AQP3 in various types of diseases. However, the molecular
mechanisms controlling the AQP3 expression and function are
poorly shown. In this study, we provide novel evidence that AVP
controls the expression and the function of AQP3 in human colon
carcinoma HCT8 cells. The obtained results suggest that the AVP-
dependent AQP3 pathway might represent a possible target in colon
diseases associated with abnormal cell growth.

MATERIALS AND METHODS

Chemicals and Reagents
Cell culture media and FBS (fetal bovine serum) were obtained
from GIBCO (Thermo Fisher Scientific, Waltham, MA,
United States). Desmopressin (dDAVP) was purchased from
Merck (Merck KGaA, Darmstadt, Germany). Calcein-AM and
Fluo-4 were bought from Molecular Probes (Thermo Fisher
Scientific, Waltham, MA, United States). Tolvaptan was kindly
gifted from Otsuka (Otsuka Pharmaceutical Co., Ltd, Tokyo
Japan), SR49059 was from Merck (Merck KGaA, Darmstadt,
Germany) and DFP00173 was purchased from Axon MedChem
(S.I.A.L. s.r.l., Rome, Italy). TransFectin™ Lipid Reagent and
Clarity Western ECL Substrates were bought from Bio-Rad (Bio-
Rad Laboratories, Inc., Hercules, CA, United States).

Antibodies
A goat polyclonal antibody against Aquaporin-3 (C-18) was
purchased from Santa Cruz Biotechnology (S.I.A.L. s.r.l., Rome,
Italy). Recombinant rabbit monoclonal antibody against AVPR1A
(7H23L17) was obtained from Invitrogen (Thermo Fisher Scientific,
Waltham, MA, United States). Rabbit polyclonal antibody against
AVPR2 (MBS8242744) was fromMyBioSource (S.I.A.L. s.r.l., Rome,
Italy). Secondary goat anti-rabbit and donkey anti-goat antibodies
conjugated to horseradish peroxidase (HRP) were obtained
respectively from Merck (Merck KGaA, Darmstadt, Germany)
and Santa Cruz Biotechnology (S.I.A.L. s.r.l., Rome, Italy).
Secondary donkey anti-goat and donkey anti-rabbit antibodies
coupled to Alexa-488 were purchased from Thermo Fisher
Scientific (Thermo Fisher Scientific, Waltham, MA, United States).

Cell Culture and Treatment
HCT8, human ileocecal adenocarcinoma cell line were cultured
as previously described (Centrone et al., 2020a). Briefly, cells were
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grown in Advanced RPMI-1640 supplemented with 10% FBS,
100 i.u. ml−1 penicillin, 100 µg·ml−1 streptomycin at 37°C in 5%
CO2. Cells were left under basal condition (untreated), treated
with 100 nM desmopressin (dDAVP) for 72 h and/or treated with
100 nM tolvaptan or 100 nM SR49059 for 72 h or 2.5 µM
DFP00173 for 48 h. As an internal control, cells were treated
with 100 nM DMSO for 72 h.

Fluorescence Resonance Energy Transfer
Measurements
To evaluate intracellular cAMP levels, fluorescence resonance energy
transfer (FRET) experiments were performed. Briefly, HCT8 cells
were seeded onto 12mm diameter glass coverslips at 37°C, 5% CO2,

and transiently transfected with a plasmid encoding the H96 sensor
(Klarenbeek et al., 2011) (a gift from Dr. K. Jalink) containing the
cAMP-binding sequence of Epac1 sandwiched between ECFP
(donor) and EYFP (acceptor). In detail, cells were transfected
with 0.5 μg of DNA/cm2 using TransFectin™ Lipid Reagent
(1.5 μL/cm2) according to the protocol provided by the
manufacturer (Bio-Rad Laboratories, Inc., Hercules, CA,
United States) and left under basal condition or treated as
mentioned before. Experiments were performed 48 h after
transfection. Visualization of ECFP- and/or EYFP-expressing cells
and detection of FRET was performed on an inverted microscope
(Nikon Eclipse TE2000-S) controlled by Metamorph® Microscopy
Automation and Image Analysis Software (Molecular Devices, LLC,
San Jose, CA, United States). Each image was corrected and analyzed
as previously shown (Di Mise et al., 2019).

Intracellular Calcium Measurements
HCT8 cells were grown on 40-mm glass coverslips and then loaded
with 4 µM Fluo-4 for 15min at 37°C in Advanced RPMI 1640.
Ringer’s solution was used to perfuse cells during the experiment
and containing 137 mM NaCl, 5.4 mM KCl, 0.5 mM MgCl2,
1.3 mM CaCl2, 4.2 mM NaHCO3, 0.4 mM KH2PO4, 3 mM
Na2HPO4, 10mM Hepes sulfonic acid, 10mM glucose, pH 7.4.
In fluorescence measurements, the coverslips with dye-loaded cells
were mounted in a perfusion chamber (FCS2 Closed Chamber
System, BIOPTECHS, Butler, United States). Measurements were
performed using an inverted TE2000-S microscope (Nikon Eclipse
microscope, Tokyo, Japan). The Fluo-4 loaded sample was excited
at 490 nm. Fluorescence signals were captured by a cooled ECCD
camera (CoolSNAPHQ, Photometrics, Tucson, AZ, United States)
and measured with Metafluor software (Molecular Devices, MDS
Analytical Technologies, Toronto, ON, Canada). Responses were
analyzed as changes in fluorescence intensity normalized to the
initial value of Fluo-4 intensity (F0) and compared with changes
induced by ATP as a control stimulus, using GraphPad Prism
(GraphPad Software, San Diego, CA, United States). Data are
reported as mean values ± S.E.M. with n equal to the number
of cells.

Human Cancer Specimens
Patients (3 females and 1 male) with colon mucinous
adenocarcinoma provided written informed consent for
sample collection and analysis. Fresh frozen samples of normal

or neoplastic mucosa isolated from the same patient were used for
Real-Time PCR and immunoblotting analysis.

Real-Time PCRAnalysis of AQP3, V1aR, and
V2R mRNA in HCT8 Cells and Human Colon
Adenocarcinoma Biopsies
Real-Time PCR experiments were performed as previously described
(Ranieri et al., 2021). Briefly, HCT8 cells were grown on 60-mm
dishes and lysates in Trizol (Thermo Fisher Scientific,Waltham,MA,
United States). Alternatively, human biopsies were equilibrated for
10min in a buffer containing 118mMNaCl, 16mMHEPES, 17mM
Na-Hepes, 14mM glucose, 3.2 mM KCl, 2.5 mM CaCl2, 1.8 mM
MgSO4, and 1.8 mM KH2PO4 (pH 7.4). Specimens were then
minced with a scissor directly in Trizol. Reverse transcription was
performed on 2.5 µg of total RNAusing SuperScript ViloMasterMix
(Thermo Fisher Scientific, Waltham, MA, United States), according
to the manufacturer’s suggestions (25°C for 10min; 42°C for 60min;
85°C for 5min). Real-Time PCR amplification was performed by
using TaqMan Fast Advanced Master Mix with AQP3 (Assay ID:
Hs00185020_m1), V1aR (Assay ID: Hs00176122_m1), V2R (Assay
ID: Hs04195588_s1), and 18S assays (Assay ID: Hs99999901_s1)
(Thermo Fisher Scientific, Waltham, MA, United States) in StepOne
Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA,
United States), setting the thermal cycling conditions as specified by
the manufacturer (95°C for 20 s; 40 cycles alternatively at 95°C for 1 s
and 60°C for 20 s). Results were expressed as 2−ΔΔCt values (relative
quantification) with ΔΔCt = (Ct target—Ct 18S) treated—(Ct
target—Ct 18S) untreated.

Immunofluorescence
HCT8 cells were grown on 12 mm diameter glass coverslips and
left untreated or stimulated as mentioned before. At 80%
confluence, HCT8 cells were fixed in 4% paraformaldehyde
solution for 20 min and permeabilized with 0.1% Triton X-100
in PBS for 5 min. Alternatively, cells were fixed using ice-cold
methanol for 5 min. After blocking with 1% bovine serum
albumin in PBS, cells were incubated overnight at 4°C with
primary antibodies. After three washing in PBS, cells were
incubated for 1 h with the appropriated Alexa Fluor-
conjugated secondary antibodies. After washings, samples were
mounted onto glass slides with Mowiol. Images were obtained
with a confocal laser-scanning fluorescence microscope Leica
TCS SP2 (Leica Microsystems, Heerbrugg, Switzerland).

Glycerol Permeability Assay
Glycerol permeability in HCT8 cells was measured using a
calcein-quenching method (Mola et al., 2009; Mola et al.,
2021). Nearly 80% of confluent cells were grown on 40-mm
glass coverslips. After exposure to each treatment, cells were
loaded with 12 μM membrane-permeable Calcein-AM in
Advanced RPMI 1640 for 45 min at 37°C. Cytosolic calcein
fluorophore exhibits concentration-dependent quenching by
proteins or salts so that measured changes in fluorescence
were directly proportional to changes in cell volume. The
coverslips were mounted in a perfusion chamber (FCS2 Closed
Chamber System, BIOPTECHS, Butler, United States) and single-
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cell measurements were performed using an inverted
fluorescence microscope (Nikon ECLIPSE TE2000-S, Tokyo,
Japan) equipped with a cooled CCD camera controlled by the
Metafluor 4.6 software (Molecular Devices, MDS Analytical
Technologies, Toronto, Canada). Calcein fluorescence was
excited at 490 nm and detected at 520 nm. Cells in isotonic
buffer (137 mM NaCl, 5.4 mM KCl, 0.5 mM MgCl2, 1.3 mM
CaCl2, 4.2 mM NaHCO3, 0.4 mM KH2PO4, 3 mM Na2HPO4,
10 mM Hepes sulfonic acid, 10 mM glucose, pH 7.4) were
exposed to 100 mOsm/L inwardly directed glycerol osmotic
gradient. Time course fluorescence data were acquired over
the indicated period to record both the shrinking phase,
induced by the osmotic water efflux, and the subsequent
swelling phase indicative of the osmotic influx of water
following glycerol entry along its gradient. The time constant
(expressed as 1/τ, sec−1) of the cell swelling, promoted by glycerol
entry into the cells, was obtained by fitting the data with an
exponential function using GraphPad Software (San Diego, CA,
United States). Under such conditions, the calculated 1/τ value is
considered an index reflecting the membrane glycerol

permeability. Solution osmolarities were measured using a
vapor pressure osmometer (Wescor, United States).

Cell Viability Assay
As a measurement of cell viability, the crystal violet assay and the
cell growth assay were performed. Crystal violet assay was
performed as previously described (Centrone et al., 2020b).
Briefly, cells were grown in a 96-well plate and left under basal
conditions or treated as previously described. Cells were fixed with
4% paraformaldehyde for 20min, washed in PBS, and stained with
a solution containing 0.1% crystal violet in 20% methanol for
20 min. After washing, cells were lysed with 10% acetic acid. The
optical density at 595 nm (DO595) of each well was measured with
a Microplate Reader (Bio-Rad Laboratories, Inc., Hercules, CA,
United States) and was used as a measurement of cell viability.

Alternatively, 3.000 cells per condition, were seeded on 12-mm
glass coverslips and treated as mentioned above. Cells were fixed in
4% paraformaldehyde solution for 20 min, washed in PBS, and
stained for 20min with 0.2%Coomassie blue solution in 10% acetic
acid and 45% methanol. Cells were then washed in destaining
solution (10% acetic acid, 45% methanol) for 5 min and with
dH2O. After washing, digital pictures for each experimental
condition were taken using the ChemiDoc System and the
captured images were analyzed using Metamorph® software.

Human Colon Biopsies Homogenates
Biopsies sections were prepared and equilibrated for 10 min in a
buffer containing 118mMNaCl, 16mMHEPES, 17 mMNa-Hepes,
14 mM glucose, 3.2 mM KCl, 2.5 mM CaCl2, 1.8 mM MgSO4, and
1.8 mMKH2PO4 (pH 7.4). Biopsies were minced with scissors in the
same buffer in the presence of proteases and phosphatases inhibitors,
sonicated (80 kHz for 20 s) and centrifuged at 12,000 g for 10min at
4°C. Supernatants were collected and 15 μg of protein sample were
separated by SDS-PAGE, transferred onto PVDF, and probed by
Western blot analysis.

Gel Electrophoresis and Immunoblotting
Proteins were separated by SDS-PAGE (Corciulo et al., 2019) using
12% stain-free polyacrylamide gels (Bio-Rad Laboratories, Inc.,
Hercules, CA, United States). Protein bands were
electrophoretically transferred onto PVDF Transfer membrane
(Thermo Fisher Scientific, Waltham, MA, United States) and
analyzed by Western blotting as previously described (Centrone
et al., 2020b). Membranes were developed using Clarity Western
ECL Substrate with the ChemiDoc System gels (Bio-Rad Laboratories,
Milan, Italy). Obtained bands were normalized to total protein using
the stain-free technology gels. Densitometry was performed using
Image Lab software (Bio-Rad Laboratories, Milan, Italy).

RNA-Seq Analysis
Gene expression data relating to the AVPR1a, AVPR2, and AQP3
genes, from the TCGA (https://www.cancer.gov) for 288 colon
tumors and the GTEx project (https://gtexportal.org) for 308
normal controls, were downloaded using the UCSCXena browser
(https://xena.ucsc.edu). The TPM (Transcripts Per Million)
values for each gene obtained by bioinformatic analysis of

FIGURE 1 | Endogenous expression and localization of vasopressin
receptors in HCT8 cells. (A) An equal amount of proteins (60 µg) of total
homogenates from HCT8 cells were blotted and probed with the indicated
antibodies. Immunodetection revealed that V1aR and V2R are
expressed in this cell model. Mouse kidney homogenates were used as a
positive control. (B) Representative confocal images of immunofluorescence
studies show that HCT8 cells express V1aR and V2R endogenously. Bar
= 10 µm.
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RNA-Seq were compared by Mann-Whitney test and plotted on
logarithmic scale in base 2.

Statistical Analysis
All values are reported as means ± S.E.M. Statistical analysis was
performed by one-way ANOVA followed by Dunnett’s multiple
comparisons test. When applicable, the Student t-test was also
applied. A difference of p< 0.05was considered statistically significant.

Supplementary Data
Antibodies
A goat polyclonal antibody against Aquaporin-1 (L-19), a
monoclonal antibody against PCNA (PC10), and a
monoclonal antibody against AQP2 (E-2) were purchased
from Santa Cruz Biotechnology (S.I.A.L. s.r.l., Rome, Italy).
Rabbit polyclonal antibodies against Aquaporin-4 (PA5-85767)
and Aquaporin-5 (PA5-36529) were obtained from Invitrogen
(Thermo Fisher Scientific, Waltham, MA, United States).

Water Permeability Video Imaging Measurements
Osmotic water permeability was measured by video imaging
experiments. HCT8 cells were grown on 40 mm glass
coverslips and exposed to specific treatments. Cells were
loaded with 12 µM Calcein-AM in culture medium for 45 min
at 37°C and then rinsed in isotonic solution (137 mM NaCl,
5.4 mM KCl, 0.5 mM MgCl2, 1.3 mM CaCl2, 4.2 mM NaHCO3,
0.4 mM KH2PO4, 3 mM Na2HPO4, 10 mM Hepes sulfonic acid,
10 mM glucose, pH 7.4). The coverslips were mounted in a

FIGURE 2 | Functional characterization of endogenous V1aR receptors in HCT8 cells. Cells were stimulated with 1 µM dDAVP or with 1 µM dDAVP and 100 nM
SR49059, a V1aR antagonist. ATP (100 µM) stimulation was used as a positive control. dDAVP significantly increased cytosolic calcium. Stimulation with dDAVP in the
presence of 100 nM SR49059 prevented the effect of dDAVP raising cytosolic calcium. Data are expressed as means ± S.E.M. and analyzed by one-way ANOVA
followed by Tukey’s multiple Comparisons test (***p < 0.001 vs. ATP; $$$p < 0.001 vs. dDAVP).

FIGURE 3 | Functional characterization of endogenous V2R receptor in
HCT8 cells. cAMP levels were evaluated by FRET experiments in HCT8 cells
transiently transfected with H96, as described in the Methods section. 5 min
of stimulation with 100 nM dDAVP significantly reduced the netFRET
signals consistent with a significant increase in the cAMP levels compared with
untreated cells. Data are expressed as means ± S.E.M. and analyzed by one-
way ANOVA followed by Dunnett’s Multiple Comparison test (*p < 0.05 vs.
untreated).
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perfusion chamber (FCS2 Closed Chamber System, BIOPTECHS,
Butler, United States). Fluorescence signal changes in dye-loaded
cells after 100 mOsm/L hypertonic gradient were recorded
continuously using a Nikon inverted epifluorescence microscope
(Nikon Eclipse TE2000-S) equipped with a ×40 objective lens [oil
immersion, numerical aperture (NA) 1.3]. Calcein fluorescence
was excited at 490 nm and the emitted fluorescence at 520 nm was
captured by a cooled ECCD camera (CoolSNAP HQ,
Photometrics). The changes in fluorescence intensity were
directly proportional to changes in cell volume. The signal
decreased upon the addition of hypertonic solution as a
consequence of water efflux and cell shrinkage. Data acquisition
was performed by Metafluor software (Molecular Devices, MDS
Analytical Technologies, Toronto, ON, Canada) and the data were
analyzed with GraphPad Prism software (La Jolla, CA,
United States). The time constant (1/τ, s−1) of cell volume
change upon hypertonic stimulus was obtained by fitting the
experimental kinetic with an exponential function.

RESULTS

Expression of Vasopressin Receptors in
HCT8 Cells
Normal and abnormal VRs are expressed in different tissues and
several types of tumor cells including lung, breast, prostate and
colon (North, 2000; Moon et al., 2003). To investigate the possible
function of vasopressin in the colon, human colon carcinoma

FIGURE 4 | AQP3 gene expression in HCT8 cells. Real-Time PCR was
performed as described in the Methods. Treatment with dDAVP significantly
increased AQP3mRNA level compared with untreated cells. Cotreatment with
dDAVP and SR49059 significantly increased AQP3 mRNA compared to
untreated cells. By contrast, cotreatment with dDAVP and tolvaptan did not
alter the AQP3 mRNA level. Data are shown as mean ± S.E.M. of 6
independent experiments and analyzed by one-way ANOVA followed by
Dunnett’s Multiple Comparison test (*p < 0.05 and **p < 0.01 vs. untreated;
#p < 0.05 vs. DMSO).

FIGURE 5 | Immunofluorescence localization of AQP3 in HCT8 cells. HCT8 cells were treated (as described in the methods section), stained for AQP3, and
subjected to confocal laser scanning microscopy. Under basal conditions, AQP3 staining was mainly in the plasma membrane. Treatment with dDAVP or with dDAVP
and tolvaptan caused a slight reduction of the AQP3 membrane localization. Bar = 10 µm.
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HCT8 cells were used as an experimental model, and the
expression of V1aR and V2R was evaluated. Immunoblotting
analysis revealed immunoreactive bands of the expected mass of
45 kDa in homogenates isolated from HCT8 cells, indicating that
V1aR and V2R are expressed in this cell model. Mouse kidney
lysates were used as a positive control, whereas the negative
control lanes are shown on the right of the panel (Figure 1A).
Besides the expected bands, other few additional bands were
detected which might correspond to variants or modified VRs.
The expression of both receptors was further confirmed by
immunohistochemistry (Figure 1B) revealing that HCT8 cells
express V1aR and V2R. In particular, the xz scan suggests that
V1aR is mainly localized at the plasma membrane. Conversely,

V2R is expressed within the entire cell, including the plasma
membrane. To test the functionality of the endogenous expressed
V1aR, which is coupled to Gq (Thibonnier, 1992), changes in
intracellular calcium were measured by single-cell
epifluorescence imaging. Cells were loaded with Fluo-4 (4 µM)
and exposed to dDAVP (1 μM) and ATP (100 μM) (Figure 2).
Variations in intracellular calcium evoked by dDAVP were
compared to the ATP response as a positive control. Statistical
analysis of data revealed that stimulation with dDAVP caused a
moderate increase in cytosolic calcium content (dDAVP =
10.17 ± 1.32% vs. ATP considered as 100%; n = 108 cells).
The dDAVP triggered the increase in cytosolic calcium was
prevented by preincubation with SR49059, a specific V1R

FIGURE 6 | Effect of Vasopressin receptors on glycerol permeability. Osmotically induced volume changes recorded by the calcein-quenching method in HCT8
cells exposed to dDAVP stimulation or cotreated with V1aR antagonist (dDAVP/TLV) or VR2 antagonist (dDAVP/SR49059) compared to control conditions (untreated,
DMSO). On the left, a representative time course of cell shrinking (water exit) followed by cell swelling indicative of the osmotic influx of water promoted by glycerol entry
along its gradient (Δ 100 mOsm/L). On the right, a bar plot showing themean ± S.E.M. values of the cell swelling time constants (1/τ, s-1) reflecting glycerol entry into
the cells. Note that the treatment with 100 nM dDAVP significantly reduced glycerol permeability. A comparable effect was observed after cotreatment with 100 nM
dDAVP and 100 nM tolvaptan for 72 h. By contrast, treatment with 100 nMSR49059 for 72 h prevented the dDAVP effect on glycerol uptake. Data are obtained from 35
to 56 different measurements of 3 independent experiments. A one-way ANOVA and Dunnett’s Multiple Comparison test were performed (****p < 0.0001 vs. untreated;
####p < 0.0001 vs. DMSO).

TABLE 1 | Glycerol permeability, cell viability and total area of cell. Values represent the mean ± S.E.M. and analyzed by one-way ANOVA followed by Dunnett’s Multiple
Comparison test. *Significantly different versus Untreated (****p < 0.0001, **p < 0.01, *p < 0.05). #Significantly different versus DMSO (####p < 0.0001, ###p < 0.001,
##p < 0.01).

Parameters Untreated DMSO dDAVP dDAVP/TLV dDAVP/SR49059 dDAVP/
SR49059/
DFP001

DFP00173 TLV SR49059

Glycerol
permeability

100 ± 2.72 94.14 ± 4.18 62.46 ± 3.27 65.49 ± 2.56 96.04 ± 4.15 42.30 ± 1.57 45.72 ± 2.23 88.67 ± 5.68 101.6 ± 4.94
**** **** **** ****
#### #### #### ####

n = 428 cells n = 181 cells n = 87 cells n = 108 cells n = 160 cells n = 138 cells n = 93 cells n = 96 cells n = 71 cells

Cell Viability 100 ± 6.55 106.3 ± 7.00 71.14 ± 3.38 64.59 ± 6.09 102.9 ± 3.70 76.42 ± 2.99 80.33 ± 1.2 98.3 ± 6.36 114.4 ± 2.97
*** **** ** *

#### #### ### ##
n = 6 n = 6 n = 6 n = 6 n = 6 n = 6 n = 6 n = 6 n = 6

Total Area
of cell

100 ± 6.51 89.54 ± 5.31 47.07 ± 3.00 46.12 ± 4.13 86.16 ± 6.63 50.23 ± 1.82 69.77 ± 8.07 88.38 ± 3.51 88.83 ± 11.94
**** **** **** *
#### #### ##

n = 6 n = 6 n = 6 n = 6 n = 6 n = 3 n = 3 n = 3 n = 3
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antagonist (dDAVP/SR49059 = 5.32 ± 0.70% vs. ATP n = 58 cells),
indicating that intracellular calcium increase occurs possibly through
V1aR signaling. To evaluate the functionality of the endogenous
expressed V2R, known to be coupled to Gs, (Birnbaumer et al., 1994),
variations in intracellular cAMP, evoked by dDAVP stimulation,
were measured using Fluorescence Resonance Energy Transfer
(FRET) technology as previously described (Russo et al., 2017).
HCT8 cells were transiently transfected with a plasmid encoding
the H96 probe carrying the cAMP-binding motif of EPAC1
sandwiched between the CFP and Venus proteins (Ranieri et al.,
2021). Compared to untreated cells, corrected netFRET signals are
decreased with short-term (5min) dDAVP stimulation (Figure 3,
dDAVP = 68.52 ± 3.44%, n = 100 cells vs. untreated = 100 ± 7.72%,
n = 105 cells), consistent with a significant increase in intracellular
cAMP. Preincubation with tolvaptan, a selective V2R antagonist,
abolished the dDAVP-induced increase in intracellular cAMP
(dDAVP/TLV = 108.7 ± 8.13%, n = 96 cells). The treatment with
tolvaptan did not alter intracellular cAMP levels (TLV = 112.6 ±
15.5%, n = 51 cells). Together these findings suggest that endogenous
VRs are responding to dDAVP stimulation.

dDAVP Action on AQP3 Expression and
Function
To test the possible involvement of dDAVP on AQP3 expression,
Real-Time PCR experiments were performed (Figure 4). Cells
were left untreated or incubated with DMSO as vehicle control.
Alternatively, cells were stimulated with dDAVP or cotreated

with dDAVP and tolvaptan (dDAVP/TLV) or with dDAVP and
SR49059 (dDAVP/SR49059). Compared to untreated condition,
stimulation with dDAVP significantly increases AQP3 mRNA
expression (dDAVP = 1.23 ± 0.11 vs. untreated = 1.0 ± 0.02; n =
6). Importantly, cotreatment with dDAVP and SR49059 also
increased AQP3 mRNA expression (dDAVP/SR49059 = 1.33 ±
0.06 vs. untreated = 1.0 ± 0.02, DMSO = 1.07 ± 0.03; n = 6),
suggesting that the dDAVP-induced AQP3 expression is not
regulated by V1aR signaling. By contrast, treatment with
tolvaptan prevented the increase of AQP3 induced by dDAVP
stimulation (dDAVP/TLV = 0.99 ± 0.04 vs. untreated = 1.0 ±
0.02, DMSO = 1.07 ± 0.03; n = 6), likely indicating that the
increase of the AQP3 mRNA is dependent on V2R stimulation.
No relevant change in AQP3 protein abundance was found under
treatment with dDAVP (Supplementary Figure S1). Also,
immunocytochemistry revealed that AQP3 is mainly expressed
in the plasma membranes (Figure 5). However, a slight reduction
of the membrane-stained AQP3 was detected in HCT8 cells
treated with dDAVP or with dDAVP and tolvaptan (dDAVP/
TLV). Whereas, the AQP3 staining in cells treated with dDAVP
and SR49059 is similar to that observed in untreated cells. To
further investigate the action of dDAVP on AQP3 function,

FIGURE 7 | Effect of Vasopressin receptors on cell viability. Cells were
left under basal conditions or treated as described in the methods section and
were stained with crystal violet solution. Treatment with 100 nM dDAVP
significantly reduced cell viability compared with untreated cells. The
same effect was observed in cells treated with 100 nM dDAVP and 100 nM
tolvaptan for 72 h. In contrast, stimulation with 100 nM SR49059 did not
affect dDAVP cell viability. Data are presented as means ± S.E.M. of six
independent experiment and analyzed by one-way ANOVA followed by
Dunnett’s Multiple Comparison test (**p < 0.01 and ***p < 0.001 vs. untreated;
###p < 0.001 and ####p < 0.0001 vs. DMSO).

FIGURE 8 | Effect of Vasopressin receptors on cell growth. Cells were
left under basal conditions or treated as described in the methods section,
stained with 0.2% Coomassie Blue solution, and the total area of the growth
cells was measured using Metamorph software. Compared to untreated
cells, treatment with dDAVP significantly decreased the cell total growth area.
A similar effect was observed when cells were treated with 100 nM dDAVP
and 100 nM tolvaptan for 72 h. Incubation with 100 nM SR49059 abolished
the effect of dDAVP on cell growth. Data are presented asmeans ± S.E.M. of 6
independent experiments and analyzed by one-way ANOVA followed by
Dunnett’s Multiple Comparison test (****p < 0.0001 vs. untreated; ####p <
0.0001 vs. DMSO).

Frontiers in Cell and Developmental Biology | www.frontiersin.org July 2022 | Volume 10 | Article 9194388

Centrone et al. Vasopressin Signaling and AQP3 Expression and Function

128

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


glycerol uptake was measured using a calcein-based assay
(Figure 6). Stimulation with dDAVP significantly reduced the
temporal osmotic response (reported as 1/τ) generated using a

FIGURE 9 | Effect of AQP3 on glycerol permeability. Cells were grown, treated, and then labeled with calcein as described in the Methods section. The histogram
shows that treatment with 2.5 µM DFP00173 for 48 h prevented the SR49059 action on dDAVP stimulation. Data are presented as means ± S.E.M. of 3 independent
experiments and analyzed by one-way ANOVA followed by Dunnett’s Multiple Comparison test (****p < 0.0001 vs. Untreated; ####p < 0.0001 vs. DMSO).

FIGURE 10 | Effect of AQP3 on cell viability. Cells were left under basal
conditions or treated as described in the methods section and were stained
with crystal violet solution. Compared to untreated cells, treatment with
2.5 µM DFP00173 for 48 h prevented the SR49059 action on dDAVP
treatment. Data are presented as means ± S.E.M. of 6 independent
experiments and analyzed by one-way ANOVA followed by Dunnett’s Multiple
Comparison test (**p < 0.01 vs. untreated; ##p < 0.01 and ###p < 0.001 vs.
DMSO).

FIGURE 11 | Effect of AQP3 on cell growth. Cells were left under basal
conditions or treated as described in the methods section, stained with 0.2%
Coomassie Blue solution, and the total area of the growth cells was measured
using Metamorph software. Compared to untreated cells, treatment with
2.5 µM DFP00173 for 48 h prevented the SR49059 action on dDAVP
treatment. Data are presented as means ± S.E.M. of 3 independent
experiments and analyzed by one-way ANOVA followed by Dunnett’s Multiple
Comparison test (****p < 0.0001 vs. untreated; ##p < 0.01 and ####p < 0.0001
vs. DMSO).
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glycerol hyperosmotic solution (dDAVP = 62.46 ± 3.27, n = 87
cells vs. untreated = 100 ± 2.72, n = 428 cells). Similar results were
obtained in cells treated with dDAVP and tolvaptan (dDAVP/
TLV = 65.49 ± 2.56, n = 108 cells vs. untreated = 100 ± 2.72, n =
428 cells; DMSO = 94.14 ± 4.18, n = 181 cells). By contrast,
selective inhibition of the V1aR, with SR49059, prevented the
dDAVP action on glycerol intake rate (dDAVP/SR49059 =
96.04 ± 4.15, n = 160 cells vs. untreated = 100 ± 2.72, n = 428
cells; DMSO = 94.14 ± 4.18, n = 181 cells). Data are also
summarized in Table 1. Parallel studies, however, revealed
that dDAVP treatment slightly increased the water transport
rate which might be due to the endogenous expression of the
classical water channels AQP1, AQP4, and AQP5
(Supplementary Figure S2). Glycerol is an important
metabolite playing a role in controlling cell growth and
proliferation (Méndez-Giménez et al., 2014). In non-small
cells, lung cancer downregulation of AQP3 is associated with a
relevant suppression of cell growth (Xia et al., 2014). Moreover,
dDAVP displays antimetastatic properties in a mouse model of
mammary cancer (Alonso et al., 1999; Giron et al., 2002) and
antiproliferative action in colon carcinoma cell lines (Ripoll et al.,
2010). Here, the effect of dDAVP on cell viability was tested by
the crystal violet assay (Table 1; Figure 7) in HCT8 cells.
Compared to the control condition, treatment with dDAVP
significantly reduced cell viability (dDAVP = 71.14 ± 3.38%
vs. untreated = 100 ± 6.55%; n = 6). Similar observations were
obtained in cells treated with dDAVP and tolvaptan (dDAVP/
TLV = 64.59 ± 6.09% vs. untreated = 100 ± 6.55%, DMSO =
106.3 ± 7.00%; n = 6). Conversely, incubation with SR49059
abolished the effect of dDAVP on cell viability (dDAVP/SR49059
= 102.9 ± 3.70%; n = 6). To further investigate the action of
dDAVP on cell growth, HCT8 cells were seeded and treated, as
described in the methods. The total area of the growth cells was
stained with 0.2% Coomassie Blue solution and measured using
Metamorph software (Table 1; Figure 8). Compared to untreated
cells, dDAVP significantly decreased the total growth area
(dDAVP = 47.07 ± 3.00% vs. untreated = 100 ± 6.51%; n =
6). Similar observations were obtained in cells treated with
dDAVP and tolvaptan (dDAVP/TLV = 46.12 ± 4.13% vs.
untreated = 100 ± 6.51%, DMSO = 89.54 ± 5.13%; n = 6).
Incubation with SR49059 prevented the action of dDAVP on

cell viability (dDAVP/SR49059 = 86.16 ± 6.63%; n = 6). Moreover,
dDAVP treatment did not alter the abundance of pCNA, a known
proliferation marker (Supplementary Figure S3).

To evaluate whether the reduction of glycerol permeability
observed under dDAVP stimulation can be ascribed to AQP3
function, glycerol uptake was measured in the presence of
DFP00173, a selective inhibitor of AQP3 (Table 1; Figure 9).
Incubation withDFP00173 abolished the effect exerted by SR49059
on dDAVP stimulation (dDAVP/SR49059/DFP00173 = 42.30 ±
1.57%, n = 138 vs. dDAVP/SR49059 = 96.04 ± 4.15%, n = 160)
suggesting that AQP3 is committed for glycerol transport under
these conditions. Crystal violet assay (Figure 10, dDAVP/
SR49059/DFP00173 = 76.42 ± 2.99% vs. dDAVP/SR49059 =
102.9 ± 3.70%; n = 6) and the test to evaluate the total area of
growth cells (Figure 11, dDAVP/SR49059/DFP00173 = 50.23 ±
1.82%, n = 3 vs. dDAVP/SR49059 = 86.16 ± 6.63%, n = 6) revealed
and confirmed that selective inhibition of AQP3 using DFP00173
prevented the SR49059 action on dDAVP treatment.

Expression of VRs and AQP3 in Human
Colon Carcinoma Biopsies and RNA-Seq
Analysis
Specimens of neoplastic colon tissues and part of normal mucosa
obtained from four patients were analyzed to investigate the
expression of VRs and AQP3. Real-Time PCR experiments
(Figure 12) showed significant downregulation of the V1aR
expression in the tumor biopsies compared with the
corresponding healthy mucosa (Figure 12A, N = 1.0 vs. T =
0.33 ± 0.14; n = 4). By contrast, no relevant changes were found in
the expression of V2R (Figure 12B,N = 1.0 vs. T = 0.88 ± 0.72; n =
4) and AQP3 (Figure 12C, N = 1.0 vs. T = 1.66 ± 1.03; n = 4).
Similar observations were obtained by immunoblotting studies
showing that compared with normal colon mucosa, in tumors
specimens V1aR protein expression significantly decreased
(Figure 13A, N = 100 vs. T = 48.63 ± 4.95; n = 4) while no
significant alterations in the abundance of V2R (Figure 13B, N =
100 vs. T = 69.34 ± 16.82; n = 4) and AQP3 (Figure 13C, N = 100
vs. T = 125.1 ± 45.58; n = 4) were detected.

Because of the small number of available human biopsies and
to further validate the obtained data, publicly available pre-

FIGURE 12 | Vasopressin receptors and AQP3 gene expression in human colon carcinoma biopsies. Real-Time PCR was performed as described in the methods
(A) Real-time PCR experiments show that the V1aR expression is significantly downregulated in the tumor biopsies compared with the corresponding healthy mucosa.
(B–C)No relevant changes were found in the expression of V2R and AQP3. Data are shown asmean ± S.E.M. and analyzed by Student’s t-test (*p < 0.05 vs. untreated).
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analyzed gene expression data were downloaded for a total of 288
primary colon tumors from the TCGA RNA-Seq dataset and
compared with 308 normal colon controls (GTExproject). Both
genes AVPR1A and AVPR2 were significantly (Mann-Whitney
p-value <0.0001) down-regulated in tumors, while AQP3 showed
an opposite trend (Figure 14).

DISCUSSION

The major finding of this study is that the hormone vasopressin
controls the expression and the function of AQP3 in human
colon carcinoma cells. Specifically, long-term treatment with

dDAVP increases AQP3 mRNA expression through V2R and
decreases AQP3-mediated glycerol transport through V1aR
signaling. Physiologically, vasopressin receptors are widely
expressed in different tracts of the gastrointestinal tube
including the colon (Monstein et al., 2008). Neoplastic tissue
can express normal and abnormal forms of vasopressin and VRs
which may exert distinct actions on cancer growth and
metabolism (North, 2000) and a differentiated sensitivity to
vasopressin (North et al., 1997). In MCF-7 breast cancer cells,
an abnormal V2R mRNA coding for a V2R mutant has been
detected. This mRNA contains a stop codon within the reading
frame and therefore leads to a C-terminally truncated receptor
similar to that causing the nephrogenic diabetes insipidus

FIGURE 13 | Expression of Vasopressin receptors and AQP3 in human colon biopsy. Equal amount of proteins (20 µg) of total homogenates from human colon
biopsies were blotted and probed with the indicated antibodies. (A) Immunodetection revealed that V1aR protein expression is significantly decreased in tumors
compared to the normal colon mucosa. (B–C) Immunodetection revealed that V2R and AQP3 protein expression is not altered in human colon adenocarcinoma. Data
are shown as mean ± S.E.M. and analyzed by Student’s t-test (**p < 0.01 vs. normal colon mucosa).
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(Rosenthal et al., 1994). Loss-of-function mutants of V2R are
often located intracellularly and may also form heterodimers with
wildtype V2R (Zhu and Wess, 1998) and V1aR (Terrillon et al.,
2004). VRs mutants might be likely considered sponges for
normal receptors and then act as negative regulators for VRs
localization and function (Zhu and Wess, 1998; Terrillon et al.,
2004). Moreover, the selectivity of the VRs antagonists, respect to
these abnormal forms of VRs is unknown at moment.
Immunolocalization experiments showed that V2R staining is
widely distributed within the entire cells likely suggesting the
expression of a non-canonical form of V2R, beyond the normal
V2R and that may render the effect of vasopressin on cells
expressing these receptors multifaceted. Also, western blotting
studies reveal several few bands in HCT8 cells and tumor
specimens compared with the healthy mucosa obtained from
the same patient likely proposing the expression of post-
translationally modified proteins or altered variants of the
receptors. The possible expression and function of putative
VRs variants have not been clarified here, nevertheless, in the
present study, we report that HCT8 cells express functional V1a
and V2 receptors which are sensitive to the action of dDAVP.
dDAVP is a stable analog of vasopressin and it is widely applied
clinically to treat bleeding disorders, nocturnal polyuria, and
central diabetes insipidus due to the antidiuretic properties
mediated by the V2R (Mannucci, 1997; Kapić et al., 2005;
Weiss and Everaert, 2019). However, affinity binding assays
showed that dDAVP exhibits differences in the affinity
binding across species (Chini and Manning, 2007). dDAVP
displayed a higher affinity for V2R in rats than in humans. In
human receptor assays, dDAVP displays selectivity for V2R,
V1aR, and V1bR (Cheng et al., 2004; Chini and Manning,
2007). Here, treatment with dDAVP increases the expression
level of mRNA AQP3 through V2R but not via V1aR as
demonstrated by using selective VRs antagonists. These
findings, also, underline the distinct and opposite responses of
the VRs to dDAVP action in terms of AQP3 mRNA expression
level. Long-term regulation of AQP3 expression is complex and
involves several transcription factors (Yde et al., 2021). In the
context of inflammation, cytokines, and growth factors, such as
IFNγ, TNFα, and hEGF canmodulate AQP3 expression. In HT29
cells, IFNγ and TNFα reduce AQP3 expression through STAT1
and SP3 respectively (Peplowski et al., 2017; Peplowski et al.,
2018). Conversely, in human colorectal carcinoma cells HCT116,
hEGF upregulates AQP3 expression through PI3K/AKT
signaling (Li et al., 2013). Furthermore, Mg2+ and the
vasoactive intestinal polypeptide (VIP) upregulate AQP3
expression in a cAMP-dependent manner by involving the
cAMP response element-binding protein (CREB) (Itoh et al.,
2003; Okahira et al., 2008). In this study, however, the possible
involvement of transcription factors in controlling the dDAVP
dependent AQP3 expression was not investigated but based on

FIGURE 14 | Expression of Vasopressin receptors and AQP3 genes in
human colon adenocarcinoma. Publicly available pre-analyzed gene
expression (tpm) data from 288 primary colon tumors and 308 normal colon
controls were downloaded and plotted as distribution in log2
(tpm+0.001) values. (A–B) Bioinformatic analysis of RNA-Seq showed that in
colon cancer, gene expression of vasopressin receptors is significantly

(Continued )

FIGURE 14 | decreased. (C) Bioinformatic analysis of RNA-Seq showed that
AQP3 gene expression is significantly increased in colon cancer compared to
the normal colonic mucosa. Data are reported as box plot and analyzed by
two-tailed Mann Whitney U test (****p < 0.0001).

Frontiers in Cell and Developmental Biology | www.frontiersin.org July 2022 | Volume 10 | Article 91943812

Centrone et al. Vasopressin Signaling and AQP3 Expression and Function

132

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


the data obtained with the VRs antagonists, we might propose
that the increase in AQP3 expression elicited by dDAVP is
dependent on a cAMP/PKA pathway.

Colon epithelium is mainly involved in water reabsorption
through the paracellular route or the transcellular pathway via
aquaporins (Iwata et al., 1997; Liao et al., 2021). Several studies
report that AQP3may play a key role in intestinal water uptake. A
significant decrease in AQP3 protein abundance has been
described in rectosigmoid specimens obtained by patients with
diarrhea-predominant irritable bowel syndrome (IBS-D)
compared with healthy subjects (Camilleri et al., 2019).
However, our study shows that treatment with dDAVP does
not alter the protein abundance of AQP3 despite the increase of
the AQP3 mRNA. The discrepancy in AQP3 mRNA expression
compared with AQP3 protein abundance has been found also in
colonic epithelial cells isolated from rats fed with cholic acid (Yde
et al., 2016) and might be due to post-transcriptional, or post-
translational regulation mechanisms, and even the gating of the
channel (Zeuthen and Klaerke, 1999) which might explain the
reduction in glycerol permeability observed under dDAVP
stimulation. On another hand, the intracellular trafficking of
AQP3 might be controlled by a complex network of kinases
such as PKC (Yasui et al., 2008). Alternatively, it cannot be
excluded that the total abundance of AQP3 might be the result of
two opposite forces mediated by V2R and V1aR respectively. In
this respect, it has been shown that V1aR can limit the functions
mediated by V2R (Bankir, 2001; Izumi et al., 2008).

In this study, incubation with dDAVP slightly but significantly
increases the osmotic water permeability which might be not due
to AQP3 that is instead functionally downregulated. Other
aquaporins including AQP1, AQP4, and AQP5, that are
expressed in HCT8 cells, might be involved in dDAVP
dependent water transport. Further investigation is needed to
clarify this aspect. On the other hand, functional studies reveal
that treatment with dDAVP significantly decreases the glycerol
uptake through V1aR. Glycerol is a key substrate for cell
metabolism and is required for gluconeogenesis and lipid
synthesis. However, whether the AQP3-dependent glycerol
transport correlates with metabolic disorders and cancer
progression remains to be better clarified (Li et al., 2016;
Calamita et al., 2018). In gastric cells, inhibition of AQP3
reduces cell proliferation possibly via the PI3K/Akt pathway
(Li et al., 2016). In this study, stimulation with dDAVP
impairs cell growth regardless of V2R function. Also, we could
not detect any significant changes in the expression level of
PCNA, a known marker of cell proliferation. Conversely,
specific inhibition of V1aR with SR49059 prevents the
inhibitory action of dDAVP on cell growth. Inhibition of
AQP3 with DFP00173 unmasks the inhibitory action of
SR49059 on V1aR, likely supporting the notion that the effect
of dDAVP on cell viability, mediated by V1aR signaling, occurs
through inhibition of AQP3. In this respect, the incubation with
DFP00173 alone also reduced the glycerol rate intake and cell
growth (Table 1), likely suggesting AQP3 as a selective
downstream effector of the combined actions of V1aR and V2R.

In the liver and renal polycystic disease, vasopressin increases
the intracellular level of cAMP and cell proliferation (Wang

et al., 2008; Mancinelli et al., 2016) via V2R signals. Targeting
the V2R with tolvaptan has been, therefore, proposed for the
therapeutical treatment of the autosomal dominant polycystic
kidney disease (ADPKD) and renal carcinoma (van Gastel and
Torres, 2017; Sinha et al., 2020). By contrast, in adrenocortical
tumor cells, vasopressin blocks the cell cycle and reduces cell
growth by inhibiting cyclin D1 (Schwindt et al., 2003). Adrenal
tumors overexpress V1 receptors (Gagliardi et al., 2009). In
adrenocortical carcinoma cells, stimulation with vasopressin,
through V1R promotes cell senescence via RhoA signaling
(Forti and Armelin, 2007). On another hand, dDAVP has
been proposed to reduce tumor angiogenesis (Ripoll et al.,
2013) and for the treatment of osteosarcoma, breast, and
colon cancers for its ability to reduce cell growth and colony
cell formation through V2R. Nevertheless, in these studies the
expression and function of the V1aR have not been tested
(Ripoll et al., 2010; Ripoll et al., 2013; Sobol et al., 2021),
although vasopressin receptors, V1aR and V2R, are both
expressed in neoplastic tissues, including colon mucosa
(North, 2000). Inline, Real-Time PCR, and western blotting
studies identified both VRs in HCT8 cells and colon cancer
specimens. These findings were further supported by RNA-seq
analysis showing that neoplastic colon specimens express VRs
and AQP3. Although, RNAseq studies do not provide the
relative expression of V1aR, V2R, and AQP3 in matching
normal and tumor tissues from the same patient. However,
the low number of biopsies does not allow us to propose a
possible correlation between the relative expression of VRs and
AQP3 functionality in the same tumor sample, which might be
useful to design a therapeutic strategy and possibly to propose a
classification of colon diseases based on differences in the
expression and function of VRs and AQP3. To conclude in
the present study, the action of dDAVP on human colon cells
has been investigated by analyzing the relative contribution of
V1aR and V2R on AQP3 expression and function using selective
VRs antagonists. These findings indeed propose AQP3 as an
effector of the orchestrated functions of V1aR and V2R. Several
questions remain still open and needed to be further
investigated. Nevertheless, the obtained data suggest that the
AVP-dependent AQP3 pathway might represent a novel target
in colon diseases associated with abnormal cell growth.
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Histamine is an inflammatory mediator that can be released from mast cells to

induce airway remodeling and cause persistent airflow limitation in asthma. In

addition to stimulating airway smooth muscle cell constriction and hyperplasia,

histamine promotes pulmonary remodeling by inducing fibroblast proliferation,

contraction, and migration. It has long been known that histamine receptor 1

(H1R) mediates the effects of histamine on human pulmonary fibroblasts

through an increase in intracellular Ca2+ concentration ([Ca2+]i), but the

underlying signaling mechanisms are still unknown. Herein, we exploited

single-cell Ca2+ imaging to assess the signal transduction pathways whereby

histamine generates intracellular Ca2+ signals in the human fetal lung fibroblast

cell line, WI-38. WI-38 fibroblasts were loaded with the Ca2+-sensitive

fluorophore, FURA-2/AM, and challenged with histamine in the absence and

presence of specific pharmacological inhibitors to dissect the Ca2+ release/

entry pathways responsible for the onset of the Ca2+ response. Histamine

elicited complex intracellular Ca2+ signatures in WI-38 fibroblasts throughout

a concentration range spanning between 1 µM and 1 mM. In accord, the Ca2+

response to histamine adopted four main temporal patterns, which were,

respectively, termed peak, peak-oscillations, peak-plateau-oscillations, and

peak-plateau. Histamine-evoked intracellular Ca2+ signals were abolished by

pyrilamine, which selectively blocks H1R, and significantly reduced by ranitidine,

which selectively inhibits H2R. Conversely, the pharmacological blockade of

H3R and H4R did not affect the complex increase in [Ca2+]i evoked by histamine

in WI-38 fibroblasts. In agreement with these findings, histamine-induced

intracellular Ca2+ signals were initiated by intracellular Ca2+ release from the

endoplasmic reticulum through inositol-1,4,5-trisphosphate (InsP3) receptors

(InsP3R) and sustained by store-operated Ca2+ channels (SOCs). Conversely,
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L-type voltage-operated Ca2+ channels did not support histamine-induced

extracellular Ca2+ entry. A preliminary transcriptomic analysis confirmed that

WI-38 human lung fibroblasts express all the three InsP3R isoforms as well as

STIM2 and Orai3, which represent the molecular components of SOCs. The

pharmacological blockade of InsP3 and SOC, therefore, could represent an

alternative strategy to prevent the pernicious effects of histamine on lung

fibroblasts in asthmatic patients.

KEYWORDS

histamine, intracellular Ca2+, lung fibroblasts, WI-38, Ca2+ oscillations, InsP3 receptors,
store-operated Ca2+ entry

Introduction

Asthma is a heterogeneous disease, generally characterized

by chronic inflammation of the airways, defined by a clinical

history of respiratory symptoms, such as wheezing, shortness of

breath, chest tightness, and cough that vary in intensity and

frequency, along with variable expiratory airflow (GBD Diseases

and Injuries Collaborators, 2020). About 300 million people

suffer from asthma worldwide and it is likely that, by 2025,

another 100 million people will be affected by this disease

(Dharmage et al., 2019).

The complex network of inflammatory responses in the

pathophysiology of asthma involves the release of

inflammatory mediators, such as cytokines, chemokines,

proteases, and histamine (Murdoch and Lloyd, 2010).

Histamine has been a widely recognized inflammatory

mediator released from mast cells and could play a key role in

the pathophysiology of asthma (Yamauchi and Ogasawara,

2019). Tomioka et al. (1984) estimated that the number of

mast cells and the concentration of histamine in

bronchoalveolar lavage fluid of asthmatic patients was higher

than that of healthy subjects. In addition, Carroll et al. (2002)

demonstrated that mast cell degranulation is related to the

severity of asthma. Salomonsson et al. (2019) recently

reported that elevated levels of circulating mast cell

progenitors are related to reduced lung function in asthmatic

patients.

In vitro studies demonstrated that histamine stimulated lung

fibroblast collagen synthesis (Garbuzenko et al., 2004; Veerappan

et al., 2013), migration (Kohyama et al., 2010), proliferation

(Jordana et al., 1988; Veerappan et al., 2013) and human lung

myofibroblast contraction (Horie et al., 2014). However, the

transduction mechanisms whereby histamine leads to these

effects in lung fibroblasts are still unclear. Histamine is

thought to act by stimulating one or more of four types of

plasmalemmal histaminergic receptor (HR) (H1R, H2R, H3R,

and H4R) (Panula et al., 2015; Panula, 2021). The expression of

H1R and, in less proportion, H2R has been reported in normal

human lung fibroblasts (Veerappan et al., 2013) and their

participation in promoting lung fibroblast activation has been

proposed (Jordana et al., 1988; Garbuzenko et al., 2004;

Kunzmann et al., 2007; Veerappan et al., 2013). In addition,

H4R could promote lung fibroblast migration (Kohyama et al.,

2010). Stimulation of H1R results in an increase in intracellular

Ca2+ concentration ([Ca2+]i) in human valvular myofibrobasts

(Liang et al., 2003), pteryglial derived fibroblasts (Maini et al.,

2002), human gingival fibroblasts (Niisato et al., 1996; Ogata

et al., 1999; Gutiérrez-Venegas and Rodríguez-Pérez, 2012),

rheumatoid synovial fibroblasts (Zenmyo et al., 1995) human

skin fibroblasts (Johnson et al., 1990), human subcutaneous

fibroblasts (Pinheiro et al., 2013), and human lung fibroblasts

(Zheng et al., 1994; Horie et al., 2014). While H3R are

predominantly located in neurons (Abdulrazzaq et al., 2022),

H4R are preferentially expressed in cells of the immune system

and in blood forming organs, especially in mast cells, dendritic

cells, basophils, eosinophils, monocytes, and T lymphocytes

(Sarasola et al., 2021). However, immunostaining

demonstrated that also human dermal fibroblasts express the

H4R (Ikawa et al., 2008). Signaling mechanisms for the H4R

receptor are much less well understood but appear to involve an

increase in [Ca2+]i (Panula et al., 2015).

An elevation in [Ca2+]i in fibroblasts is key to protein

synthesis, transcription factor activation, migration,

progression through the cell cycle, and cell viability (Janssen

et al., 2015). Resting [Ca2+]i is maintained at very low levels

(~100–200 nM), while the extracellular Ca2+ concentration is

1000-fold higher (> 1 mM) and the Ca2+ concentration in the

primary intracellular Ca2+ store, the endoplasmic reticulum (ER),

fluctuates between 100–800 µM (Sadras et al., 2021a). An array of

agonists, such as bradykinin, thrombin, trypsin, adenosine

trisphosphate, angiotensin II, and histamine, increases the

[Ca2+]i in pulmonary fibroblasts at concentrations ranging

from approximately 100 nM to 0.1 mM (Janssen et al., 2015).

The [Ca2+]i can be increased by two main mechanisms upon

cellular stimulation: the first one is through the release of Ca2+

from the ER and the second one is through the inflow of Ca2+

from the extracellular medium. In several cell types, histamine

bind to the Gq-protein-coupled receptor (GqPCR), H1R, which

activates phospholipase C (PLC). PLC hydrolyzes a membrane

phospholipid, phosphatidylinositol 4, 5 bisphosphate (PIP2), to

produce inositol-1, 4, 5-trisphosphate (InsP3). InsP3 triggers Ca
2+

mobilization from the ER through InsP3 receptors (InsP3R) that
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are located on the ER membrane and can in turn activate

adjacent ryanodine receptors (RyR) through the process of

Ca2+-induced Ca2+ release (CICR) (Paltauf-Doburzynska et al.,

2000; Clapham, 2007; Horie et al., 2014; Ishida et al., 2014; Berra-

Romani et al., 2020). Extracellular Ca2+ can permeate the plasma

membrane through a wide variety of ion channels, including

voltage-operated channels (VOC) (Janssen et al., 2015; Rahman

et al., 2016) and agonist-operated channels, which comprise three

types of channels: 1) receptor-operated channels (ROC) (Saliba

et al., 2015), which are ionotropic receptors stimulated by direct

ligand binding, 2) secondmessenger-operated channels (SMOC),

which are activated by intracellularly generated mediators, such

as cyclic nucleotides, diacylglycerol (Hofmann et al., 2017), and

arachidonic acid, and 3) store-operated Ca2+ channels (SOC),

which are the main Ca2+ entry pathway in non-excitable cells. In

the ER, Stromal Interaction Molecules (STIM1/2) act as sensors

of ER Ca2+ concentration that, after a reduction in intraluminal

Ca2+, multimerize and translocate towards peripheral ER

cisternae to functionally interact with the Ca2+ permeable Orai

channels on the plasma membrane (Bendiks et al., 2020). The

following influx of Ca2+ has been termed store-operated Ca2+

entry (SOCE) and mediates agonist-induced Ca2+ influx in

human fibroblasts isolated from several tissues, including

lungs (Guzmán-Silva et al., 2015; Vazquez-de-Lara et al., 2018).

It has been demonstrated that histamine triggers an increase

in [Ca2+]i also in human lung fibroblasts (Zheng et al., 1994;

Horie et al., 2014). However, the molecular mechanisms

implicated in this response, which are likely to regulate the

multiple fibroblast function involved in asthma remodeling,

remain to be elucidated. Therefore, this study aimed to

examine for the first time the mechanisms underlying

histamine-induced increase in [Ca2+]i in fetal human

pulmonary WI-38 fibroblasts.

Materials and methods

Cell culture

Human fetal lung fibroblast cell lines were purchased from

American Type Culture Collection, Collection WI-38 (ATCC®

CCL-75™) and cultured to 75% confluence in DMEM

(Dulbecco’s Modified Eagle Medium) culture medium

supplemented with 10% fetal bovine serum and 1% penicillin-

streptomycin at 37°C in an atmosphere of 95% O2 and 5% CO2.

Fibroblasts from passages 5–10 were seeded on coverslips for

24 h and then incubated for 48 h in medium devoid of serum.

Physiological solutions

Physiological saline solution (PSS) with the following

composition (in mM) 150 NaCl, 6 KCL, 1.5 CaCl2 1 MgCl2,

10 glucose, 10 HEPES was used for this study. To obtain Ca2+-free

physiological saline solution (0Ca2+), Ca2+ was replaced with

2 mM NaCl and 0.5 mM EGTA was added as a Ca2+ chelator.

Osmolarity was measured with an osmometer (Wescor 5500,

Logan, UT, United States) solutions were adjusted to

pH 7.4 with NaOH.

Measurement of [Ca2+]i

The technique for Ca2+ measurement in fibroblasts has been

previously described (Guzmán-Silva et al., 2015), and is

explained in detail below. Fibroblasts attached to coverslips

were washed twice PSS and incubated with 3 μM FURA-2

acetoxymethyl ester (FURA-2/AM) in PSS for 30 min at room

temperature (21°C–23°C). Cells were incubated for 30 min in PSS

free of FURA-2/AM. The coverslips were washed and fixed to the

bottom of a Petri dish using a drop of silicone. The Petri dish was

mounted on a stage of the Axiolab upright epifluorescence

microscope (Carl Zeiss, Oberkochen, Germany), equipped

with a 100 W mercury lamp (OSRAM HBO 50). A Zeiss

X63 Achroplan objective (water immersion, working distance

2.0 mm, numerical aperture 0.9) was used to visualize fibroblasts.

Cells were alternately excited at 340 nm and 380 nm using a filter

spinning wheel with a shutter (Lambda 10, Sutter Instrument,

Novato, CA, United States) and light emitted was detected at

510 nm. The Ca2+ signal was measured in individual fibroblasts,

using software that allows to delimit each cell by drawing on the

acquired images a region of interest. To control the camera

(Extended-ISIS camera, Photonic Science, Millham,

United Kingdom), the filter rotating wheel, as well as to draw

the regions of interest of the fluorescent signal to be measured,

a customized software, previously validated, running in

LINUX environment, was used. The signal measurement

was captured every 3 s and the images obtained were stored

on a hard disk and subsequently converted into 340/380 ratio

images using ImageJ software (National Institutes of Health,

United States, https://imagej.nih.gov/ij/). An increase in 340/

380 is indicative of an elevation in [Ca2+]i (Ferrera et al., 2021;

Remigante et al., 2021). Experiments were performed at room

temperature (21°C–23°C). All experiments were performed in

triplicate using 3 different passages of fibroblasts for each of

the conditions.

RT-qPCR

Total RNA was isolated from fibroblasts using QIAzol Lysis

Reagent (Qiagen SpA, Milan, Italy), and reverse transcription

was performed as described in (Ferrera et al., 2021; Negri et al.,

2021). Reverse transcription was always performed in the

presence (positive) or in the absence (negative control) of the

reverse transcriptase enzyme (not shown), as shown elsewhere
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(Zuccolo et al., 2019; Zuccolini et al., 2022). cDNA amplification

was performed using KAPA SYBR FAST qPCR Master Mix

(KAPA BIOSYSTEMS, United States), and the primers used for

amplification are listed the Table 1. The conditions were as

follows: initial denaturation at 95°C for 5 min; 40 cycles of

denaturation at 95°C for 10 s; annealing and extension at 60°C

for 30 s, PCR products were separated on a 3% Nusieve® (2:1) gel
agarose, stained with ethidium bromide, and acquired with the

iBrightTM CL1000 Imaging System (Thermo Fisher Scientific

Inc., United States). The molecular weight of the PCR products

was compared with the DNA molecular weight marker VIII

(Roche Molecular Biochemicals, Italy).

Data analysis

For the acquisition of fluorescence values, ImageJ software

was used, and Origin Pro 2021 and GraphPad Prism 8.0 were

used for graphing and statistical analysis of the results.

Statistical design

Datawere expressed asmean± standard error (SE).Non-Gaussian

data, identified by theD’Agostino and Pearson omnibus normality test

(p ≤ 0.05) were statistically analyzed by the nonparametric Mann-

TABLE 1 Primer sequences used for reverse transcription/polymerase chain reaction.

Gene Primer sequences Size (bp) Accession number

Orai1 Forward-5′-AGTTACTCCGAGGTGATGAG-3′ 257 NM_032790.3

Reverse-5′-ATGCAGGTGCTGATCATGAG-3′
Orai2 Forward-5′-CCATAAGGGCATGGATTACC-3′ 334 NM_001126340.1 variant 1

Reverse-5′-CAGGTTGTGGATGTTGCTCA-3′ NM_032831.2 variant 2

Orai3 Forward-5′-CCAAGCTCAAAGCTTCCAGCC-3′ 159 NM_152,288.2

Reverse-5′-CAAAGAGGTGCACAGCCACCA-3′
Stim1 Forward-5′-CCTCAGTATGAGGAGACCTT-3′ 347 NM_003156.3

Reverse-5′-TCCTGAAGGTCATGCAGACT-3′
Stim2 Forward-5′-AAACACAGCCATCTGCACAG-3′ 186 NM_020860.2

Reverse-5′-GGGAAGTGTCGTTCCTTTGA -3′
InsP3R1 Forward 5′-TCAACAAACTGCACCACGCT-3′ 180 ENSG00000150995

Reverse 5′-CTCTCATGGCATTCTTCTCC-3′
InsP3R2 Forward 5′-ACCTTGGG GTTAGTGGATGA-3′ 158 ENSG00000123104

Reverse 5′-CCTTGTTTGGCTTGCTTTGC-3′
InsP3R3 Forward 5′-TGGCTTCATCAGCACTTTGG-3′ 173 ENSG00000096433

Reverse 5′-TGTCCTGCTTAGTCTGCTTG-3′
RyR1 Hs00166991 Thermo Fisher Scientific 75 NM_000540.3

RyR2 Hs00181461 Thermo Fisher Scientific 65 NM_001035

RyR3 Hs00168821 Thermo Fisher Scientific 63 NM_001036.6

Trpc1 Forward 5′-ATCCTACACTGGTGGCAGAA-3′ 307

Reverse 5′-AACAAAGCAAAGCAGGTGCC-3′
Trpc3 Forward 5′-GGAGATCTGGAATCAGCAGA-3′ 336 NM_001130698.1 v

Reverse 5′-AAGCAGACCCAGGAAGATGA-3′ NM_003305.2 variant

Trpc4 Forward 5’-ACCTGGGACCTCTGCAAATA-3′ 300 NM_016179.2 va

Reverse 5′-ACATGGTGGCACCAACAAAC-3′ NM_001135955.1 va

NM_001135956.1 v

NM_001135957.1 va

NM_003306.1 va

NM_001135958.1 va

Trpc5 Forward 5′-GAGATGACCACAGTGAAGAG-3′ 221 NM_012471.2

Reverse 5′-AGACAGCATGGGAAACAGGA-3′
Trpc6 Forward 5′-AGCTGTTCCAGGGCCATAAA-3′ 341 NM_004621.5

Reverse 5′-AAGGAGTTCATAGCGGAGAC-3′
Trpc7 Forward 5′-CACTTGTGGAACCTGCTAGA-3′ 387 NM_020389.1

Reverse 5′-CATCCCAATCATGAAGGCCA-3′
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Whitney test for two groups and Kruskal–Wallis for more than two

groups. For normal data, an unpaired Student t-test for two groups and

ANOVA formore than two groups were used. A value of p ≤ 0.05 was

considered statistically significant.

Histamine concentration-response data were adjusted by the

following Eq. 1:

Y � 100

1 + EC50
[Histamine]

(1)

where Y is the response (relative to the Ca2+ transient amplitude),

[Histamine] is the histamine concentration and the mean

maximal effective concentration (EC50) is the [Histamine] that

induced 50% of the maximal response.

Results

Histamine causes a heterogeneous Ca2+

signal in human lung fibroblasts of the WI-
38 cell line

Using digital fluorescence imaging with FURA-2/AM [Ca2+]i was

measured simultaneously in several individual fibroblasts from the

same population. A 22.5% ofWI-38 fibroblasts displayed spontaneous

Ca2+ oscillations, as also reported in human cardiac fibroblasts (Chen

et al., 2010). These cells were, therefore, discarded from subsequent

analysis (Faris et al., 2022). Application of histamine (300 μM), even in

cells in the same microscopic field, elicited Ca2+ signals showing

heterogeneous kinetics, which were classified into 4 different

patterns: the first consisted of a rapid and transient increase in

[Ca2+]i, termed peak (59/306 cells, 19.28%, Figure 1A); the second

in a peak followed by cyclic increases and decreases in [Ca2+]i, termed

peak-oscillations (198/306 cells, 64.70%, Figure 1B); the third in a peak

with oscillations and a sustained increase in [Ca2+]i, termed peak-

plateau-oscillations (41/306 cells, 13.39%, Figure 1C); and finally, the

fourth pattern which was the least frequent, consisted of a peak

accompanied by a plateau, and was termed peak-plateau (2/

306 cells, 0.65%, Figure 1D). Only 1.96% (6/306 cells) of the

analyzed fibroblasts did not respond to histamine 300 μM.

Histamine generates a Ca2+ signal in a
concentration-dependent manner in WI-
38 human lung fibroblasts

Typical recordings of the Ca2+ signals evoked by different

histamine concentrations (100 nM–1 mM) are shown in

Figure 2A. Histamine did not elicit any discernible increase in

FIGURE 1
Heterogeneity in the Ca2+ response elicited by histamine in WI-38 human lung fibroblasts. Application of histamine (300 μM) elicited different
Ca2+ signal patterns in FURA-2 AM-loaded WI-38 human lung fibroblasts. The intracellular Ca2+ signal consisted of (A) a rapid Ca2+ peak (spike)
(19.28% of cells analyzed) which could be followed by (B) Ca2+ oscillations (64.70%) (peak-oscillations), (C) sustained plateau, superimposed by Ca2+

oscillations (13.39%) (peak-plateau-oscillations) or (D) only a plateau (0.65%) (peak-plateau). In this and the following figures, histamine was
added at the time indicated by the horizontal bar drawn over the Ca2+ signal recording.

Frontiers in Cell and Developmental Biology frontiersin.org

Berra-Romani et al. 10.3389/fcell.2022.991659

141

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.991659


[Ca2+]i at very low concentrations, such as 100 and 300 nM. The Ca2+

response to histamine appeared at 1–3 µM; at these concentrations,

the Ca2+ signal arising in most WI-38 cells displayed a single peak in

response to agonist stimulation. However, at 10 µM histamine, the

Ca2+ peak was followed by a short train of consecutive Ca2+

oscillations. The number of oscillations over 60 min of histamine

application was increased at histamine concentrations ranging from

30 µM up to 1 mM. The non-cumulative concentration-response

curve of histamine-induced elevation in [Ca2+]i is depicted in

Figure 2B (black circles), which shows that the increase in

histamine concentration produces an increase in the amplitude of

the initial Ca2+ response (peak). The maximum increase in the peak

amplitude was observed at concentrations higher than 300 µM,

whereas raising histamine concentration up to 1mM did not

significantly augment the magnitude of the response. Slight

stimulation occurred at 3 µM, while no effect was detectable at

concentrations lower than 1 µM (100 nM and 300 nM). The

concentration of histamine required to produce a half maximal

response (EC50), which was calculated by fitting the

concentration-response curve as described in Materials and

Methods, was 4.96 μM (Figure 2B, black circles). Likewise, in cells

that presented a plateau in the Ca2+ waveform, the EC50 of the plateau

amplitude was equal to 5.25 μM (Figure 2B, blue circles). In order to

assess whether the pattern of the Ca2+ signal was dependent on

histamine concentration, the frequency of each Ca2+ signature

detected at each histamine concentration (100 nM–1 mM) was

calculated (Figure 2C). The data indicate that the spike pattern

(see Figures 1A, 2C) is more common when fibroblasts are

stimulated with low histamine concentrations (100 nM–1 µM),

whereas the spike-oscillations patterns is more frequent as the

histamine concentration is increased (3 μM–1 mM) (see Figures

1B,C, 2B). In accord, the number of oscillations recorded over the

first 400 s after histamine application was increased in a histamine

concentration-response manner with a EC50 = 2.37 µM (Figure 2D).

Desensitization of the Ca2+ response by
repeated stimulation ofWI-38 human lung
fibroblasts with histamine

Homologous desensitization is a feature of GqPCRs,

including H1R (Chen et al., 2014; Burghi et al., 2021).

FIGURE 2
Concentration-dependent effect of histamine on Ca2+ signalling in WI-38 human lung fibroblasts. (A) Typical intracellular Ca2+ recordings in
WI-38 cells loaded with FURA-2/AM exposed to different histamine concentrations ranging from 100 nM to 1 mM. The baseline of Ca2+ tracings has
been shifted to avoid their overlapping for representation proposes. (B) Non-cumulative concentration-response relationship. Data points are the
mean ± SE of the initial Ca2+ peak amplitude (black circles) or plateau amplitude (blue circles) plotted against the logarithm of histamine
concentration. The continuous curves were obtained by fitting the data to Eq. 1, as shown in Materials and methods, which yielded EC50 values of
4.96 and 5.25 µM for peak amplitude (black line) and plateau amplitude (blue line), respectively. Data points were obtained of at least 19 cells. (C)
Percentage of cells that presented each of the Ca2+ response patterns indicated in function of histamine concentrations applicated to WI-38
fibroblasts. (D) Data points are the mean ± SE of the number of oscillations measured over the first 400 s after histamine application, plotted against
the logarithm of histamine concentration. The continuous curve was obtained by fitting the data to Eq. 1, as shown in Materials and methods, which
yielded EC50 values of 2.38 µM.
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Figure 3A shows a typical Ca2+ recording from aWI-38 fibroblast

exposed to three consecutive applications of 300 μM histamine

followed by PSS washout. Histamine elicited a similar Ca2+

response consisting in an initial Ca2+ peak followed by

sustained plateau, superimposed by Ca2+ oscillations.

However, the peak and plateau amplitudes (Figure 3B), as

well as the number of oscillations (Figure 3C), were

significatively reduced by repetitive histamine stimulation.

These data suggest that the application of a maximal

concentration of histamine (300 μM) to the same fibroblast

leads to receptor desensitization.

Histamine-evoked elevation in [Ca2+]i in
WI-38 human lung fibroblasts is primarily
mediated through activation of H1R and to
a lesser extent through H2R

In order to elucidate the HR subtype through which

histamine triggers an intracellular Ca2+ signal in WI-38

human lung fibroblasts, specific HR antagonists were used:

for H1Rs pyrilamine (100 μM), for H2Rs ranitidine (50 μM),

for H3R clobenpropit (50 μM) and, finally, for the H4R

receptor, NJ7777120 (10 μM). After 30 min preincubation

and in the continuous presence of the histaminergic

antagonists, histamine (300 µM) was applied as indicated

by the green bars. In order to confirm cell viability,

arachidonic acid (AA) 50 µM was applied in cells in which

histamine failed to induce an increase in [Ca2+]i (Berra-

Romani et al., 2019). Pharmacological manipulation of HR

in WI-38 human lung fibroblasts revealed that H1R blockage

completely abolished the histamine-evoked Ca2+ signal

(Figure 4A), H2R blockage significantly decreased the

amplitude of the Ca2+ signal (Figure 4B), while H3R

(Figure 4C) and H4R blockage (Figure 4D) had no

significant effect. In Figure 4E, the statistical comparison

between the mean ± SE peak amplitude of the Ca2+ signals

evoked by histamine 300 μM in the absence (Ctrl) and

presence of the different antihistaminergic receptors

antagonists (H1R, H2R, H3R, and H4R) are summarized.

These results indicate that, for the [Ca2+]i elevation to take

place in the lung fibroblast cell line, WI-38, the activation of

mainly H1R and, to a lesser extent, H2R is necessary, whereas

H3R and H4R seem to play no role.

FIGURE 3
Effect of consecutive histamine applications on Ca2+ signal in WI-38 human lung fibroblasts WI-38. (A) Representative recording of a triple
application of histamine (300 μM) in one cell, each followed by a washout with physiological saline solution (PSS). (B)Mean ± SE of peak and plateau
amplitudes of the Ca2+ transient evoked by 3 consecutive histamine applications: first application (1st), second application (2nd), third application
(3rd). (C)Mean± SE of the number of oscillationsmeasured over 400 s after each histamine application. The number in the figure represents the
number of cells studied. Comparison between groups was performed using the Kruskal–Wallis test (* = p ≤ 0.05; ns = no statistically relevant
differences between groups).
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Histamine-evoked Ca2+ signals in WI-38
lung fibroblasts do not involve Gαi/o
activation but require PLCβ recruitment
and ER Ca2+ release

The results shown in Figures 4C–E suggest that H3R and

H4R do not participate in histamine-activated Ca2+ signaling.

H3R and H4R are canonically coupled to Gαi/o proteins (Haas

et al., 2008). Therefore, a reliable strategy to corroborate the

lack of H3R and H4R involvement in histamine response

would be to demonstrate that pertussis toxin (PT), a selective

inhibitor of Gαi/o protein signalling, does not modify

histamine-evoked Ca2+ signals. Indeed, as shown in

Figure 5A, preincubation (30 min) with 100 ng/ml PT did

not prevent histamine from increasing intracellular [Ca2+]i in

WI-38 fibroblasts. In accord, the amplitude of initial Ca2+

transient (peak) was not statistically different from untreated

cells (Figure 5B). These results confirm that histamine-evoked

increase in [Ca2+]i in human lung WI-38 fibroblasts is

insensitive to the inhibition of Gαi/o by PT (Figures 5A,B).

After confirming that H1R and H2R are involved in the Ca2+

response to histamine, we turned to dissect out the molecular

FIGURE 4
Dissection of histaminergic receptors (HR) responsible for histamine-evoked Ca2+ signal in WI-38 human lung fibroblasts. (A) Typical recording
of histamine-evoked Ca2+ signal in the presence of the H1R antagonist, pyrilamine (100 μM). (B) Typical recording of the histamine-evoked Ca2+

signal in the presence of the H2R antagonist, ranitidine (50 μM). (C) Typical recording of the histamine-evoked Ca2+ signal in the presence of the H3R
antagonist, clobenpropit (50 μM). (D) Typical recording of histamine-evoked Ca2+ signal in the presence of H4R antagonist, JNJ-7777120
(10 μM). All histaminergic antagonists were preincubated for 30 min prior to histamine application (incubation time not shown). For experiments
showed in (A,C), arachidonic acid (AA 50 μM)was applied after histamine application to corroborate cell viability. (E)Mean ± SE of the peak amplitude
of the Ca2+ transient evoked by histamine (300 μM) in the absence (Ctrl) and presence of the HR antagonists: pyrilamine 100 μM (H1), ranitidine
50 μM (H2), clobenpropit 50 μM (H3) and JNJ-7777120 10 μM (H4). The numbers in the figure represents the number of cells studied. Comparison
between groups was performed using the Kruskal–Wallis test (* = p ≤ 0.05) (ns = no statistically relevant differences between groups).
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underpinnings of the Ca2+ transient by using the following

drugs: 1) U73122 (10 μM), a selective inhibitor of PLC

(Moccia et al., 2006; Berra-Romani et al., 2012; Berra-

Romani et al., 2020); 2) U73343 (10 μM), an inactive

analogue of U73122 (Guzmán-Silva et al., 2015); and 3)

cyclopiazonic acid (CPA) (10 μM), a selective inhibitor of

sarco-edoplasmic reticulum calcium ATPase (SERCA) pump

(Guzmán-Silva et al., 2015; Berra-Romani et al., 2020). The

results obtained showed that PLC inhibition upon

preincubation (15 min) with U73122 suppresses histamine-

evoked Ca2+ signal (Figures 5C,F), whereas its inactive analog,

U73343, does not affect the Ca2+ response (Figures 5D,F).

Likewise, ER emptying via Ca2+ leak channels after SERCA

inhibition with CPA in an extracellular Ca2+-free environment

(0Ca2+) prevented the Ca2+ response to histamine (Figures

5E,F). These results indicate that the Ca2+ transient generated

FIGURE 5
Histamine-evoked Ca2+ signals in WI-38 human lung fibroblasts do not involve Gαi/o activation but require PLC and ER Ca2+ release. (A) Typical
recording of the Ca2+ response to histamine (300 μM) in fibroblasts preincubated for 30 min with 100 ng/ml pertussis toxin (PT). (B)Mean ± SE of the
peak amplitude of histamine-evoked Ca2+ transients in the absence (green bar) and presence of pertussis toxin (gray bar). Comparison between
groups was performed using the Student’s t-test (ns = no statistically relevant differences between groups). (C) Typical recording of the effect of
histamine (300 μM) on Ca2+ signal in cells pretreated for 15 min with U73122 (10 μM), a specific PLC inhibitor. (D) Typical recording of the Ca2+

response to histamine (300 μM) in cells pretreated for 15 min with U73343 (10 μM), an inactive analog of U73122. (E) Representative recording of the
Ca2+ signal evoked by histamine (300 μM) in cells pretreated with CPA (10 μM) in the absence of extracellular Ca2+ (0Ca2+). (F)Mean ± SE of the peak
Ca2+ response to histamine (300 μM; green bar) in the presence of U73122 10 μM (black bar), U73343 10 μM (blue bar) and CPA 10 μM (orange bar
not visible, marked with a red arrow). The numbers in the figure represent the number of cells studied. Statistical comparison between groups was
performed using ANOVA test (* = p ≤ 0.05).
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after histamine stimulation in WI-38 human lung fibroblasts

is due to PLC activation and Ca2+ release from the ER.

InsP3R play an important role in histamine-
evoked Ca2+ signaling in WI-38 human
lung fibroblasts

Having demonstrated that the ER Ca2+ stores contributes

to histamine-evoked Ca2+ signals upon PLC activation, we

evaluated the involvement of InsP3R, which provides the

main pathway for ER Ca2+ release in fibroblasts (Horie

et al., 2014; Berra-Romani et al., 2020). The results

obtained demonstrate that, after incubation for 20 min

with 2-aminoethoxydiphenyl borate (2-APB, 50 μM), a

drug widely used as InsP3R inhibitor (Guzmán-Silva et al.,

2015), the amplitude of histamine-evoked initial Ca2+

transient is significantly reduced compared to untreated

cells, both in the presence (Figures 6A,C) and in the

absence of extracellular Ca2+ (Figures 6B,C). In addition,

FIGURE 6
Involvement of InsP3R in histamine-evoked Ca2+ signals in WI-38 human lung fibroblasts. (A) Typical recording of the Ca2+ response to
histamine (300 µM) in fibroblasts pre-incubated with 2-APB (50 μM) for 20 min [orange trace, 2-APB (+)] and its control [dark green trace, 2-APB (-)].
(B) Typical recording of histamine-evoked Ca2+ signal in absence of extracellular Ca2+ (0Ca2+) after pre-incubation of fibroblasts for 20 min with 2-
APB (50 μM) [gray trace, 2-APB (+)] and its control [blue trace, 2-APB (-)]. In (A,B) basal Ca2+ levels were aligned for comparative purposes. (C)
Mean ± SE of the peak amplitude of the Ca2+ response to histamine (300 µM) in normal extracellular Ca2+ and in absence (dark green bar) or presence
of 50 μM 2-APB (orange bar). Mean ± SE of the peak amplitude of the Ca2+ response to histamine (300 µM) in absence of extracellular Ca2+ (0Ca2+)
and in absence (blue bar) or presence of 50 μM 2-APB (gray bar). Statistic comparison between groups was performed using Mann-Whitney and
t-Student test respectively (* = p ≤ 0.05). (D)Mean ± SE of the number of oscillations evoked by histamine (300 µM) in normal extracellular Ca2+ and
in absence (dark green bar) or presence of 50 μM 2-APB (orange bar). Mean ± SE of the number of oscillations evoked by histamine (300 µM) in the
absence of extracellular Ca2+ (0Ca2+) and in absence (blue bar) or presence of 50 μM 2-APB (gray bar, gray bar not visible, marked with a red arrow).
Statistical comparison between groups was performed using Mann-Whitney and t-Student test respectively (* = p ≤ 0.05). The numbers in the figure
represents the number of cells studied. (E) Typical recording of the Ca2+ signal evoked by histamine and the effect of 2-APB application.
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the number of oscillations was significantly decreased when

fibroblasts were preincubated with 2-APB in normal Ca2+

(Figures 6A,D) and completely eliminated under 0Ca2+

conditions (Figures 6B,D). Even though 2-APB application

during histamine-activated Ca2+ oscillations caused an

immediate and transitory increase in [Ca2+]i, 2-APB

subsequently erased the intracellular Ca2+ oscillations and

plateau phase; this effect was reversible (Figure 6E). RyR

could support InsP3-induced intracellular Ca2+ oscillations

through CICR, as reported in other cell types (Paltauf-

Doburzynska et al., 2000). Nevertheless, the acute addition

of caffeine (10 mM) mimicked the inhibitory effect of 2-APB

by reversibly interrupting the oscillatory Ca2+ train

(Supplementary Figure S1) in 92.3% of tested cells (60 out

of 65 cells). This observation confirms that RyR, which are

directly gated by caffeine (Pulina et al., 2010), do not

contribute to histamine-induced intracellular Ca2+ waves in

WI-38 fibroblasts and is consistent with the well-known

phenomenon of InsP3R inhibition by caffeine (Parker and

Ivorra, 1991; Moccia et al., 2003). Taken together, these

results suggest a strong involvement of InsP3R in

histamine-evoked Ca2+ transients in lung fibroblasts of the

WI-38 cell line.

Extracellular Ca2+ influx contributes to
histamine-induced intracellular Ca2+

signaling in WI-38 human lung fibroblasts

Next, we evaluated the contribution of extracellular Ca2+

to histamine-evoked Ca2+ signals by exposing the WI-38

fibroblasts to histamine in the absence of external Ca2+ to

prevent Ca2+ entry across the plasma membrane (Berra-

Romani et al., 2020). Histamine elicited an immediate

increase in [Ca2+]i in the absence of extracellular Ca2+ in

66 of 69 cells (Figure 7A). Of note, exposure of WI-38 cells to

0Ca2+ conditions caused a significative reduction in basal

[Ca2+]i (Figures 7A,B), which is consistent with the presence

of a constitutive Ca2+ entry pathway (Zuccolo et al., 2018).

When histamine (300 μM) was applied to fibroblasts under

0Ca2+ conditions, the peak and plateau amplitudes

(Figure 7C), as well as the number of intracellular Ca2+

FIGURE 7
Effect of extracellular Ca2+ removal on histamine-evoked Ca2+ signal in WI-38 human lung fibroblasts. (A) Typical recording of histamine-
evoked Ca2+ signals in the absence of extracellular Ca2+ (0Ca2+). (B)Mean ± SE of basal [Ca2+]i in fibroblasts exposed to an extracellular solution with
(dark green bar) or without extracellular Ca2+ (blue bar). Comparison between groups was performed using the t-Student test (* = p ≤ 0.05). (C)
Mean ± SE of peak and plateau amplitudes of the Ca2+ signal evoked by histamine in fibroblasts expose to an extracellular solution with (dark
green bar) or without extracellular Ca2+ (blue bar). Comparison between groups was performed using the t-Student test for peak amplitude data and
Mann-Whitney test for plateau amplitude data (* = p ≤ 0.05). (D) Mean ± SE of the number of oscillations recorded during the first 400 s after
histamine application in an extracellular solution with (dark green bar) or without extracellular Ca2+ (blue bar). Comparison between groups was
performed using the Mann-Whitney test (* = p ≤ 0.05). The numbers in the figures represents the number of cells studied.
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oscillations (Figure 7D), were significantly reduced compared

to control conditions. In particular, Ca2+ oscillations rapidly

run down in the absence of Ca2+ entry (Figure 7A).

Furthermore, ongoing Ca2+ oscillations reversibly ceased

upon removal of extracellular Ca2+ (Supplementary Figure

S2) in 97.1% of tested cells (66 out of 68 cells). These results

indicate that the peak and plateau amplitude as well the

number of Ca2+ oscillations evoked by histamine are due

to both Ca2+ release from the ER and Ca2+ influx from the

extracellular medium.

Blocking Ca2+ entry through VOCs does
not affect histamine-evoked intracellular
Ca2+ signals

There is evidence for a key role of L-type VOCs in TGF-β-
induced Ca2+ signaling in human lung fibroblasts (Mukherjee

et al., 2015). We, therefore, evaluated their involvement in

histamine-induced intracellular Ca2+ signaling in WI-38 cells.

We exploited a non-specific L-type VOC antagonist (nickel,

10 μM) (Figures 8A,C,E) and a specific VOC antagonist

FIGURE 8
Blocking Ca2+ entry through VOCs does not affect histamine-evoked intracellular Ca2+ signals in WI-38 human lung fibroblasts. (A) Typical
recording of histamine-evoked Ca2+ signals in the presence of nickel (10 μM). (B) Typical recording of histamine-evoked Ca2+ signals in the presence
of nifedipine (10 μM). Comparison between groups was performed using the Mann-Whitney test (ns = not statistics differences between groups). (C)
Mean ± SE of the peak and plateau amplitudes of the Ca2+ response to histamine (300 μM) in absence (dark green bar) or presence of the non-
specific VOC inhibitor, nickel 10 μM (blue bar). (D) Mean ± SE of the peak and plateau amplitudes of the Ca2+ response to histamine (300 μM) in
absence (dark green bar) or presence of the specific VOC inhibitor, nifedipine 10 μM (blue bar). (E)Mean ± SE of the number of oscillations recorded
during the first 400 s after histamine application in presence (dark green bar) or presence of the unspecific VOC inhibitor, nickel 10 μM (blue bar). (F)
Mean ± SE of the number of oscillations recorded during the first 400 s after histamine application in presence (dark green bar) or absence of the
specific VOC inhibitor, nifedipine 10 μM (blue bar).
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(nifedipine, 10 μM) (Figures 8B,D,F). The results show that there

were no significant differences in the peak and plateau

amplitudes, as well as in the number of oscillations, when

Ca2+ entry through VOCs was inhibited with either nickel

(Hobai et al., 2000) or nifedipine (Zhang et al., 2007),

respectively.

Ca2+ influx through SOCs plays an
important role in the plateau and
oscillations of histamine-evoked Ca2+

transients in WI-38 lung fibroblasts

A recent investigation hinted at SOCE as the main Ca2+ entry

pathway sustaining the Ca2+ response to chemical stimuli in

human lung fibroblasts (Guzmán-Silva et al., 2015). Therefore,

we evaluated the role of SOCs in the Ca2+ signal evoked by

histamine in WI-38 fibroblasts. The pyrazole-derivative, BTP-2,

which is widely employed to inhibit SOCE in non-excitable cells

(Prakriya and Lewis, 2015; Moccia et al., 2016; Zhang et al.,

2020), increases [Ca2+]i in human lung fibroblasts (Guzmán-Silva

et al., 2015) and cannot be reliably used to assess SOCE

involvement in histamine-evoked extracellular Ca2+ entry. In

accord, Supplementary Figure S3 shows that BTP-2 (20 µM)

induced an immediate elevation in [Ca2+]i upon application

during the decay phase of the initial Ca2+ response to

histamine. However, low micromolar doses of the trivalent

cations, La3+ and Gd3+, can also selectively inhibit Orai

channels, which provides the main pore-forming subunits of

SOCs in both excitable and non-excitable cells (Prakriya and

Lewis, 2015; Moccia et al., 2016; Zhang et al., 2020), including

human lung fibroblasts (Guzmán-Silva et al., 2015; Vazquez-

de-Lara et al., 2018). The results showed that the application of

both La3+ (10 μM) and Gd3+ (10 μM) abrogated the plateau and

Ca2+ oscillations in 79 and 40 cells exposed to La3+ and Gd3+,

respectively (Figure 9A,B). This effect was reversible upon

removal of La3+ or Gd3+. Intriguingly, the acute addition of

La3+ and Gd3+ also caused a decrease in resting Fura-2

fluorescence ratio below the baseline, which suggests that Orai

channels are involved in constitutive Ca2+ entry (see Figure 6B).

In summary, these results suggest a strong involvement of Ca2+

entry through SOCs in the histamine-evoked Ca2+ transient in

lung fibroblasts of the WI-38 cell line.

Preliminary characterization of the Ca2+

handling machinery in in WI-38 fibroblast

No comprehensive information is available regarding the

molecular composition of the Ca2+ handling toolkit in WI-38

fibroblasts. Therefore, we performed a preliminary qRT-PCR

analysis of the main Ca2+-permeable channels that are known

to shape the Ca2+ response to histamine in other cell types.

We used the specific primers described in Table 1, while

negative controls were carried out by excluding the reverse

transcription reaction, as shown in (Negri et al., 2021).

Figure 10 displays that WI-38 lung fibroblasts express the

transcripts encoding for all the InsP3R isoforms, i.e., InsP3R1,

InsP3R2, and InsP3R3, whereas, among the molecular players

of the SOCE machinery, only STIM2 and Orai3 paralogues

were present. In addition, the mRNAs encoding for RyR1 and

most of the members of the Transient Receptor Potential

Canonical (TRPC) subfamily, i.e., TRPC1, TRPC3, TRPC4,

TRPC5, and TRPC6 (Negri et al., 2019), were also found

(Figure 10). Therefore, these findings support the notion that

the interaction between InsP3R and SOC drive histamine-

induced intracellular Ca2+ signals in WI-38 human adult lung

fibroblasts.

FIGURE 9
Effect of SOCE blockade on histamine-evoked Ca2+ signals in WI-38 human lung fibroblasts. (A) Typical recording of histamine-evoked Ca2+

signals and effect of the application of 10 µM La3+ (n = 79). (B) Typical recording of histamine-evoked Ca2+ signals and effect of the application of
10 μM Gd3+ (n = 40).
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Discussion

Pulmonary remodeling is the main long-term complication

of asthma and occurs as a compensatory response to a persistent

inflammatory state of the lower airway epithelium that leads to

an irreversible restriction in the airflow, and is a result of a multi-

step process known as “scarring.” Mast cells play a crucial

pathogenic role in asthma by releasing the autacoid mediator

histamine, which stimulates airway smooth muscle cell

constriction and hyperplasia, and activates fibroblasts to

acquire a contractile phenotype and support pulmonary

remodelling. The molecular mechanisms whereby histamine

promotes fibroblast proliferation and migration is still unclear,

although preliminary evidence indicates that histamine-induced

collagen gel contraction is mediated by an increase in [Ca2+]i
(Horie et al., 2014). Intriguingly, it has long been known that

intracellular Ca2+ signaling can adopt multiple patterns to

orchestrate many of the cellular events that contribute to

pulmonary remodeling, including fibroblast proliferation and

transformation into myofibroblasts (Janssen et al., 2015). Herein,

we provided the first clear-cut characterization of the signaling

pathways that shape histamine-induced intracellular Ca2+ signals

in the WI-38 cell line, which is widely employed to study human

lung fibroblasts. Our findings could pave the way towards an

alternative strategy to target histamine signaling and thereby

dampen airway remodeling in asthma.

Intracellular Ca2+ signals regulate a broad spectrum of

cellular processes by adopting diverse spatiotemporal

dynamics, ranging from single Ca2+ transient to repetitive

Ca2+ transients whose frequency depends on agonist strength

(Smedler and Uhlén, 2014). The introduction of high-speed

microfluorimetry and high-resolution image analysis

techniques have allowed researchers to monitor changes in

[Ca2+]i in individual cells simultaneously. These techniques

have revealed a surprising degree of heterogeneity in the Ca2+

responses to the same agonist generated even by cells in the same

field of view. Herein, we report that histamine evoked complex

Ca2+ waveforms in WI-38 fibroblasts that could be classified

according to the following patterns: 1) peak, 2) peak and

oscillations, 3) peak plateau and oscillations, and 4) peak and

plateau. Spatial and temporal heterogeneity of the Ca2+ signature

can be a hallmark of the Ca2+ response evoked by both

mechanical (Berra-Romani et al., 2008; Jing et al., 2013) and

chemical cues (Dupont and Combettes, 2016; Wacquier et al.,

2019). A recent investigation showed that, in normal human lung

fibroblasts (NHLF), beractant (a natural surfactant) induced

distinct patterns of intracellular Ca2+ signals, each comprising

an initial Ca2+ spike that could be followed either by a) transient,

by repetitive Ca2+ oscillations, c) a sustained Ca2+ plateau or d) a

sustained plateau overlapped by repetitive Ca2+ oscillations

(Guzmán-Silva et al., 2015). Similarly, ATP could elicit either

a single Ca2+ transient or recurring Ca2+ oscillations in NHLF

(Janssen et al., 2015), whereas an heterogenous array of agonist-

induced intracellular Ca2+ signals has been described in

fibroblasts deriving from other tissues (Chen et al., 2010;

Kemény et al., 2013; Lembong et al., 2015). As expected (Ong

et al., 2019), the diverse Ca2+ dynamics and the number of

oscillations depend on histamine concentration, with the

lower concentration being dominated by the peak pattern and

the higher concentration being dominated by the peak, plateau

FIGURE 10
Transcriptomic characterization of the Ca2+ handling machinery in WI-38 fibroblasts. Gel electrophoresis of the PCR products are shown.
Electrophoresis was performed as indicated inMaterials andMethods. The PCR products were of the expected size: InsP3R1, 180 bp; InsP3R2, 158 bp;
InsP3R3, 173 bp; RyR1, 75 bp; TRPC1, 307 bp; TRPC3, 336 bp; TRPC4, 300 bp; TRPC5, 221 bp; TRPC6, 341 bp; STIM2, 186 bp; and Orai3, 159 bp. No
signal was observed for STIM1 and Orai1. MW, molecular weight markers. B, reaction without the template.
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and oscillations pattern. In accord, low doses of histamine are

predicted to elicit only intracellular Ca2+ release, while the Ca2+

response to higher doses can also involve extracellular Ca2+ entry

(Ong et al., 2019). Likewise, a recent investigation showed that

histamine was more eager to induce 1 or 2 Ca2+ spikes at low

picomolar doses, whereas the number and frequency of repetitive

Ca2+ transients progressively increased with histamine

concentration (up to 300 µM) in human microvascular

endothelial cells (Berra-Romani et al., 2020). The non-

cumulative concentration-response relationship showed that

the Ca2+ signal evoked by histamine in WI-38 human lung

fibroblasts present an EC50 value of 4.96 μM, a maximum

concentration of 300 μM, and a threshold concentration of

100 nM. Similarly, histamine induced collagen gel contraction

and proliferation in, respectively, primary cultured human lung

fibroblasts (Horie et al., 2014) and IMR-90 adult lung fibroblasts

(Kunzmann et al., 2007) within a concentration range spanning

from 100 nM up to 100 μM. Moreover, the pro-migratory effect

of histamine on human lung fetal fibroblasts appeared at a

threshold dose of 100 nM (Kohyama et al., 2010). These

studies concur with the evidence that H1R mediates

histamine-induced proliferation, migration, and collagen gel

contraction in human lung fibroblasts. In agreement with

these observations, pharmacological manipulation showed that

histamine generates a complex increase in [Ca2+]i in WI-38

fibroblasts mainly through H1R and, to a lesser extent,

through H2R. Furthermore, short-term exposure of the cells

to histamine reduced the responsiveness to subsequent

applications of the agonist, which is a hallmark of H1R

signalling (Smit et al., 1992). Homologous desensitization of

H1R has also been reported in smooth muscle preparations

(Leurs et al., 1990; Leurs et al., 1991), HeLa cells (Smit et al.,

1992), and human gingival fibroblasts (Gutiérrez-Venegas and

Rodríguez-Pérez, 2012). Conversely, H3R and H4R do not seem

to play a crucial role in the onset of the Ca2+ signal. These results

were supported by the evidence that histamine-evoked

intracellular Ca2+ waves were not altered by the PT-dependent

ribosylation of the Gαi/o subunit, which triggers the signalling

cascades activated downstream of both H3R and H4R (Seifert

et al., 2013). Consistent with our observations, Horie et al. (2014)

previously reported the involvement of H1R in histamine-

induced collagen gel contraction in primary cultured lung

fibroblasts, whereas H2R could be responsible for a small Ca2+

response occurring in the presence of diphenhydramine, a

specific H1R-antihistamine.

The mechanisms that control the mobilization of cytosolic

Ca2+ are key to the regulation of numerous eukaryotic cell

functions (Clapham, 2007). Therefore, after identifying the

HR subtype responsible for histamine-evoked Ca2+ signaling,

we set out to dissect the molecular underpinnings of the Ca2+

transient. H1R is a GqPCR that can signal an increase in [Ca2+]i
by stimulating PLCβ to synthesize InsP3 and trigger ER Ca2+

release through InsP3R (Berra-Romani et al., 2012; Seifert et al.,

2013; Berra-Romani et al., 2020). In accord, the Ca2+ response to

histamine still occurred in the absence of extracellular Ca2+,

although it rapidly run down after 1-3 Ca2+ spikes.

Furthermore, histamine-evoked intracellular Ca2+ signals were

strongly reduced by blocking PLCβ activity with U73122, but not
its inactive analog, U73343. Furthermore, the initial Ca2+ peak

was significantly reduced as compared to control, i.e., untreated,

cells upon inhibition of InsP3R with 2-APB. This inhibitory effect

was observed both in the presence and in the absence of

extracellular Ca2+. 2-APB significantly decreased the number

of oscillations under normal Ca2+ conditions, while it

completely erased the spiking response under 0Ca2+

conditions. Of note, inhibition of InsP3Rs with 2-APB, despite

decreasing the amplitude of the Ca2+ transients, did not

completely eliminate histamine-induced Ca2+ signals, as

previously reported both in fibroblasts (Horie et al., 2014) and

in other cell types (Berra-Romani et al., 2020). Unlike histamine,

the Ca2+ response to beractant in WI-38 fibroblasts was fully

abrogated by 2-APB (Guzmán-Silva et al., 2015). This

discrepancy can be explained by invoking several hypotheses.

First, the ability of 2-APB to penetrate the cell membrane may

significantly vary among different cell types: this feature could

explain the high sensitivity to 2-APB observed in some cells, but

not in others (Soulsby and Wojcikiewicz, 2002). Second, the

degree of 2-APB-dependent inhibition could depend on the

histamine concentration employed to characterize the Ca2+

response in WI-38 lung fibroblasts. For instance, early work

carried out in HeLa cells showed that 100 µM 2-APB was able to

completely inhibit the ATP-evoked Ca2+ response at all the tested

concentrations, while histamine-evoked Ca2+ signals were only

slightly reduced at high agonist doses (i.e., 100 µM) (Peppiatt

et al., 2003). It is likely that a higher concentration of 2-APB is

required to block InsP3R recruited by histamine in WI-38 lung

fibroblasts. However, we did not increase 2-APB concentration to

avoid the concentration-dependent side-effects that have been

associated to this powerful InsP3R inhibitor, such as SOCE

inhibition and SERCA modulation (Gambardella et al., 2021).

The primary role of InsP3R in the Ca2+ response to histamine was

further corroborated by caffeine, which reversibly inhibited,

rather than enhancing, histamine-induced intracellular Ca2+

oscillations. At the concentration employed in the present

investigation, caffeine can either stimulate RyR (Pulina et al.,

2010) or inhibit InsP3R (Parker and Ivorra, 1991; Moccia et al.,

2003). Therefore, the blocking effect of caffeine further confirms

that InsP3R are the main responsible for the rhythmical ER Ca2+

release induced by caffeine in WI-38 fibroblasts.

While the complex increase in [Ca2+]i is triggered by ER Ca2+

mobilization through InsP3R, the Ca
2+ response is maintained over

time by extracellular Ca2+ entry. In accord, removal of external Ca2+

resulted in the decrease of the Ca2+ peak andCa2+ plateau amplitudes,

and in the number of Ca2+ oscillations evoked by histamine. These

findings concur with previous studies showing that Ca2+ influx

through the plasma membrane sustains intracellular Ca2+
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oscillations induced by H1R stimulation in several cell types,

including cerebrovascular endothelial cells (Berra-Romani et al.,

2020), HeLa cells (Sauvé et al., 1991), and vascular smooth

muscle cells (Espinosa-Tanguma et al., 2011). SOCE is activated

upon depletion of the ER Ca2+ pool and represents the Ca2+ entry

pathway that sustains the Ca2+ signal induced by agonists stimulation

in fibroblasts from different tissues, including human mammary

gland (Sadras et al., 2021b), human heart (Chung et al., 2021), human

skin (Wu et al., 2019), and human lungs (Guzmán-Silva et al., 2015).

It has been nicely documented that low (1–10) micromolar doses of

the trivalent cations, La3+ and Gd3+, plug the access to the Orai

channel inner pore, thereby specifically inhibiting SOCE (Prakriya

and Lewis, 2015; Moccia et al., 2016; Zhang et al., 2020). In accord,

the application of either SOC blocker at 400 s after histamine

application completely abolished the oscillations and suppressed

the Ca2+ plateau in WI-38 lung fibroblasts. Similar results were

achieved by the acute addition of 10 µM La3+ and 10 µMGd3+ on the

long-lasting elevation in [Ca2+]i evoked in the same cells by beractant

(Guzmán-Silva et al., 2015). VOC represent an alternative pathway

for extracellular Ca2+ entry in NHLF, as shown for the intracellular

Ca2+ oscillations induced by transforming growth factor β
(Mukherjee et al., 2015). However, two structurally unrelated

VOC inhibitors, i.e., nickel and nifedipine, did not affect

histamine-evoked intracellular Ca2+ signals in WI-38 cells. We

hypothesize that histamine-dependent SOC activation does not

depolarize the membrane potential to such an extent to induce

VOC activation.

A preliminary qRT-PCR analysis of theCa2+ handlingmachinery

confirmed that WI-38 fibroblasts express all the three known InsP3R

isoform and two of the molecular components required to activate

SOCE, i.e., STIM2 and Orai3. These data are therefore consistent

with the results provided by the pharmacological manipulation of the

Ca2+ response. Conversely, all Orai and STIM isoforms were detected

in human cardiac fibroblasts (Cendula et al., 2021), in which they

support spontaneous Ca2+ oscillations (Chen et al., 2010).

Intriguingly, Orai3 can be directly activated by 50 µM 2-APB

independent from ER Ca2+ store depletion (Zhang et al., 2020),

whichmight explain the immediate rise in [Ca2+]i that occurs upon 2-

APB application in the presence (see Figure 6F) but not in the

absence (not shown) of extracellular Ca2+. RyR1 transcript was also

found, but it is unlikely to contribute to histamine-evoked

intracellular Ca2+ signals, as shown by the inhibitory effect of

caffeine. WI-38 fibroblasts also express the transcripts encoding

for TRPC1-TRPC6, but the pharmacological sensitivity of

histamine-evoked Ca2+ entry to 10 µM La3+ and Gd3+ argues

against the involvement of TRPC isoforms. Moreover, a recent

investigation demonstrated that TRPC channels do not support

SOCE in primary murine lung fibroblasts (Bendiks et al., 2020).

Conversely, TRPC channels, which present a single-channel

conductance that is 1000-fold larger than Orai3, could be

activated by transforming growth factor β and thereby lead to

VOC activation via strong membrane depolarization (Mukherjee

et al., 2015). Quite surprisingly, this was the first molecular

characterization of the Ca2+ toolkit in human pulmonary

fibroblasts. The selective expression of STIM2 as ER Ca2+ sensor

might explain the rapid fall in resting [Ca2+]i observed upon removal

of external Ca2+. In accord, STIM2 is activated only by a mild

depletion of the ER Ca2+ store and can drive the activation of a

constitutive Ca2+ influx (Brandman et al., 2007). In agreement with

this hypothesis, preliminary evidence showed that µM La3+ and Gd3+

reduced the basal Ca2+ entry, thereby suggesting that SOC also

support the resting Ca2+ permeability of WI-38 fibroblasts

(Sanchez-Collado et al., 2020). It is worth of pointing out that the

most frequent Ca2+ patterns evoked by high doses of histamine,

i.e., mode 2) peak-oscillations, 64.7%, and mode 3) peak-plateau-

oscillations, 13.39%, entail the occurrence of intracellular Ca2+

oscillations. In agreement with this observation, STIM2 and

Orai3 can enhance the percentage of cells showing intracellular

Ca2+ oscillations upon GqPCR stimulation (Yoast et al., 2020;

Emrich et al., 2021). Furthermore, mathematical modelling has

shown that, because of their distinct sensitivity to cytosolic Ca2+,

InsP3R3 may provide a constant release of Ca2+ that stimulates

InsP3R1 and InsP3R2 to rhythmically release ER stored Ca2+,

whereas SOCE maintains the Ca2+ response by ensuring ER Ca2+

refilling (Dupont and Croisier, 2010; Dupont, 2014). However, the

periodic Ca2+ transients transition into a sustained plateau either

when InsP3R3 expression increases (Okumura et al., 2022) or when

ER Ca2+ release through InsP3R3 is enhanced by the tight coupling

with the ER-embedded protein, Jaw1 (Okumura et al., 2022).

Therefore, the molecular assortment of the distinct STIM/Orai

and InsP3R isoform, as well as cell-to-cell variability in their

expression, subcellular distribution, or posttranslational regulation,

could contribute to pattern a heterogenous array of Ca2+ signatures in

WI-38 adult lung fibroblast (Ishida et al., 2014; Guzmán-Silva et al.,

2015; Bartok et al., 2019; Wilson et al., 2020). Conversely, cell cycle

asynchrony is an unlikely explanation of the cell-to-cell heterogeneity

of histamine-evoked Ca2+ waves because our experiments were

performed in fibroblasts devoid of serum for 48 h, which causes

cell cycle arrest in G0 phase (Santella, 1998). Similarly, previous

studies in fibroblasts and other cell types have reported that this

variability in the intracellular Ca2+ dynamics is not due to cell cycle

asynchrony (Ambler et al., 1988; Byron and Villereal, 1989; Dragoni

et al., 2011; Guzmán-Silva et al., 2015; Okumura et al., 2022).

In conclusion, the present investigation showed that histamine

induces a dose-dependent increase in [Ca2+]i in the widely

employed human pulmonary fibroblast cell line, WI-38. The

Ca2+ signal is mainly triggered by H1R and can adopt multiple

signatures, the most common of which encompasses intracellular

Ca2+ oscillations, which have long been known to stimulate gene

expression, proliferation, contraction and migration in human

pulmonary fibroblasts (Janssen et al., 2015). The Ca2+ response to

histamine is triggered by ER Ca2+ release through InsP3R and

maintained over time by SOCE activation. These data suggest that

the Ca2+ handling machinery could provide an alternative

molecular target to prevent the pernicious effects of histamine

on lung fibroblasts in asthmatic patients, as recently suggested also
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for pulmonary hypertension (Bikou et al., 2022), Streptococcus

pneumoniae-induced lung injury (Ali et al., 2022), and asthma

itself (Johnson et al., 2022). Much research remains therefore to be

done to assess this issue, although the work presented here

provides valuable information for understanding the

mechanisms that regulate histamine-evoked Ca2+ signaling in

lung fibroblasts. A limitation of the present study is that we did

not use lung fibroblasts from an asthmatic model or from patients

with asthma. Future workwill have to compare the effect generated

by histamine in lung fibroblasts from normal airways and in lung

fibroblasts from asthmatic airways.
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SUPPLEMENTARY FIGURE S1
Effect of caffeine on histamine-evoked Ca2+ signals in WI-38 human lung
fibroblasts. Typical recording of histamine-evoked Ca2+ signals and
effect of the application of 10 mM caffeine.

SUPPLEMENTARY FIGURE S2
Effect of extracellular Ca2+ removal on histamine-evoked Ca2+

oscillations in WI-38 human lung fibroblasts. Typical recording of
histamine-evoked Ca2+ oscillations and effect of extracellular Ca2+

removal.

SUPPLEMENTARY FIGURE S3
Effect of BTP-2 on histamine-evoked Ca2+ signals in WI-38 human lung
fibroblasts. Typical recording of histamine-evoked Ca2+ signals and
effect of BTP-2 (n = 76).
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