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A B S T R A C T

The Na+/Ca2+ exchanger (NCX) is a membrane antiporter that has been identified in the plasma membrane, the
inner membrane of the nuclear envelope and in the membrane of the endoplasmic reticulum (ER). In humans,
three genes have been identified, encoding unique NCX proteins. Although extensively studied, the NCX’s sub-
cellular localization and mechanisms regulating the activity of different subtypes are still ambiguous. Here we
investigated the subcellular localization of the NCX subtype 3 (NCX3) and its impact on the cell cycle. Two
phenotypes, switching from one to the other during the cell cycle, were detected. One phenotype was NCX3 in
the plasma membrane during S and M phase, and the other was NCX3 in the ER membrane during resting and
interphase. Glycosylation of NCX3 at the N45 site was required for targeting the protein to the plasma mem-
brane, and the N45 site functioned as an on-off switch for the translocation of NCX3 to either the plasma
membrane or the membrane of the ER. Introduction of an N-glycosylation deficient NCX3 mutant led to an arrest
of cells in the G0/G1 phase of the cell cycle. This was accompanied by accumulation of de-glycosylated NCX3 in
the cytosol (that is in the ER), where it transported calcium ions (Ca2+) from the cytosol to the ER. These results,
obtained in transfected HEK293T and HeLa and confirmed endogenously in SH-SY5Y cells, suggest that cells can
use a dynamic Ca2+ signaling toolkit in which the NCX3 sub-cellular localization changes in synchrony with the
cell cycle.

1. Introduction

The calcium ion (Ca2+) is an intracellular second messenger that
plays a crucial role in many biological processes (Berridge et al., 2000).
The basal cytosolic concentration of Ca2+ is low (100 nM) and an ac-
curate control of the Ca2+ homeostasis is essential for cell life, since a
high level of Ca2+ is toxic to the cell. This is mainly accomplished by a
variety of Ca2+-ATPases (the plasma membrane Ca2+ pump (PMCA)
and sarco/endo-plasmic reticulum Ca2+-ATPases (SERCA)), the mi-
tochondrial Ca2+ uniporter, and the Na+/Ca2+ exchanger (NCX)
(Hilge et al., 2006; Uhlen and Fritz, 2010).

NCX, as a plasma membrane antiporter, is important for modulating
the intracellular Ca2+ homeostasis by coupling Ca2+ efflux to Na+

influx (forward mode) and Na+ efflux to Ca2+ influx (reverse mode),
depending on the transmembrane ion gradient and membrane potential
(Iwamoto, 2007). The NCX has also been found in the inner membrane
of the nuclear envelope (NE), where it is proposed to regulate Ca2+ flux
between the nucleoplasm and the NE (Xie et al., 2002; Wu et al., 2009;
Brini and Carafoli, 2011). In mammals, three NCX subtypes have been

reported: NCX1 (Nicoll et al., 1990), NCX2 (Li et al., 1994), and NCX3
(Nicoll et al., 1996). They share ∼70% sequence identity and show few
functional differences (Iwamoto and Shigekawa, 1998; Linck et al.,
1998; Hilge et al., 2006).

The NCX protein contains a cleaved signal sequence, a short gly-
cosylated extracellular region (Hryshko et al., 1993), eleven trans-
membrane segments (TMS), and a large central cytoplasmic loop. The
eleven TMSs can be grouped into an N-terminal hydrophobic domain,
composed of the first five TMSs (1–5), and a C-terminal hydrophobic
domain, composed of the last six TMSs (6–11). Two highly conserved
regions, named alpha-1 and −2 repeats were identified in the protein
(Schwarz and Benzer, 1997; Liao et al., 2012) and suggested to be in-
volved in the Na+ and Ca2+ binding (Iwamoto et al., 1999; Liao et al.,
2012). The N-terminal hydrophobic domain is separated from the C-
terminal hydrophobic domain through a large hydrophilic intracellular
loop (Nicoll et al., 1999). Removal or cleavage of the loop results in an
hyperactive exchanger and calcium refilling of the ER (Matsuoka et al.,
1993; Michel et al., 2017). The exchanger inhibitory peptide (XIP) lo-
cates in the N-terminus of this loop, and the Ca2+ binding domains
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CBD1 and CBD2 plus an α-catenin-like domain constitute the Ca2+

binding function of the loop. CBD1 is the main sensor of calcium con-
tent and activates the exchanger in a Ca2+ transient state (Hilge et al.,
2006), whereas the inactivation of NCX is regulated by CBD2 (Giladi
and Khananshvili, 2013).

Glycosylation is a ubiquitous post-translational modification of
proteins in animal systems playing a number of crucial roles from
protein folding and quality control to biological recognition events
(Moremen et al., 2012). It has been described that protein N-glycosy-
lation plays a crucial role in controlling the number of voltage-gated
calcium channels embedded in the plasma membrane and also in their
functional gating properties (Lazniewska and Weiss, 2017). Although
the NCX3 protein, as the key player in cytosolic calcium extrusion, has
been localized at the junction of PM and ER/SR, the sub-cellular loca-
lization and trafficking of the NCX3 proteins have still not been de-
scribed in detail.

In this study, we show that, in mammalian cells, the sub-cellular
localization of the NCX3 protein varies between resting/interphase cells
and cells in the cell cycle. Firstly, we can identify two primary phe-
notypes. One is NCX3 localized in the plasma membrane (NCX3-PM),
the other is NCX3 distributed in the cytoplasm (NCX3-ER). Secondly, in
interphase cells, NCX3 localizes to the ER and nuclear membrane, while
during S-phase, mitosis and cell division it is observed in the plasma
membrane. Intriguingly, the presence and role of N-glycosylation of
human NCX3 has not previously been defined. Here we show that
modification of NCX3 by N-linked glycosylation at a single asparagine
residue, N45, is required for targeting of the protein to the plasma
membrane. Importantly, this mechanism also affects cells’ progression
through the cell cycle.

2. Materials and methods

2.1. Cell culture and transfection

HEK293T cells were grown in Dulbecco’s modified Eagle’s media
(Thermo Fisher), supplemented with 10% fetal bovine serum and 1%
Pen/Strep (Thermo Fisher). HeLa cells were grown in Eagle's Minimum
Essential Medium (Thermo Fisher), supplemented with fetal bovine
serum to a final concentration of 10%. Transient transfections with
different plasmids were carried out using Lipofectamine Plus or
Lipofectamine 2000 according to the manufacturer's instructions
(Thermo Fisher). Stable expression cell lines were established following
the protocol from Thermo Fisher.

2.2. Construction of plasmids and site-directed mutagenesis

The cDNA containing the entire open reading frame (ORF) of the
human NCX3.2 isoform had previously been cloned into the pcDNA3.1
expression plasmid (Lindgren et al., 2005), generating a fusion of NCX3
cDNA with a C-terminal V5-His tag (pcDNA3.1-NCX3.2/V5-His). The
plasmids pcDNA3.1-GFP and pcDNA3.1/V5-His were used as control
plasmids.

The recombinant NCX3.2-EmGFP was attained by polymerase chain
reaction (PCR). The EmGFP fragment was amplified by PCR using
primers SP+GFP-F: 5′-GCT GGT GGC TCA GGG GAC ATG GTG AGC
AAG −3′ and GFP+NCX3-R: 5′-CTG CCC TGT GCT TGG CAC CTT
GTA CAG CTC-3′. Insertion of EmGFP into the NCX3.2 cDNA between
the aspartic acid (D37) and valine (V38) required another two fragments.
One was from the N-terminal to D37 using the primers NCX3.2-start: 5′-
GCC GCC ACC ATG GCG TGG TTA AGG TTG-3′ and SP+GFP-R: 5′-
CTC GCC CTT GCT CAC CAT GTC CCC TGA GCC-3′. The other was from
V38 to the C-terminal end of NCX3.2 using the primers GFP+NCX3-F:
5′-ATG GAC GAG CTG TAC AAG FTF CCA CGC ACA-3′ and NCX3-orf-
end-R: 5′-GAA CCC CTT GAT GTA GCA ATA GGC-3′. Subsequently,
using the three fragments as templates, the NCX3.2-EmGFP was con-
structed by PCR with the primers NCX3.2-start: 5′-GCC GCC ACC ATG

GCG TGG TTA AGG TTG-3′ and NCX3-orf-end-R: 5′-GAA CCC CTT GAT
GTA GCA ATA GGC-3′. The NCX3.2-EmGFP was cloned into the
pcDNA3.1-NCX3.2/V5-His TOPO vector according to the method de-
scribed in the previous study (Lindgren et al., 2005).

Site directed mutagenesis was carried out using a protocol based on
the QuikChange® Site-Directed Mutagenesis Kit (Stratagene) using the
plasmid (pcDNA3.1-NCX3.2/V5-His) with primers (mutated nucleo-
tides are underlined) N45D-F: 5′- CAA GCA CAG GGC AGA ACG ATG
AGT CCT GTT CAG GG-3′ and N45D-R: 5′- CCC TGA ACA GGA CTC ATC
GTT CTG CCC TGT GCT TG-3′ for N45D mutation, and primers N67D-F:
5′-CAA TCT GGT ACC CGG AGG ACC CTT CCC TTG GGG AC-3′ and
N67D-R: 5′-GTC CCC AAG GGA AGG GTC CTC CGG GTA CCA GAT TG-
3′ for N67D mutation. In this way, the asparagine residues N45 and N67
in two putative N-linked glycosylation motifs of NCX3 (see Fig. 6D and
F) were mutated to aspartic acid. The respective cDNA mutants and
resulting proteins were designated as NCX3-N45D and NCX3-N67D.
The introduced mutations were confirmed by sequencing.

2.3. RNA interference (RNAi) for gene silencing

Information on specific siRNAs used in this study is as follows:
SLC8A3 Stealth Select RNAi™ siRNA (HSS143968), SLC8A3 Stealth
Select RNAi™ siRNA (HSS143969) and SLC8A3 Stealth Select RNAi™
siRNA (HSS143970). The scrambled Stealth RNAi™ siRNA Negative
Control Kit (12935-100) with similar GC content recommended by
Invitrogen was used as control siRNA.

2.4. Measurement of [Ca2+]i in HeLa cells using Fura-2

HeLa cells were cultured in 35mm Petri dishes and transfected with
plasmids as indicated in each experiment. After 24 h, cells were rinsed
with Ca2+-free Krebs buffer and loaded with 5 μM Fura-2/AM in 2ml of
the same buffer for 30min at 37 °C in the dark. Subsequently, cells were
rinsed with the buffer twice and the Petri dish was attached to a mi-
croscope stage and monitored with time-lapse microscopy.
Measurements were carried out at 37 °C using a heat-controlled
chamber (Warner Instruments) with a cooled electron-multiplying
charged-coupled device Cascade II:512 camera (Photometrics) mounted
on an inverted microscope (Carl Zeiss) equipped with a 25× 0.8 NA.
lens (Carl Zeiss). Excitation at 340 nm and 380 nm was assessed with a
high-speed illumination system (DG-4, Sutter Instrument). MetaFluor
(Molecular Devices) was used to control all devices and to analyze ac-
quired images. Thapsigargin (1 μM) was added for releasing Ca2+ from
ER into cytosol. The area under the curve was calculated to compare
responses.

2.5. SDS-PAGE and Western blotting

Transfected cells were pelleted and dissolved in SDS-sample loading
buffer (0.125M Tris, 15% (v/v) glycerol, 5 mM EDTA, 2% SDS, 0.1%
(w/v) bromophenol blue, 1% (v/v) 2-mercaptoethanol, pH6.8) prior to
a 10min incubation at 100 °C. Samples were separated on a 10%
polyacrylamide gel, transferred to PVDF (Immobilon P, Millipore), and
probed using a monoclonal anti-V5 antibody (1:5000, Thermo Fisher).
Subsequently, the blots were incubated with an anti-mouse secondary
antibody conjugated to horse-radish peroxidase (Amersham), and im-
munocomplexes were detected with enhanced chemiluminescence
(ECL) (Amersham). In some experiments, transfected HEK293T cells
were treated (at 12 h post-transfection) with and without tunicamycin
(an inhibitor of N-linked glycosylation, Sigma) for an additional 20 h
followed by immunoblotting analysis.

2.6. Indirect immunofluorescence

The HEK293T and HeLa cells were seeded onto glass coverslips after
one day, transfected with plasmids, and were fixed (4%
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paraformaldehyde in PBS, 15 min) at 24 h post-transfection. Cells were
then incubated in blocking buffer (2% BSA in PBS buffer) followed by
monoclonal anti-V5 antibody (1:500 in blocking buffer, 12–16 h, 4 °C).
For co-staining with cell organelle markers, the cells were stained with
different marker antibodies following the protocols provided by ven-
dors. Cells were washed thoroughly in PBS prior to incubation with
secondary antibody with color of fluorescence. After a final PBS wash,
the coverslips were mounted with the Mounting Medium containing
DAPI (Vector Laboratories). For endogenous NCX3 co-immunostaining
with different cell organelle markers, the SH-SY5Y human neuro-
blastoma cells were seeded, fixed and stained as above. The NCX3
polyclonal antibody (SWANT) was used at 1:600 dilution in blocking
buffer.

2.7. Live cell imaging

Leica TCS SP5 II confocal system (Leica) and INU2 incubation
system for microscopes (TOKAI HIT) constituted the integrated live cell
imaging system. 100% pure CO2 was supplied by AGA and the CO2

concentration 5% at 160ml/min was automatically configured.
HEK293T cells transfected with NCX3-EmGFP were cultured in 35mm
glass bottom Petri dishes (Mat Tek Corporation) for 24 h before ima-
ging. The movie was made by Imaris (Bitplane).

2.8. BrdU incorporation

HEK293T cells growing on coverslips were transfected with plas-
mids, and cultured for 18 h. At the end of this period cells were in-
cubated with BrdU (20 μM/ml) in media for another 4 h and then fixed
in 1% paraformaldehyde in PBS buffer for 8min, followed by 1% for-
malin, 0.3% Triton X-100 in PBS for 18 h at 4 °C. BrdU immunolabeling
was performed with anti-BrdU mAb (Amersham). The immunoreaction
was detected by incubation with secondary antibodies conjugated to
Rhodamine. For analysis of BrdU incorporation in transfected cells,
BrdU-labeled cultures were subsequently immunostained with anti-V5
pAb (Abcam) as described above.

2.9. Premo™ FUCCI Cell Cycle analysis

HEK293T cells were seeded on coverslips in 6-well plates one day
before transfection. NCX3.2-V5 plasmid DNA was transduced into the
cells on coverslips. After 4 h, the transfection medium was changed to
1ml culture medium and subsequently we followed the protocol for
fixation as recommended with the Premo™ FUCCI Cell Cycle Sensor
(BacMam 2.0) (Invitrogen™) analysis kit.

2.10. FACS analysis

HEK293T cells transfected with different plasmids were trypsinized,
resuspended in media, spun down for 5min at 200 x g, washed twice in
PBS, and fixed in 95% ethanol on ice for 5min. While vortexing, cells
were resuspended in 70% ethanol and left at 4 °C overnight before
staining. Cells were stained at room temperature for 2–3 h in 50 μg/ml
propidium iodide in PBS. Cells were analyzed on a FACSCalibur cell
sorter using CellQuest software (Beckton Dickinson, Mountain View,
CA), and the percentages of cells in the G0/G1, S, and G2/M phases of
the cell cycle were determined using ModFit LT software (Verity
Software House, Topsham, ME).

2.11. Antibodies and reagents

Mouse monoclonal antibodies (mAbs) used in this study were V5-
tag (Invitrogen), Anti-Nucleoporin and Anti-GM130 (BD Biosciences),
GAPDH and anti-EGFR (Santa Cruz). Rabbit polyclonal antibodies
(pAbs) were anti-NCX3 (SWANT), V5-tag (Abcam) and anti-PDI (Cell
signaling). Secondary antibodies included the DyLight 488- and 649-

conjugated anti-mouse and anti-rabbit IgG antibodies (Vector
Laboratories) for immunofluorescence and the peroxidase-conjugated
anti-mouse and anti-rabbit IgG antibodies (Amersham) for im-
munoblotting. ER Staining Kit − Red Fluorescence Cytopainter
(Abcam) and MitoTracker Red CMXRos (Thermo Fisher) for staining of
ER and mitochondria were used.

2.12. Statistical analysis

The two-tailed unpaired t-test was applied to evaluate differences
between experimental groups using GraphPad software. Error bars re-
present standard deviation of mean (SD). p-values less than or equal to
0.05 were considered as statistically significant.

3. Results

3.1. Subcellular localization of human NCX3

To better understand the physiological functions of human NCX3,
we first investigated its subcellular localization. We previously con-
structed an expression plasmid containing a full-length human NCX3.2
(NM_182932.1, NCX3 isoform 2) with a C-terminal V5/His tag
(pcDNA3.1-NCX3.2/V5-His) (Lindgren et al., 2005). Cells (HEK293T)
were transiently transfected with this plasmid and were examined by
immunofluorescence staining (Fig. 1A). We found that overexpression
of NCX3 resulted in two main patterns of subcellular localization. The
percentage of cells that showed NCX3 localized to the plasma mem-
brane, a phenotype denoted NCX3-PM, was 44%, whereas 56% of the
cells showed intracellular NCX3, predominantly associated with the
nuclear envelope and the ER, a phenotype denoted NCX3-ER (Fig. 1A
and B).

Double immunofluorescence analysis of HEK293T cells stably ex-
pressing NCX3 using a monoclonal antibody against PDI (protein dis-
ulfide isomerase) (Abcam) as the ER marker and anti-V5 polyclonal
antibody for NCX3-V5 confirmed that the introduced NCX3 localized to
the ER, as the two proteins showed a high degree of co-localization
(Fig. 1C). To better dissect the sub-cellular distribution of NCX3, we
used different cell organelle markers and performed co-staining with
the exogenously expressed NCX3 in HEK293T and HeLa (Fig. 1D and E,
Supplementary Figs. S1 and S2). We used the ER Staining Kit (Abcam)
to confirm distribution in ER and a monoclonal antibody against nu-
cleoporin as the nuclear envelope marker to study NCX3 perinuclear
distribution. We confirmed that the NCX3 foci in cells with ER phe-
notype mainly co-localized with ER marker and Nucleoporin (Fig. 1D
and E, Supplementary Fig. S2B and C). The monoclonal epidermal
growth factor receptor (EGFR) antibody (Santa Cruz) was used as a
plasma membrane marker. In HEK293T and HeLa expressing NCX3.2-
V5, we noticed co-localization between NCX3 and EGFR foci, which
was in accordance with a plasma membrane localization of the NCX3,
especially in cells approaching the stage of mitosis (Fig. 1F). Con-
sidering a potential NCX3 subcellular localization in mitochondria and
in the Golgi apparatus, Mitotracker (mitochondrial marker) and the
monoclonal GM130 antibody (Golgi apparatus marker) were co-stained
with exogenously expressed NCX3. Minor foci of NCX3 were found on
mitochondria as well as overlapping with the Golgi apparatus in
HEK293T cells (Supplementary Fig. S1A and B).

On the basis of these results, in HEK293T and HeLa cells expressing
NCX3.2-V5, the main distribution of exogenously introduced NCX3 was
defined as either in the nuclear envelope and ER (NCX3-ER phenotype),
or in the plasma membrane (NCX3-PM phenotype). Furthermore, we
could not rule out the potential localization of NCX3 in mitochondria
and Golgi apparatus.

Experimentally introduced ectopic expression of plasmid DNA is
under debate for its artificial effects compared with the endogenous
protein function. The endogenous NCX3 proteins are specifically ex-
pressed in brain and skeletal muscle (Lindgren et al., 2005) and not
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normally present in HEK293T cells. To confirm the NCX3-PM and
NCX3-ER localization phenotypes endogenously in cells, we identified a
specific polyclonal NCX3 antibody and human cells with abundant
expression of the NCX3 protein. The specific NCX3 antibody was

validated by knockdown of NCX3 expression in SH-SY5Y (neuro-
blastoma), U-343MG, and U-343MGa Cl2:6 (glioma) cells using 3 pairs
of NCX3 siRNAs (Fig. 2A). SH-SY5Y cells were found to express a re-
latively high NCX3 protein level, whereas NCX3 was undetected

Fig. 1. Subcellular localization of exogenously introduced
human NCX3.2-V5/His. HEK 293T cells were transiently
transfected with NCX3 (NCX3.2-V5), resulting in two
phenotypes of subcellular localization, denominated
NCX3-PM and NCX3-ER (A). Quantitative analysis of
NCX3-PM (44%) and NCX3-ER (56%) phenotypes of
NCX3+ cells. Three independent experiments were per-
formed and 300 NCX3+ cells were counted in each ex-
periment (B). NCX3-V5 stably expressing HEK293T cells,
showing co-localization of NCX3 (green) and the PDI ER
marker (red) preferentially in NCX3-ER phenotype cells.
Scale bars represent 20 μm (C). By confocal microscopy,
co-localization of NCX3 with ER, nuclear envelope, and
plasma membrane was analyzed in HEK293T cells trans-
fected with NCX3.2-V5. NCX3 (green) in cells displayed
NCX3-PM (arrow with PM) and NCX3-ER (arrow with ER)
phenotypes. ER (red) was stained with ER Staining Kit –
Red Fluorescence – Cytopainter (Abcam) and mainly co-
localized with green fluorescence in NCX3-ER phenotype
cells. Scale bars represent 10 μm (D). Nuclear envelope
was stained with anti-nucleoporin antibody (red) and
mainly co-localized in the NCX3-ER phenotype cells.
Scale bars represent 10 μm (E). Plasma membrane was
stained with anti-EGFR antibody (red) and mainly co-lo-
calized in the NCX3-PM phenotype cells (upper images).
Cells in mitosis showed stronger NCX3-PM green foci and
co-localization with plasma membrane EGFR marker
(red) (lower images). Scale bars represent 10 μm (F). (For
interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this
article.)
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endogenously in HEK293T and HeLa cells (Fig. 2A and B). The antibody
recognized NCX3 most specifically in SH-SY5Y cells, without marked
extra bands (Fig. 2B). By co-staining of NCX3 both with the anti-EGFR
antibody and the ER marker, we found that the NCX3-ER phenotype

(green foci) co-localized less with EGFR (red foci) (Fig. 2C), but more
with the ER-marker (Fig. 2D) as compared with the NCX3-PM pheno-
type in SH-SY5Y cells. Furthermore, the NCX3-PM distribution seemed
more dominant when the cell was in mitosis (Fig. 2C and D). These

Fig. 2. Subcellular localization of endogenous NCX3 in SH-SY5Y cells. Validation of a specific NCX3 antibody was done by knockdown of NCX3 with siRNAs. Three pairs of NCX3 siRNAs
and scrambled Stealth siRNA were introduced into SH-SY5Y, U-343MG, and U-343MGa Cl2:6 cells. The NCX3 protein is more abundant in SH-SY5Y cells than that in U-343MGa Cl2:6
cells, and #1 and #2 siNCX3 s worked efficiently in these cells. The NCX3 antibody (Swant) was diluted 1:6000 in blocking buffer for immunoblotting (A). Endogenous NCX3 expression
levels in different cell lines. NCX3 was expressed in SH-SY5Y (lane 3) and U-343MGa Cl2:6 (lane 5) but not in HeLa (lane 1) and HEK 293T cells (lane 2). The NCX3 antibody generates the
most specific signal in SH-SY5Y cells without obvious extra bands (lane 3) The lower band in U-343MG (lane 4) is unspecific to the NCX3 protein. (B). Confocal microscopy visualized co-
localization of NCX3 with plasma membrane (PM) and endoplasmic reticulum (ER) in SH-SY5Y cells. NCX3 (green) distribution indicated NCX3-PM (arrow with PM) and NCX3-ER
(arrow with ER) phenotypes. Plasma membrane was stained with anti-EGFR antibody (red) and this mainly co-localized with NCX3 in the NCX3-PM phenotype cells (upper images). Cells
in mitosis showed stronger NCX3-PM green foci and co-localization with plasma membrane marker EGFR (red) (lower images) (C). ER (red) was stained with ER Staining Kit – Red
Fluorescence – Cytopainter (Abcam) and the signal mainly co-localized with NCX3 in the NCX3-ER phenotype cells. The cells in mitosis showed stronger NCX3-PM green foci and less co-
localization with ER marker (red) relative to NCX3-ER phenotype (lower images). (D). Scale bars represent 10 μm. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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patterns were in line with the results obtained in HEK293T and HeLa
cells exogenously expressing NCX3.2-V5, although more delicate.

Accordingly, we selected the HEK293T and HeLa cells with exo-
genously expressed NCX3.2-V5 for further functional experiments in
this study because the endogenous NCX3 protein was not very abundant
even in SH-SY5Y cells. Furthermore, SH-SY5Y cells showed a high inter-
cellular variation, which would be disturbing in functional studies as
well as in further subcellular localization analysis.

3.2. The effect of NCX3 on intracellular Ca2+ transients

It is generally accepted that NCXs function as plasma membrane
antiporters regulating intracellular Ca2+ homeostasis. We therefore
examined if/how the two NCX3 distribution phenotypes described
above could affect the cells’ Ca2+ handling when exogenously ex-
pressed in HeLa cells. NCX3 transfected cells were detected by co-
transfecting a GFP plasmid and the result was compared to cells
transfected with the GFP plasmid alone. The cytosolic Ca2+ con-
centration was measured by loading cells with Fura-2/AM and per-
forming time-lapse ratiometric Ca2+ imaging. To deplete the ER of
Ca2+, cells were challenged with 1 μM Thapsigargin (Tg, SERCA pump
inhibitor) in the absence of extracellular Ca2+. When the cytosolic
Ca2+ level decayed back to base line, the recording solution was ex-
changed to Ca2+-containing media plus 1 μM Tg to allow capacitative
Ca2+ entry. Using this experimental approach, Tg and external Ca2+

readdition elicited Ca2+ responses in cells (Fig. 3A) and in cells ex-
pressing exogenous NCX3 (Fig. 3B). Although resting Ca2+ levels were
similar under both conditions (Fig. 3D), quantitative analysis indicated
that overexpressed NCX3 dramatically decreased the ER-Ca2+ release
capacity, as the total Ca2+ released upon Tg stimulation (Fig. 3C), the
transient increase upon Tg stimulation (Fig. 3E), and the transient in-
crease upon Ca2+ readdition (Fig. 3F) were significantly decreased in
cells overexpressing NCX3 compared to control cells.

3.3. Cells in which NCX3 was predominantly localized to the ER were not
actively proliferating

When observing the subcellular distribution of NCX3, we noticed

that very few cells with NCX3-ER distribution were in mitosis, in con-
trast to cells with the NCX3-PM phenotype. This observation suggested
that the subcellular localization of NCX3 could be cell cycle-dependent
or even regulate cell cycle progression. Thus, we used a BrdU in-
corporation assay to determine the fraction of cells in S phase. Cells
(HEK293T) were transfected with the NCX3-expression vector (NCX3.2-
V5) or the GFP-expression control vector only. Eighteen hours post-
transfection, BrdU was added to the media and cells were fixed after 4 h
incubation followed by double immunofluorescence staining using anti-
BrdU mouse monoclonal antibody and anti-V5 polyclonal antibodies
(for NCX3). BrdU+ cells were quantitated in the two cell populations
displaying the different NCX3 phenotypes. Representative immuno-
fluorescence images are shown in Fig. 4A. Three independent experi-
ments were performed and 100 BrdU+ cells were counted in each ex-
periment. Quantitative analysis revealed that the percentage of BrdU+

cells was lower in cells with NCX3-ER phenotype (5.1%) than in control
cells (44.7%). Conversely, the number of BrdU+ cells was higher in
cells with NCX3-PM phenotype (62%) than in control cells (Fig. 4B).

NCX3.2-V5 was further expressed in HeLa cells and its sub-cellular
distribution detected by immunofluorescence staining. Cell nuclei were
stained with DAPI (Supplementary Fig. S3). We found the NCX3-ER
phenotype in interphase cells, whereas the NCX3-PM phenotype was
dramatically increased in mitotic cells and in cells undergoing division.
Importantly, in mitotic cells, NCX3 was predominantly localized in
plasma membrane.

To further verify the hypothesis that the subcellular distribution of
NCX3 varied with cell cycle phase, we measured the percentages of
NCX3-PM and NCX3-ER phenotypes in S/G2/Mitosis phases using the
fluorescence ubiquitination cell cycle indicator (Premo FUCCI Cell
Cycle Sensor) system (Sakaue-Sawano et al., 2008). HEK293T cells
seeded on the coverslips were transfected with 2 μg NCX3.2-V5 plasmid
DNA in 6-well plates. After 4 h, the transfection medium was changed
to 1ml culture medium in each well and Premo reagents (geminin-GFP
and Cdt1-RFP) were added in a total volume of 40 μl. The cells were
incubated overnight, then fixed with paraformaldehyde, im-
munostained with anti-V5 antibody and secondary DyLight 649 con-
jugated anti-mouse antibody and analyzed with confocal microscopy.
Examples of the stained cells are shown (Fig. 4C). Geminin-GFP+ cells

Fig. 3. The effect of NCX3 on intracellular Ca2+

transients in HeLa cells. The co-expression of NCX3
and GFP vector in the same HeLa cell defined NCX3
overexpressing cells, “NCX3 overexpression” cells
(M=46, N=3). The expression of EmGFP vector
only in HeLa cells defined control cells (M=40,
N=3). Three independent experiments were per-
formed (N=3) and M represents the number of cells
analyzed in all three independent experiments. Fura-
2 pre-loaded cells were analyzed by time-lapse ra-
tiometric Ca2+ imaging (340/380 nm excitation ratio
for fura-2). Tg (1 μM) and external Ca2+ readdition
elicited Ca2+ response in control cells (A) and NCX3
overexpressing cells (B). The total Ca2+ released
upon Tg stimulation was dramatically decreased in
NCX3 overexpressing cells. Area under the curve
(AUC) stands for ER-Ca2+ release capacity (C), while
the resting Ca2+ levels were similar in the two con-
ditions (D). The transient amplitude upon Tg addition
was significantly decreased in NCX3 overexpressing
cells (E), as was the transient amplitude upon Ca2+

readdition (F). (Values represent the average of three
different experiments ± S.D; * means p-value
≤ 0.05; *** means p-value≤ 0.001.).
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Fig. 4. BrdU incorporation (DNA synthesis) assay in HEK 293T cells with NCX3 overexpression (A, B) and subcellular localization of NCX3 in HEK293T cells during different cell cycle
phases (C, D). NCX3-PM and NCX3-ER phenotype cells incorporate BrdU at different levels. Cultures transfected with GFP vector only were monitored as a control (A). Quantitative
analysis of the percentage BrdU+ cells in GFP control, NCX3-ER and NCX3-PM cells. Three independent experiments were performed and 100 BrdU+ cells were counted in each
experiment. Error bars represent standard deviation of mean (SD). (** means p-value ≤0.01 (here p=0.0075); *** means p-value ≤0.001 (here p=0.0002)) (B). Premo™ FUCCI Cell
Cycle analysis in HEK 293T cells expressing NCX3.2. NCX3 protein (magenta) showed NCX3-PM and NCX3-ER subcellular distribution. The cells expressing geminin-GFP displayed green
foci in nuclei which marks cells in S/G2/M phases. The Cdt1-GFP (red) positive nuclei marks the cells in G1 phase(C). Geminin-GFP+ cells were quantitated in the two cell populations
displaying the different NCX3 phenotypes. Three independent experiments were performed and 60 cells with NCX3-PM phenotype and 60 cells with NCX3-ER phenotype were counted in
each experiment. Within the counted NCX3-PM and NCX3-ER populations, the geminin-GFP+ cells (cells in S/G2/M phases) were counted for further analysis. Quantitative analysis
revealed that the percentage of geminin-GFP+ cells was lower (∼22%) in cells displaying NCX3-ER phenotype than the percentage (∼52%) in cells with NCX3-PM distribution. Error
bars represent standard deviation of mean (SD). (** means p-value ≤0.01 (here p=0.0022)). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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were quantitated in the two cell sub-populations displaying the dif-
ferent NCX3 phenotypes. Three independent experiments were per-
formed and 60 cells of each phenotype were counted in each experi-
ment. Within the counted NCX3-PM and NCX3-ER populations, the
geminin-GFP+ cells (cells in S/G2/M phases) were counted for further
analysis. Quantitative analysis revealed that the percentage of geminin-
GFP+ cells was lower in cells displaying the NCX3-ER phenotype
(∼22%) than in cells with the NCX3-PM phenotype (∼52%)
(p < 0.01) (Fig. 4D). This finding indicated that the cells with the
NCX3-PM phenotype were more abundant in S/G2/M phases and more
prone to proliferation than the cells with NCX3-ER phenotype. This was
consistent with the BrdU incorporation assay results.

In summary, all these data demonstrated that the NCX3-ER phe-
notype predominates in interphase cells that are not actively synthe-
sizing DNA or undergoing cell division, whereas the NCX3-PM pheno-
type is seen in cells undergoing DNA synthesis, mitosis, and cell
division. Thus, the process that normally controls NCX3 subcellular
distribution is dynamic and linked to the cells’ choice between arrest
and progression through the cell cycle.

3.4. Tracking the dynamics of NCX3 subcellular distribution by live cell
imaging

It was exciting to see that the subcellular distribution of NCX3
varied with the cell cycle. To further illustrate these variations, we
constructed an NCX3 recombinant with GFP (EmGFP). In this new
construct, the EmGFP peptide was inserted into the region of mature
NCX3.2, between the aspartic acid (D37) and valine (V38), which is in
the region following the signal peptide and in front of a putative N-
glycosylation site. The construct subcloned into the pcDNA3.1-NCX3.2/
V5-His vector, was denoted as NCX3-EmGFP-V5 (Fig. 5A). A band of
∼125 kDa was detected by immunoblotting using anti-V5 monoclonal
antibody in HEK293T cells transiently expressing the construct. The
molecular mass increased by ∼30 kDa, compared with that of NCX3-
V5, which corresponds to the expected EmGFP molecular mass
(Fig. 5B).

Next, we performed live cell imaging to analyze NCX3 dynamics in
real time. Cells (HEK293T) were cultured in 35mm glass bottom Petri
dishes (MatTek) and transfected with NCX3-EmGFP-V5. After 24 h we
monitored the dynamic subcellular distribution of NCX3 for 18 h using
a Leica TCS SP5 II confocal system (Fig. 5C, Supplementary Fig. S4). In
cells approaching mitosis, NCX3 accumulated in the plasma membrane
gradually. When cells had entered mitosis, NCX3 was mostly located in
the plasma membrane, i.e. displayed the NCX3-PM phenotype. Also
during telophase, the NCX3-PM phenotype was maintained and when
reaching cytokinesis, the phenotype changed moderately from NCX3-
PM to NCX3-ER. In the two daughter cells, NCX3-ER was the pre-
dominant phenotype (Fig. 5C). The entire time-lapse series visualizing
the dynamic NCX3 subcellular distribution is presented as supplemen-
tary information (Fig. S4 movie). In summary, this experiment de-
monstrated that NCX3 subcellular distribution is a dynamic process in
synchrony with the cell cycle. These data support the findings presented
in Fig. 4B, showing that a majority of cells with the NCX3-ER phenotype
had not incorporated BrdU (did not synthesize DNA).

3.5. Human NCX3 protein is post-translationally modified by N-
glycosylation

To better understand the underlying mechanisms regulating the
differential subcellular distribution of NCX3 we studied its biochemical
properties. To this end, NCX3 was transiently expressed in HEK293T
cells and the cell lysate was subjected to Western blot analysis. The
NCX3-V5 vector generated a doublet band of ∼100–93 kDa (Fig. 6A).
Presumably, the doublet band at 100 kDa could be due to post-trans-
lational modification.

Based on the above finding, we asked ourselves if post-translational

modification was associated with the differential subcellular distribu-
tion of NCX3. To unravel this question, the nuclear fraction (including
partial ER fraction as the nuclear envelope is associated with the ER in
the cell) was isolated from HEK293T cells transiently expressing NCX3
and subjected to immunoblotting analysis. We found that the nuclear
fraction did not contain the higher molecular weight species at
∼100 kDa, but only the lower molecular weight species at ∼93 kDa
(Fig. 6B). These results implied that post-translational modification
might be associated with the differential subcellular distribution of
NCX3.

A previous study (Hryshko et al., 1993) reported the presence of N-
linked glycosylation in the cardiac Na+/Ca2+ exchanger (NCX1). We
therefore assumed that the same post-translational modification could
occur in NCX3 as well. To address this question, HEK293T cells tran-
siently expressing NCX3-V5 were grown in the presence and absence of
tunicamycin (an inhibitor of N-glycosylation), and cell lysates were
subjected to immunoblotting analysis. As shown in Fig. 6C, upon
treatment with tunicamycin the upper band at ∼100 kDa disappeared
(lanes 3 and 4), and only the lower molecular weight band at ∼93 kDa
remained when compared with lysates from cells not treated with tu-
nicamycin (lanes 1 and 2). This indicated that the upper band re-
presented an N-glycosylated form, and the lower band a non-glycosy-
lated form of the exchanger. Taken together, these experiments indicate
that human NCX3 is glycosylated via N-linked glycosylation and that
both N-glycosylated and non-glycosylated forms of NCX3 can be pre-
sent in HEK293T cells.

3.6. N-glycosylation is important for targeting of NCX3 to the plasma
membrane

Fig. 6D (upper) presents the putative molecular structure of the
human NCX3 protein based on hydropathy analysis of the amino acid
sequence (Gabellini et al., 2002). Initial bioinformatics analysis of the
human NCX3 amino acid sequence predicted that there were two po-
tential N-glycosylation sites in the N-terminal extracellular region
(Fig. 6D, lower). To see if the two potential N-glycosylation sites were
present not only in the NCX3.2 isoform precursor but also in other re-
ported human full-length NCX3 isoforms, we queried The Basic Local
Alignment Search Tool (BLAST) analysis system with the NCX3.2 iso-
form protein sequence (NP_891977.1) and collected other reported full-
length NCX3 precursors using the Constraint-based Multiple Alignment
Tool (COBALT) for multiple protein sequence alignment (Altschul et al.,
1997; Papadopoulos and Agarwala, 2007). We found that different
NCX3 isoforms have the same N-terminal sequence including the two
predicted N-glycosylation sites (Fig. 6F). Accordingly, we postulate that
findings made in the present study on the NCX3.2 isoform can be ap-
plied broadly to other full-length NCX3 isoforms.

In an effort to verify the two potential N-linked glycosylation sites,
we separately mutated the asparagine residues 45 and 67 in the two
putative N-linked glycosylation motifs of NCX3 to aspartic acid (de-
signated as NCX3-N45D and NCX3-N67D). Mutant proteins were ex-
pressed in HEK293T cells by transient transfection and characterized by
Western blot analysis. We found that the two mutant NCX3 proteins
were different in their gel migration patterns as detected by Western
blotting. The NCX3-N45D mutation resulted in a shift of the higher
molecular weight band (∼100 kDa) to the lower molecular weight
band (∼93 kDa), while the NCX3-N67D mutant migrated similar to the
wild-type NCX3-V5 and thus, the latter mutation did not affect the
protein molecular weight in transfected cells. This demonstrated that N-
linked glycosylation primarily occurred in asparagine residue 45 but
not in residue 67 (Fig. 6E).

We next investigated the effect of N-glycosylation on the subcellular
distribution of NCX3. The wild-type and the mutant forms of NCX3
were transiently expressed in HEK293T cells, and their subcellular
distribution was investigated by immunofluorescence analysis.
Representative examples are shown in Fig. 7A, in which it is evident
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that the N-glycosylation-deficient mutant (NCX3-N45D) is pre-
dominantly restrained in the cytosol (ER). However, the subcellular
distribution of the wild-type and the NCX3-N67D mutant proteins was
similar, and both the two cell phenotypes NCX3-PM and NCX3-ER were
present in the NCX3-N67D transfected HEK293T cultures. These results
showed that N-glycosylation at amino acid N45 but not at N67 is re-
quired for targeting of NCX3 to the plasma membrane.

The NCX3-N45D mutant was also evaluated regarding effects on
intracellular Ca2+ transients in HeLa cells, using the same experimental
setup as shown in Fig. 3, and making sure that only the NCX3 mutant
and control transfected cells, respectively were measured in the dif-
ferent cultures. Cells overexpressing NCX3-N45D (Fig. 7C) responded
similar as cells overexpressing wild-type NCX3 (Fig. 3B) when exposed
to Tg or Ca2+ readdition. Overexpressing NCX3-N45D largely atte-
nuated total Ca2+ released from ER (Fig. 7D), as well as the Ca2+ re-
leased by Tg (Fig. 7F), and the effect of Ca2+ readdition (Fig. 7G),
whereas resting Ca2+ levels were not significantly changed. These re-
sults indicate that the glycosylation-deficient form of NCX3, which is
accumulated in the ER, is functional and can actively pump Ca2+ from
the cytosol into the ER (forward mode). In summary, we noted that WT
and glycosylation deficient NCX3 had similar effects in that both of
them strikingly decreased Ca2+ transients when overexpressed in cells.

3.7. The N-glycosylation-deficient mutant NCX3-N45D causes
accumulation of cells in the G0/G1 phase of the cell cycle

Taken together, the results suggest that the NCX3-ER phenotype
represents a non-glycosylated form of the NCX3 protein localized in the
ER. We further studied if the N-glycosylation-deficient mutant NCX3-
N45D, which was restrained in the ER had any effect on cell cycle
distribution. Cells (HEK293T) transiently transfected with plasmids
containing either the wild-type NCX3 or the NCX3-N45D mutant were
harvested 24 h post-transfection and analyzed by FACS. Indeed, cell
cultures that expressed the NCX3-N45D mutant showed an increased
percentage of cells in the G0/G1 phase (60.3%) compared with cultures
expressing wild-type NCX3 (51.5%). Consistent with this, the percen-
tage of cells in S phase was decreased (Fig. 8). Three independent FACS
experiments using cultures with high transfection efficiencies (∼60%)
were performed with similar results, supporting the hypothesis that the
N-glycosylation-deficient mutant NCX3-N45D which is stalled in the
ER, delays cells in the G0/G1 phase of the cell cycle, preventing cells
from proliferating. A possible interpretation of this finding is that since
the mutant NCX3 protein is restrained in the ER, it can continue to
actively pump Ca2+ from the cytosol into the ER and this would po-
tentially attenuate the intracellular Ca2+ transients.

Fig. 5. NCX3-EmGFP-V5 construct and dynamic changes of its subcellular distribution during cell division. NCX3-EmGFP fusion recombinant was constructed. The EmGFP sequence was
inserted in the amino-terminal part of NCX3 in-between the D37 and V38 amino acids (A). Western blot analysis of NCX3-V5 and NCX3-EmGFP-V5 overexpressed in HEK293T cells (B).
Snapshots of NCX3-EmGFP subcellular localization in 293T cells from a time course of live cell imaging. Scale bar represents 10 μm (C). For the live cell imaging movie, see
Supplementary Fig. S4.
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Fig. 6. Biochemical characterization of human NCX3 protein and its post-translational modification by N-glycosylation. The different NCX3 constructs were expressed in HEK293T cells.
Western blot analysis shows a doublet band for NCX3.2-V5 overexpressed in HEK293T cells (A). The nuclear fraction contains only the lower molecular weight species of NCX3 (B). NCX3
is post-translationally modified by N-glycosylation. Tunicamycin treatment for 3 h decreased the higher molecular weight species of NCX3 (C). Domain structure of NCX3 (upper). Amino
acid sequence from the signal peptide to the first transmembrane domain (TM-1) in the N-terminal region of human NCX3. The two potential N-glycosylation sites (consensus N-
glycosylation motif, NXT/S, X= any amino acid) are underlined with the asparagine residue (N) in bold (lower) (D). N-glycosylation properties of human NCX3 protein N-glycosylation
site mutants, NCX3.2-N45D and NCX3.2-N67D shown by Western blot analysis (E). Multiple alignment of the protein sequences in NCX3 full-length precursors with COBALT tool.
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4. Discussion

Changes in the intracellular Ca2+ concentration are dynamic and
versatile mechanisms that control a plethora of cellular processes
(Berridge et al., 2000). Plasma membrane and intracellular channels,
pumps, buffers and exchangers can in concert achieve a complex and
tight regulation of Ca2+ homeostasis. The NCXs are transport proteins

of high capacity. They were traditionally regarded as mainly re-
sponsible for influx/efflux of Ca2+ across the plasma membrane, but
differences in their tissue and subcellular distribution indicate distinct
functions in cellular physiology.

It is well known that the NCX family members are targeting the
plasma membrane. However, in the rat central nervous system, NCX3 is
scattered within the cytoplasm and also linked to plasma membrane,

Fig. 7. The subcellular localization of human NCX3 N-glycosylation site mutants (A) and the effect of NCX3-N45D on intracellular Ca2+ transients compared to GFP transfected control
cells (B-G). Comparison of NCX3, NCX3-N45D and NCX3-N67D subcellular localization in 293T cells. Similar to NCX3 wildtype, NCX3-PM and NCX3-ER phenotypes were detected in
NCX3-N67D expressing HEK293T cells. In contrast, only the NCX3-ER phenotype could be found in HEK293T cells expressing NCX3-N45D. Immunofluorescence staining (left) and
percentages of NCX3-PM and NCX3-ER phenotype cells in the different transfected cultures as indicated (right). Three independent experiments were performed and 30 GFP+ transfected
cells were counted in each experiment (A). The co-expression of NCX3-N45D and GFP vector in HeLa cells was used to identify the cells with exogenous expression of NCX3 N45D
(M=49, N=3), in live cell imaging. The expression of GFP vector only in HeLa cells identified as control cells (M=39, N=3). Three independent experiments were performed (N=3)
and M represents the number of cells analyzed in all three independent experiments. Fura-2 pre-loaded cells were analyzed by time-lapse ratiometric Ca2+ imaging (340/380 nm
excitation ratio for fura-2). Tg (1 μM) and external Ca2+ readdition elicited Ca2+ response in control cells (B) and in NCX3-N45D overexpressing cells (C). Area under the curve (AUC)
stands for ER-Ca2+ release capacity. The total Ca2+ released upon Tg stimulation was dramatically decreased in NCX3-N45D overexpressing cells compared to the control cells (D). The
resting Ca2+ levels were similar in the two conditions (E) while the transient amplitude upon Tg stimulation was significantly decreased in NCX3-N45D overexpressing cells (F), as was
the transient amplitude upon Ca2+ readdition (G). (Values represent the average of three different experiments ± S.D; * means p-value≤ 0.05; ** means p-value≤ 0.01.).
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perinuclear cisterns and mitochondria (Minelli et al., 2007). In addi-
tion, there are several more recent studies indicating that NCX(3) can
promote uptake of Ca2+ in both ER and mitochondria (Hampton et al.,
2000; Laskowski and Medler, 2009; Scorziello et al., 2013). In the
present study, we demonstrate that exogenous expression of human
NCX3 simultaneously produces two dominant subcellular distribution
phenotypes, NCX3-PM and NCX3-ER, in HEK293T cells. The BrdU in-
corporation assay and live cell imaging unraveled a potential correla-
tion between the two phenotypes and progression or not through the
cell cycle. Only 5.1% of cells with the NCX3-ER phenotype incorporated
BrdU, while in comparison 62% of cells with the NCX3-PM phenotype
and 44% of GFP-expressing control cells incorporated BrdU. Thus,
when NCX3 was confined to the cytosol, that is in the ER (and in NE),
most of the cells seemed not to be actively synthesizing DNA. However,
when localized to the plasma membrane, NCX3 seemingly promoted
cell cycle progression, at least when compared with GFP-expressing
control cells.

Exogenous expression of fluorescent NCX3-EmGFP-V5 in HEK293T
cells facilitated tracking the subcellular dynamics of NCX3 by live cell
imaging. The distribution of the NCX3 protein varied in cells and, most
importantly, these variations were synchronized with the cells’ resting
vs. progression through the cell cycle. By using the Premo™ FUCCI Cell
Cycle analysis tool it could be additionally confirmed that in S-phase,
mitosis, and cell division stages, NCX3 is a plasma membrane protein,
while resting/interphase cells, mainly displayed the NCX3-ER pheno-
type. Cytosolic Ca2+ plays a critical role in cell proliferation and
apoptosis (Berridge et al., 2000), and there is a general agreement that
Ca2+ signaling is implicated and altered during cell cycle progression
(Whitaker and Larman, 2001; Whitaker, 2006). Our findings that, in S-

phase, mitosis, and cell division stages, NCX3 is almost entirely accu-
mulated in the plasma membrane are in line with previous findings,
whereas the finding that NCX3 is confined to the ER of resting inter-
phase cells is more intriguing. One way of interpreting these findings
would be that in interphase cells the role of NCX3 is to clear any cy-
toplasmic overload by transporting Ca2+ into the ER. By live cell
imaging, we also observed that when cells prepared for mitoses their
plasma membrane movements increased, and the NCX3-PM signal was
most intense at the edge of the forming membrane ruffles. We speculate
that in preparation for a new round of the cell cycle, the ER-PM phe-
notype may participate in generating the initial, transient cytosolic
Ca2+ peaks induced for example by growth factor receptor signaling
(Soliven, 2001; Butt, 2006; Boscia et al., 2012) and generated by influx
of Ca2+ through the plasma membrane (Khananshvili, 2014; Kortus
et al., 2016), while NCX3-ER might promote the subsequent Ca2+ de-
cline by acting in the refilling of Ca2+ into ER (Davis et al., 2009;
Pannaccione et al., 2012; Michel et al., 2015).

The notion of an association between growth factor signaling and
activation of the NCX3 protein is further strengthened by the phenotype
of NCX3-null mice (Boscia et al., 2012). Characteristics of these mice
are defective oligodendrocyte progenitor cell (OPC) differentiation,
defective myelination, and smaller brains. OPC proliferation and dif-
ferentiation is known to be regulated by PDGF-AA and PDGF-AA may
be coupled to micro-domains on oligodendrocyte processes harboring
NCX3 (Boscia et al., 2012; Khananshvili, 2014).

In the excellent paper by Javier Garcia-Sancho (Garcia-Sancho,
2014), it is described how chromaffin cells (neuroendocrine cell type)
harbour sub-plasmalemmal high Ca2+ concentration micro-domains
(HCMD) from which Ca2+ is taken up into sub-plasmalemmal

Fig. 8. FACS analysis to monitor the effect of the
NCX3 N-glycosylation-deficient mutant (NCX3-
N45D) on cell cycle progression. HEK293T cells were
transiently transfected with either wild-type NCX3
(NCX3.2-WT) (A) or the N-glycosylation-deficient
mutant (NCX3-N45D) (B). DNA content was mea-
sured by FACS analysis. Each experiment was re-
peated three times and one representative experi-
ment is shown in A-B. There was a significant
increase in the percentage of cells in the G0/G1 phase
of the cell cycle in all tested cell populations ex-
pressing NCX3.2-N45D protein (p < 0.02), with
concomitant decreases in the percentages of S phase
cells (p=0.002) compared with control cells ex-
pressing wild-type NCX3 (NCX3.2-WT). There was a
trend but no significant difference in G2/M phase
cells (p= 0.12). Statistical analysis was performed
on the basis of three representative experiments using
the two-tailed unpaired t-test (C).
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mitochondria. In contrast, in non-excitable cells exemplified by
HEK293 cells the Ca2+ concentration in the respective HCMD is much
lower and Ca2+ is taken up by ER rather than by mitochondria and
further released to the cytoplasm via NCX. Mitochondria are normally
“empty” and can transiently accumulate large amounts of Ca2+ when
needed, whereas ER intracellular stores normally are filled and can
release Ca2+ to enforce local Ca2+ signals. Thus, that paper suggests
that NCX is localized in mitochondria of the chromaffin cells, and that
HEK293T cells instead primarily takes up Ca2+ in ER. Our findings
indicate the possibility that the attenuation of the Ca2+ signal occurs
via NCX3 positioned in the ER of HEK293T cells, and HeLa cells, since
the measurements were done in those cells. The abovementioned paper
also discusses other mechanisms of Ca2+ attenuation in ER than via
NCX (privileged coupling between SOCE and SERCA in non-excitable
cells).

Glycosylation is a common modification of proteins that enter the
ER. Some proteins require N-linked glycosylation for proper folding in
the ER and for targeting to their destinations in the cell. In this work,
Western blotting identified a doublet band at about 100/93 kDa re-
presenting the exogenously expressed NCX3.2 protein. In consistence
with the two phenotypes observed, we detected the 93 kDa band but
not the 100 kDa band in the nuclear fraction (with perinuclear mem-
branes) isolated from HEK293T cells transiently overexpressing NCX3.
The endogenous NCX3 protein bands visualized by immunoblotting in
SH-SY5Y cells also showed the typically indistinct “smear” of differ-
entially/partially glycosylated proteins. Furthermore, Tunicamycin in-
hibited formation of the 100 kDa protein band, thus inhibited glyco-
sylation of the NCX3 WT protein. Subsequently the NCX3-N45D
mutation experiment proved the 45th amino acid residue, asparagine to
be a functional glycosylation site. This site seems to function as an on/
off switch for the transportation of NCX3 protein to either be main-
tained in the cytosol (ER) or transported to the plasma membrane.
Importantly, both the NCX3 WT and the glycosylation-deficient NCX3-
N45D proteins were capable of pumping Ca2+ from the cytosol to the
ER lumen as they were positioned in ER. Accordingly, both proteins
functioned to attenuate the cytosolic Ca2+ upon ER Ca2+ release. Thus,
a dynamic control of the NCX3 subcellular distribution and thereby its
Ca2+ transport property may facilitate the fine-tuning of Ca2+ signaling
and contribute to the regulation of cell cycle progression and cell pro-
liferation. From this also follows that the dynamic change of NCX3
subcellular distribution would be required to promote cell proliferation
as is shown in the present work. Overexpressing wild-type NCX3 with
its dominating ER phenotype and overexpressing the glycosylation
deficient NCX3 mutant that is stalled in ER resulted in similar effects:
decrease of cytoplasmic Ca2+ transients and inhibition of cell cycle
progression.

To confirm that the NCX3-PM and -ER phenotypes are present en-
dogenously in cells and not only artifacts of ectopically expressed
NCX3, we performed cell organelle co-localization studies of en-
dogenous NCX3 in neuroblastoma cells in parallel with the over-
expressing HEK293T and HeLa cells, since these cells displayed de-
tectable endogenous levels of the protein. The presence of preferential
−PM versus −ER/perinuclear NCX3 distribution in different cells of
the neuroblastoma culture was confirmed. A minor distribution of
NCX3 in mitochondria and Golgi apparatus was also observed.

The dynamics of NCX3 subcellular distribution and the involvement
of the glycosylation site, N45, introduce a new perspective on how the
cell can direct the trafficking of NCX3 to different subcellular com-
partments. A variety of modifications exist in protein biosynthesis.
Since glycosylation of NCX3 facilitates translocation of the protein to
the plasma membrane, it is reasonable to think that other modifications
could promote the translocation of NCXs to various organelles and
cellular compartments, depending on physiological requirements. In
the case of endogenous NCXs, as the protein level is low, it has pre-
viously been difficult to detect any apparent intracellular foci of the
protein by immunofluorescence microscopy. It is reasonable to assume

that the fine-tuned subcellular dynamics of endogenous NCXs and their
delicate functions therefore have remained undetected in normal cells
in many instances. Here, by using neuroblastoma cells and a specific
polyclonal NCX3 antibody we managed to visualize such foci.

In this context, it is important to note that all here analyzed full-
length NCX3 splice variants are conserved in the N-terminal region
surrounding the N45 glycosylation site, whereas this site is not con-
served in NCX1 and 2, although other potential N-glycosylation sites
were predicted in the similar area of NCX1 and 2 protein sequence
(Supplementary Fig. S5B). Furthermore, in a bioinformatics search of
NCX3 domains, potential N-glycosylation sites, and sequence variants,
the different mutations reproted in cancer cells/samples were found to
be relatively equally distributed over the whole length of the NCX3
protein (Supplementary Fig. S5A). Worth noting is the fact that no
cancer mutations have yet been reported in a short segment covering
the NCX3 N45 glycosylation site investigated here. If anything, this can
be taken as an indication of its crucial function in cell life
(Supplementary Fig. S5A).

A recent review (Giladi et al., 2016) deals primarily with the fine-
tuned regulation of exchanger activity, the importance of physical in-
teractions between CBD1 and CBD2, their regulatory Ca2+ and Na+

binding capacity and secondary local allosteric modifications affecting
the exchanger activity in quite complex ways. Regulation involves
especially the differentially spliced region in CBD2, affecting the ex-
changer activity once it has been integrated in the plasma membrane or
in other intracellular organelles. On the other hand, these mechanisms
are said not to affect trafficking of the NCX molecule. One important
point of the present work is that the N45 glycosylation site is located in
the far N-terminal end of the NCX3 protein, and is specifically shown to
affect trafficking and sub-cellular localization of the protein. When the
WT and glycosylation deficient (N45 site mutant) proteins were over-
expressed in HeLa cells they seemed to have similar effects on in-
tracellular processing of Ca2+ (and uptake into ER), indicating that
even if lack of N-glycosylation affects subcellular trafficking and pre-
vents the full-length exchanger from reaching the cell membrane this
does not necessarily the exchangers Ca2+ transport activity once in-
tegrated in the ER membrane.

Thus, much of the detailed functional regulation of the Na+/Ca2+

exchanger proteins NCX1-3 is still confined to the large hydrophilic
intracellular loop. However, no potential N-glycosylation site was
identified in this region of NCX1-3. Interestingly, one conserved puta-
tive N-glycosylation site (NVT) was identified in the C-terminal half of
all the three NCX proteins. This was predicted to be present in an ex-
tracellular position in the C-terminal region between the 8th and 9th
transmembrane segments (see Supplementary Fig. S5B).

One important point here is that the N45 glycosylation site is unique
to NCX3 and conserved in all aligned NCX3 splice isoform sequences
(Fig. 6F and Supplemental information). The N45 glycosylation site is
not conserved in NCX1 and 2, but other N-glycolysation sites were
predicted at NCX1 N44 and NCX2 N34 (supplemental information). For
comparison, we have aligned NCX3 with NCX1 and NCX2 full-length
sequences and also aligned the mitochondrial antiporter NCLX.

Finally, the NCLX, a long-sought mitochondrial NCX protein, which
is the single mammalian member of a phylogenetically ancestral branch
of the NCX superfamily, has been characterized by others. The align-
ment of its amino acid sequence illustrates that NCLX is quite divergent
from the NCX1-3 proteins (Supplementary Fig. S5B).
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