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Classically associated with gap junction-mediated intercellular communication,
connexin43 (Cx43) is increasingly recognized to possess non-canonical biologi-
cal functions, including gene expression regulation. However, the mechanisms
governing the localization and role played by Cx43 in the nucleus, namely in
transcription modulation, remain unknown. Using comprehensive and comp-
lementary approaches encompassing biochemical assays, super-resolution
and immunogold transmission electron microscopy, we demonstrate that
Cx43 localizes to the nuclear envelope of different cell types and in cardiac
tissue. We show that translocation of Cx43 to the nucleus relies on Importin-
β, and that Cx43 significantly impacts the cellular transcriptome, likely by inter-
acting with transcriptional regulators. In vitro patch-clamp recordings from
HEK293 and adult primary cardiomyocytes demonstrate that Cx43 forms
active channels at the nuclear envelope, providing evidence that Cx43 can par-
ticipate in nucleocytoplasmic shuttling of small molecules. The accumulation of
nuclear Cx43 during myogenic differentiation of cardiomyoblasts is suggested
to modulate expression of genes implicated in this process. Altogether, our
study provides new evidence for further defining the biological roles of nuclear
Cx43, namely in cardiac pathophysiology.
1. Introduction
The nucleus encloses the genetic patrimony of eukaryotic cells, enabling the
compartmentalization of gene transcription, pre-mRNA splicing and ribosome
assembly [1]. The structural integrity of the nucleus is primarily maintained by
the nuclear envelope, a double phospholipid bilayer comprising the outer
nuclear membrane (ONM) and the inner nuclear membrane (INM) that
merge where the nuclear pore complexes (NPCs) are embedded [2]. Although
the ONM is continuous with the peripheral endoplasmic reticulum (ER), some
proteins specifically localize within the ONM, such as proteins of the linker of
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nucleoskeleton and cytoskeleton (LINC) complex that include
Nesprins [2,3]. The INM is also composed of a unique subset
of integral membrane proteins that provide anchorage to the
nuclear lamina and binding to chromatin organization regu-
lators [4]. Not surprisingly, disruption of nuclear envelope
integrity due to mutations or loss of nuclear envelope com-
ponents, such as Lamins, Nesprins or INM proteins, has
been associated with several human diseases, ranging from
muscular dystrophies to progeria, collectively named
laminopathies [5,6]. Nonetheless, the trafficking routes and
regulatory mechanisms underlying the transport of proteins,
including membrane proteins, to the nuclear envelope are
poorly established.

Canonically associated with gap junction (GJ)-mediated
communication (GJIC), Connexin43 (Cx43) ensures electric
and metabolic coupling between adjacent cells, which is par-
ticularly important in the heart [7,8]. Recent compelling
evidence implicates Cx43 in other biological functions,
including cell adhesion, gene expression regulation and mito-
chondrial bioenergetics [9,10]. Previous proteomic studies
have identified multiple nuclear proteins as Cx43 interactors,
supporting the emerging revolutionizing concept of non-
canonical Cx43 functions, namely at the nuclear level [9,11].
Several human pathologies, including cardiac disorders,
have been associated with remodelling of Cx43 that mainly
involves changes in Cx43 expression and localization [5].
Up until recently, Cx43 remodelling implicated in cardiac dis-
eases was limited to Cx43 downregulation, internalization
and lateralization leading to GJIC derailment. However,
recent studies have associated Cx43 remodelling with other
processes and phenotypes. Accordingly, we demonstrated
that heart ischemia induces changes in the secretion of
Cx43 in extracellular vesicles [12].

Although total Cx43 levels and cell surface-localized
hemichannel activity have been associated with alterations
in gene transcription, the relevance of the nuclear localization
of full-length Cx43 to these mechanisms has not been unra-
veled so far [13,14]. By contrast with the full-length protein,
the impact of nuclei-localized truncated Cx43 isoforms
upon transcription of apoptosis-related genes and N-cad-
herin was previously demonstrated [15–17]. Importantly,
several DNA- and RNA-binding motifs were identified on
the Cx43 sequence, supporting a direct role for Cx43 in
gene expression regulation [18,19]. Besides physical inter-
action with nuclear components, it is plausible that the
function of nuclear Cx43 relies on its channel activity.
However, this has never been demonstrated.

Although the activation of protein kinase A (PKA) and
Wnt signalling have been implicated in the accumulation of
Cx43 in the nucleus, the trafficking routes whereby Cx43 is tar-
geted to the nucleus, and its biological relevance and function
remain largely unknown [20,21]. Some valuable hints may be
given by studies on other cell surface receptors, including
ErbB-2 and epidermal growth factor receptor (EGFR), which
can also be found at the INM [22]. Nuclear transport of
plasma membrane-localized EGFR follows ligand-induced
internalization, involving retrograde Golgi-to-ER or integral
trafficking from the ER to the nuclear envelope transport
(Internet) pathways, whereas ErbB-2 relies on the recognition
of nuclear localization signals (NLS) by Importin-β after
clathrin-mediated endocytosis [22,23].

In this study, we gather compelling evidence that Cx43
localizes at the nuclear envelope of a wide variety of cell
types and interacts with well-known nuclear proteins,
namely Emerin, Nesprin3, Lamin A/C and Lamin
B. Proteomic analyses uncovered novel interacting partners
of nuclear Cx43, including transcription factors and regulators
of nucleocytoplasmic trafficking. In addition, our data provide
valuable mechanistic insights, showing that transport of Cx43
to the nucleus is mediated by Importin-β. Moreover, we
demonstrate that Cx43 forms functional channels at the
nuclear envelope, also in cardiomyocytes, and that Cx43
impacts the gene expression landscape of cultured cells. We
further show that myogenic differentiation of H9c2 cardiomyo-
blasts is associated with an accumulation of Cx43 in the
nucleus, and by changes in genes whose expression is regu-
lated by Cx43. Overall, our study delineates new avenues
for further defining the biological roles of nuclear Cx43,
particularly in cardiac pathophysiology.
2. Results
2.1. Cx43 is localized at the nuclear envelope of

cultured cells
Although the presence of Cx43 in the nucleus has been
shown, the precise localization, function and biological rel-
evance of nuclear Cx43 remain largely unknown [9,17].
Since previous subcellular fractionation approaches to
disclose the presence of Cx43 in the nucleus resorted to tech-
niques that cannot discard contamination with other
organelles, in this study, we started by optimizing meticulous
biochemical assays that yield more pure nuclear extracts to
accurately unveil the dynamics and homeostasis of Cx43
localized to the nucleus. We started by optimizing our exper-
imental approach in HEK293 cells that are more amenable for
genetic manipulation. Given that parental cells express very
low levels of Cx43, we generated a cell line with stable
expression of Cx43 of rat origin (HEK293Cx43+; electronic sup-
plementary material, figure S1a). The generated monoclonal
cell line was selected based on a low level of Cx43 overexpres-
sion and a subcellular distribution similar to that found in cell
lines with endogenous Cx43. Our results (electronic sup-
plementary material, figure S1b) show that full-length Cx43
is present in crude nuclei extracts, where it is resistant to 7
M urea extraction, but can be solubilized by 1% TX100 and
increasing salt concentrations, suggesting that Cx43 behaves
as an integral membrane protein of the nucleus [24]. As a con-
trol, a soluble nuclear protein (hnRNPA2B1) was completely
extracted by 7 M urea. However, the presence of Caveolin-1
in nuclear extracts, with a partition profile similar to that
of Cx43, pointed to contamination with lipid rafts [25]. There-
fore, we proceed to the establishment of a purification
protocol of nuclear-enriched pellets, by adding 1% TX100 to
crude nuclei, to solubilize the ONM/ER, followed by a
sucrose cushion ultracentrifugation (electronic supplemen-
tary material, figure S1c). This was revealed to be a suitable
strategy to considerably reduce lipid raft and ER contami-
nation, with Caveolin-1, Flotillin-1 and Calnexin remaining
at the upper cushion fraction (figure 1a). More importantly,
full-length Cx43 was still detected in the pure nuclei fraction
(figure 1a), together with an enrichment in the nuclear pro-
teins Lamin B and hnRNPA2B1. A strong signal of Cx43
was also observed in the upper cushion fraction, likely
representing GJ and ER/ONM-associated Cx43.
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Figure 1. (Caption overleaf.)
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Figure 1. (Overleaf.) Cx43 is localized at the nuclear envelope of cultured cells and cardiac tissue. (a) Crude nuclei isolated from HEK293Cx43+ cells were resuspended
in 1% TX100, layered onto a 1.8 M sucrose cushion and subjected to high-speed centrifugation. Pellet ( purified nuclei), interface and upper fractions were collected
and analysed by WB. Lamin B and hnRNPA2B1 served as nuclear markers, caveolin-1 and flotillin-1 as markers of lipid rafts, GAPDH as cytosolic marker, and Calnexin
was used as an ER marker. (b) Nuclei isolated from heart lysates or adult rat cardiomyocytes (CM) were resuspended in 1% TX100, layered onto a 1.8 M sucrose
cushion and subjected to high-speed centrifugation. Purified nuclei, cytosolic fractions and inputs were analysed by WB. (c–f ) Representative confocal microscopy
images of neonatal rat cardiomyocytes (c), adult rat cardiomyocytes (d ), rat heart slices (e) and human heart slices ( f ) stained for Cx43 (green; antibody AB0016,
SICGEN). Nuclei were stained with DAPI. Inset images display a magnified view of the boxed region. Scale bars, 20 µm. (g) Nuclear envelopes were prepared from
purified nuclei of HEK293Cx43+ cells and analysed by WB. Emerin was used as a nuclear envelope (NE) marker and hnRNPA2B1 as a nucleoplasm (NP) marker. (h)
Representative TEM-immunogold image of HEK293Cx43+ cells stained for Cx43 (antibody 710700, Thermo Fisher Scientific). Arrows highlight positive Cx43 labelling in
cytosolic vesicles, ER and mitochondria. N: nucleus; M: mitochondria; ER: endoplasmic reticulum. Scale bars, 200 nm. (i) Single-molecule localization microscopy
analysis of nuclear Cx43 in cardiac mouse endothelial MCEC cells transfected with mEmerald-Nesprin3 for 24 h. Live cells were treated with 3% TX100, before
immunostaining with antibodies against Cx43 (magenta; antibody AB0016, SICGEN) and GFP (green). Inset images display a magnified view of the boxed
region. Arrows highlight co-localization points. Scale bars, 5 µm. ( j ) Cx43 was immunoprecipitated (IP) from purified nuclear extracts of HL-1 murine cardiomyocytes
or rat heart lysates, as indicated, after which interaction with Lamin A/C was assessed by WB.
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To discard possible artefacts induced by overexpression of
Cx43 in HEK293 cells, we employed and validated our nuclei
purification protocol in multiple cell lines with endogenous
expression of Cx43, which demonstrated that full-length
Cx43 is also present in purified nuclei of cardiomyoblast rat
H9c2, cancer human C33a and renal epithelial rat NRK cells
(electronic supplementary material, figure S1d). The localiz-
ation of Cx43 in the nucleus of H9c2 cells suggests that Cx43
can also be found at the nucleus of cells forming cardiac tis-
sues, where Cx43 is abundantly expressed. Data depicted in
figure 1b clearly demonstrate that Cx43 localizes in nuclei pur-
ified from total rat heart extracts and isolated primary adult
mouse cardiomyocytes, excluding possible artefacts induced
by cell culture. These results were corroborated by confocal
microscopy analysis in cultured primary cardiomyocytes
from neonatal (figure 1c) and adult (figure 1d) rats, as well
as in vivo, in slices from rat hearts (figure 1e), in which the
staining of Cx43 in the nucleus was noticeable, besides the
classical localization at the plasma membrane. We also
obtained myocardial biopsies from human hearts of patients
with aortic stenosis, in which despite the pathological remo-
delling of cell surface Cx43 channels, we also observed
staining of Cx43 in the nucleus (figure 1f ).

Next, we sought to investigate the subnuclear localization
of Cx43, following fractionation of nuclear pellets into
nuclear envelope and nucleoplasm fractions. As expected
for a transmembrane protein, Cx43 was predominantly
found at the nuclear envelope fraction (figure 1g), which
was further supported by the sensitivity of nuclear Cx43 to
trypsin-mediated cleavage (electronic supplementary
material, figure S1e). Importantly, nuclear Cx43 is phosphory-
lated, similar to what is observed at the plasma membrane
(electronic supplementary material, figure S1f ).

Consistent with a localization of Cx43 at the nuclear envel-
ope, Cx43 staining at the perinuclear and nuclear region was
resistant to detergent extraction after incubation of live
HEK293Cx43+ and H9c2 cells with buffer containing 3%
TX100, which also preserved larger GJ plaques, classically
described as TX100-insoluble structures (electronic supplemen-
tary material, figure S1g–h, bottom panels). TX100 extraction
removed most cytosolic Cx43 labelling that is usually observed
after standard permeabilization and immunofluorescence stain-
ing conditions, and likely increased the avidity of the antibody
to more exposed Cx43 epitopes (electronic supplementary
material, figure S1g–h, upper panels).

The localization of Cx43 to the nucleus was confirmed
by transmission electron microscopy (TEM) that revealed
Cx43-positive immunogold labelling at the nuclear envelope
(figure 1h). Importantly, TEM-immunogold also uncovered
Cx43 labelling in cytosolic vesicles, ER and mitochondria
(figure 1h, arrows), consistentwith its localization in other intra-
cellular membranes, as previously demonstrated [26,27]. A
complementary approach, resorting to the enhanced ascorbate
peroxidase 2 (APEX2) genetic tag fused to Cx43 (Cx43-
APEX2), was also employed. Our results (electronic sup-
plementary material, figure S1i) show a positive TEM contrast
of Cx43-APEX2 at the nuclear membrane (left panel), in
addition to the localization of Cx43-APEX2 at the plasmamem-
brane, forming GJ (right panel).

Analogous to what is observed at the plasma membrane,
we hypothesized that nuclear Cx43 assembles into hexameric
channels. Hence, to unveil the oligomerization state of Cx43,
we analysed the electrophoretic migration profile of nuclear
Cx43 in non-reducing conditions, which showed the presence
of high molecular weight bands of Cx43 (approx. 80 and
approx. 250 kDa), consistent with Cx43 dimers and hexamers
(electronic supplementary material, figure S1j ). This profile
was observed in both purified and crude nuclei, supporting
the idea that Cx43 assembles into hemichannels embedded
both in the ONM and INM.

To validate the localization of Cx43 to the nucleus, we
evaluated the association of Cx43 with well-known nuclear
proteins. Confocal microscopy data show that Cx43 co-loca-
lizes with the INM protein Emerin and the ONM protein
Nesprin3 (electronic supplementary material, figure S2a–b),
which was further corroborated by super-resolution
microscopy that revealed a partial co-localization of endogen-
ous Cx43 particles with Nesprin3 (figure 1i). Moreover, co-
immunoprecipitation (co-IP) in pure nuclear extracts show
that Cx43 interacts with Nesprin3, Emerin, and with the
nuclear intermediate filament protein Lamin B in HEK293
cells (electronic supplementary material, figure S2c–e), as
well as with Lamin A/C in nuclei purified from cardiac
cells and heart lysates (figure 1j ). Interestingly, we preferen-
tially detected interaction of Cx43 with Lamin C in nuclei
from rat hearts, whereas in mouse HL-1 cells, nuclear Cx43
was found to interact mostly with Lamin A (figure 1j ),
suggesting that binding of Cx43 to either Lamin A or
Lamin C can be cell type-specific.

Overall, resorting to different Cx43 antibodies and meth-
odological approaches, our results provide clear evidence
that Cx43 localizes to the nucleus of various cell types,
including primary cardiac cells expressing endogenous
Cx43, and cardiac tissue.
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2.2. Proteomic analyses identify novel interacting
partners of nuclear Cx43

Having established that Cx43 localizes to the nucleus, we
next aimed to identify specific nuclear Cx43-binding partners
that could contribute to regulate the levels and/or function of
nuclear Cx43. To address that, we performed a proteomic
analysis following IP of Cx43 from purified nuclear extracts.
Our mass spectrometry (MS) data identified 13 Cx43 interac-
tors, including transcription factors and chromatin-associated
proteins (figure 2a,b; electronic supplementary material, table
S1), in agreement with previous reports suggesting a role for
Cx43 in regulating gene expression [16]. Gene ontology (GO)-
term enrichment analysis linked nuclear Cx43 binding part-
ners to mRNA stabilization and metabolism functions
(electronic supplementary material, figure S3a–d).

Based on their biological relevance as transcriptional reg-
ulators, including in cardiac cells [28,29], we proceeded to
validate the association between Cx43 and SNW domain-
containing protein 1 (SNW1) and Y-box-binding protein
1 (YBX1). Our results demonstrate that Cx43 interacts with
endogenous SNW1, YBX1, and overexpressed myc-YBX1 in
pure nuclei (figure 2c,d; electronic supplementary material,
figure S3e). Moreover, a partial co-localization between
Cx43 and SNW1, YBX1 and myc-YBX1 was also observed,
demonstrating the reliability of our MS approach (figure 2e,f;
electronic supplementary material, figure S3f ).

These data lead us to hypothesize that interaction between
Cx43 and proteins with transcription factor activity, such as
YBX1, can interfere with their DNA-binding functions, ulti-
mately affecting gene expression. Therefore, we sought to
assess the impact of Cx43 on YBX1-mediated gene transcrip-
tion, comparing cells with stable expression of Cx43
(HEK293Cx43+) with the parental cell line expressing very low
levels of Cx43 (electronic supplementary material, figure S1a).
Among the known targets of YBX1, we analysed the mRNA
levels of matrix metalloproteinase (MMP)-13 [30], due to its
known association with cardiac pathophysiology. Interestingly,
significantly decreased levels of MMP-13 were observed in
Cx43-expressing cells (HEK293Cx43+; figure 2g), suggesting
that the presence of Cx43 interferes with the expression of
MMP-13. As expected, knockdown of YBX1 (electronic sup-
plementary material, figure S3g) decreased the expression of
MMP-13, but only when cells express low levels of Cx43
(HEK293Cx43−; figure 2g). According to our model, in the
absence of Cx43, YBX1 is available to control the expression
of MMP-13, which can be modulated by the knockdown of
YBX1. By contrast, in HEK293Cx43+ cells where MMP-13
expression is lower, knockdown of YBX1 was not able to further
decrease mRNA levels of MMP-13 (figure 2g). Altogether, we
speculate that interaction of Cx43 with YBX1 affects its binding
to DNA, thus hindering MMP-13 transcription.

2.3. Importin-β participates in the transport of Cx43 to
the nucleus

One of the proteins identified in our proteomic analysis,
Ran GTPase-activating protein 1 (RanGAP1), is known to
contribute to maintaining the GDP/GTP gradient across the
nuclear envelope, regulating Ran-dependent import and
export of nuclear proteins [31,32]. Given the role of Impor-
tin-β as a partner for Ran-mediated transport of nuclear
cargo, we hypothesized that a similar mechanism could
drive the trafficking of Cx43 into the nucleus. To address
that, we started by validation of the MS data, demonstrating
that Cx43 interacts and co-localizes with GFP-RanGAP1 and
Importin-β in whole-cell and purified nuclear extracts
(figure 3a,b; electronic supplementary material, figure S3h–i).
Importantly, both chemical inhibition of Importin-β mediated
nuclear import with ivermectin (Ive) [33] (electronic sup-
plementary material, figure S4a–c) and Importin-β knockdown
(figure 3c) significantly decreased the levels of nuclei-localized
Cx43, suggesting that Importin-β plays a role in the transport
of Cx43 to the nucleus. Accordingly, inhibition of Importin-β-
mediated trafficking by raising intracellular calcium levels
with ionomycin or thapsigargin, decreased nuclear Cx43
levels (electronic supplementary material, figure S4d–e).

Next, we sought to investigate which domains on Cx43
mediate the binding to Importin-β. Since the C-terminal tail
of Cx43 contains multiple domains involved in protein–protein
interactions, we started by assessing the impact of deleting the
entire C-terminal region of Cx43 (K258stop, Cx43ΔCT) upon the
interaction with Importin-β. Expression of Cx43ΔCT prevented
the interaction between Cx43 and Importin-β and the nuclear
localization of Cx43 (figure 3d; electronic supplementary
material, figure S4f ), indicating that the C-terminal tail of
Cx43 harbours the binding site for Importin-β. Given that
Importin-β-dependent nuclear import relies on the recognition
of NLS motifs on cargo proteins, we conducted a bioinformatic
analysis to predict the existence of NLS signals on the Cx43
sequence [34]. The NLS mapper tool identified two sequential
putative NLS sites with a cutoff of 3.1, from the amino acid 237
to 291 (electronic supplementary material, figure S4g), within
the C-terminus of Cx43. Hence, we generated a Cx43 construct
harbouring a deletion from amino acid 237 to 291, to mutate
the putative NLS motif of Cx43 (Cx43ΔNLS). Our results
(figure 3e; electronic supplementary material, figure S4h)
show that the deletion of the putative NLS motif decreases
the interaction of Cx43 with Importin-β, which was
accompanied by a reduced localization of Cx43ΔNLS to the
nucleus. Altogether, these data suggest that an NLS-mediated
binding of Cx43 to Importin-β at least partially mediates its
transport into the nucleus.
2.4. PKA and Wnt signalling activation drive Cx43
translocation to the nucleus

At this stage, our data demonstrate that Cx43 can be trans-
ported to the nucleus by an Importin-β-mediated manner.
However, the stimuli regulating the interaction between
Cx43 and Importin-β and its consequences upon trafficking
of full-length Cx43 to the nucleus remain unknown. Given
that the activation of PKA-mediated signalling was pre-
viously shown to enhance the translocation of Cx43 to the
nucleus [20], we next sought to assess whether this pathway
impacts Importin-β-dependent transport of Cx43. Our results
confirmed that PKA activation with dibutyryl cAMP
(dbcAMP) increased the levels of nuclear Cx43 (figure 4a),
which was prevented by Importin-β knockdown, suggesting
that the transport of Cx43 to the nucleus elicited by PKA
activation depends on Importin-β. In agreement, dbcAMP
promoted the interaction between Cx43 and Importin-β
(electronic supplementary material, figure S5a).
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Figure 2. (Overleaf.) Cx43 interacts with several nuclear proteins. (a) 782 putative Cx43 interactors were quantified and subjected to statistical analysis (t-test), with
a false discovery rate (FDR) = 0.01 and S0 = 1. Interaction levels between IP Cx43 and negative control samples were compared. (b) Heatmap representation of the
13 proteins selected as valid Cx43 interactors. (c) Cx43 was IP from purified nuclear extracts derived from HEK293Cx43+ followed by WB analysis using antibodies
against SNW1. (d ) Cx43 was IP from purified nuclear extracts of HEK293Cx43+ cells transfected with myc-YBX1 for 24 h. Interaction between Cx43 and myc-YBX1 was
assessed by WB. (e,f ). Co-localization between Cx43 and endogenous SNW1 (e) and YBX1 ( f ) was analysed by confocal microscopy. Line profile plots depict the
intensity distribution of green and magenta channels along the dashed white lines in the merged image. Arrows in co-localization plots indicate the margins of the
nucleus. Inset images display a magnified view of the boxed region. Scale bars, 10 µm. (g) Expression of MMP-13 was analysed by real-time quantitative PCR (RT-
qPCR) in HEK293Cx43+ and HEK293Cx43−, following siRNA-mediated knockdown of YBX1 for 48 h (siYBX1), where indicated. Results were normalized using r18s
levels. Values are expressed as log2−ΔCT (n = 5–7 biological replicates). n.s: non-significant.
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More recent studies suggested that the trafficking of Cx43
to the nucleus can be mediated by β-catenin, which is also a
well-established interacting partner of Cx43, namely in the
heart [21,35]. Thus, we proceeded to unravel whether β-cate-
nin constitutes an additional regulatory player in Importin-β-
mediated transport of Cx43. We started by demonstrating
that activation of Wnt signalling using the agonist WAY-
262611 increased the localization of Cx43 to the nucleus
(electronic supplementary material, figure S5b), which was
accompanied by an increased interaction between Cx43 and
Importin-β (electronic supplementary material, figure S5a).
On the other hand, when we activated the Wnt pathway
using the glycogen synthase kinase 3-β (GSK3-β) inhibitor
BI5521, we still observed an increase in the levels of nuclei-
localized Cx43 (electronic supplementary material, figure
S5c), without changes in the binding of Cx43 to Importin-β
(electronic supplementary material, figure S5a). This obser-
vation is in line with previous evidence showing that GSK3-
β inhibition promotes nuclear retention of β-catenin, rather
than enhancing its nuclear import [36]. Consistently, BI5521
increased the levels of nuclear Cx43 even after the knockdown
of Importin-β (electronic supplementary material, figure S5d).

Altogether, our results suggest that PKA and Wnt path-
ways modulate Cx43 trafficking to the nucleus, through a
mechanism involving Importin-β.
2.5. Nuclear Cx43 is partially derived from the plasma
membrane

Although our findings have shed some light into the mechan-
ism underlying the transport of Cx43 into the nucleus, the
origin of nuclear Cx43 remains unclear, that is, whether it
derives from the ER, the plasma membrane or any subcellular
structure en route to the plasma membrane. The ‘diffusion–
retention’ model for INM targeting conceives that newly syn-
thesized proteins freely diffuse within the continuous ER/
ONM, before accumulating at the INM, which is limited by
the size of nucleoplasmic domains of cargo proteins that
should be below 60 kDa [37,38]. To evaluate whether full-
length Cx43 can reach the INM through this pathway, we
fused a GFP and a mCherry molecule to the N-terminal of
Cx43, thus increasing the steric hindrance of the putative
nucleoplasmic domain of Cx43. Our results (electronic
supplementary material, figure S6a) show that nuclear localiz-
ation of GFP-mCherry-Cx43 was not affected, which suggests
that free diffusion is not responsible for nuclear Cx43 targeting.

After synthesis, Cx43 is co-translationally inserted into ER
membranes and transported to the Golgi, where Cx43 oligo-
merizes into hexameric channels before trafficking to the
plasma membrane [39]. Hence, we proceeded to address
whether blockade of the ER exit or the secretory pathway
affected the trafficking of Cx43 to the nucleus. First, we evalu-
ated the levels of nuclear Cx43 after fusion with an ER-
retention signal (Cx43RRRRISLS), or knockdown of the chaperone
ERp29, required for ER exit of Cx43 [40,41]. Our results show
that both strategies resulted in a decreased localization of
Cx43 to the nucleus (electronic supplementary material, figure
S6b–c). Next, we inhibited the secretory pathway with Brefeldin
A (BFA) [42], which also caused a significant reduction in the
levels of nuclear Cx43 (figure 4b). Importantly, BFA treatment
decreased the interaction of Cx43 with Importin-β (electronic
supplementary material, figure S6d), suggesting that Cx43
binding to Importin-β occurs following the Cx43 release from
the ER. To specifically follow the trafficking of Cx43 after leav-
ing the ER, we co-expressed an ER-resident bacterial biotin
ligase (BirA-ER) together with a chimeric Cx43 fused with an
AviTag peptide (Cx43AviTag) that can be specifically recognized
and biotinylated by BirA-ER. Our data show that Cx43 biotiny-
lated at the ER can be found in purified nuclei 16 h following
biotin chase, which could be prevented by BFA (electronic sup-
plementary material, figure S6e), thus reinforcing the idea that
nuclear Cx43 derives from a post-ER population.

Since BFA treatment is known to impair the trafficking of
Cx43 to the cell surface, reducing the amount of Cx43 at the
plasma membrane [43], the decreased levels of nuclear Cx43
following BFA treatment may result from a depletion of the
plasma membrane pool of Cx43. In fact, multiple plasma
membrane channels and receptors have been reported to
reach the nucleus following ligand-induced internalization
[44]. Thus, we next sought to investigate whether nuclear
Cx43 can also originate from the plasma membrane. To
address that, we performed cell surface biotinylation at 4°C
(pulse), after which intracellular routes of biotin-labelled pro-
teins were chased for 4 h at 37°C. Our results demonstrate
that biotinylated Cx43 is found in the nucleus after 4 h, par-
ticularly when protein degradation was inhibited with
Bafilomycin A1 (Baf; figure 4c). Since Baf does not prevent
internalization of Cx43, these data suggest that at least part
of the nuclear Cx43 originates from the plasma membrane.

Overall, our results are consistent with a model in which
Cx43 exits the ER and reaches the nucleus by an Importin-β-
dependent mechanism, either directly after trafficking through
the Golgi, or following targeting to the plasma membrane.
2.6. Cx43 modulates the gene expression landscape
of cultured cells

Mounting evidence has associated the expression of Cx43
with profound effects on the cellular transcriptome [13,45].
Here, we hypothesized that the presence of Cx43 in the
nucleus determines these alterations. Hence, we proceeded
to evaluate the impact of Cx43 levels on the cellular
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transcriptome. For that, we performed genome-wide profil-
ing of mRNA in HEK293Cx43+ and HEK293Cx43− cells,
which revealed 119 differentially expressed genes, suggesting
that the presence of Cx43 has an impact on gene transcription
(figure 5a; electronic supplementary material, table S2).
Despite our pipeline being designed for the detection of
mRNA, the differential expression of some long non-coding
RNA (lncRNAs) was also observed, suggesting that Cx43
may also modulate the expression of non-coding RNA
sequences. Nonetheless, additional validation studies are
required to confirm this association.

Sixty-eight genes were downregulated and 51 were upre-
gulated in HEK293Cx43+ cells. Enrichment analysis linked
differentially expressed genes to the transforming growth
factor (TGF)-β signalling and immunity-related pathways
(electronic supplementary material, figure S7a–d), implicating
Cx43-regulated gene expression in disease pathophysiology.
Based on the selection criteria of fold change greater than
50 and the biological relevance of the genes, we validated
some of the hits by quantitative real-time PCR (RT-qPCR):
TXNDC17, TRABD2A, EFCAB10 and GREM2. The results
depicted in figure 5b show that TXNDC17 and TRABD2A
are significantly downregulated, while EFCAB10 is signifi-
cantly upregulated in HEK293Cx43+ cells, validating the
reliability of our profiling approach.

Cx43 was previously demonstrated to be required for the
initial phases of normal myogenesis, before Cx43-dependent
GJ communication being downregulated in mature fibres
[46,47]. Hence, to provide additional clues about the biological
relevance of our findings, we induced myogenic differentiation
of H9c2 cardiomyoblasts, a well-established model to obtain
terminally differentiated post-mitotic cells [48]. For that, we
subjected the cells to low-serum containing medium, which
gave rise to multinucleated cells, harbouring positive staining
for the sarcomeric myosin heavy chain protein (β-MHC), pre-
sent in adult muscle cells, and higher expression levels of
myogenin, a marker of terminally differentiated myoblasts
(figure 5c,d). Strikingly, we observed an accumulation of
Cx43 in the nucleus following differentiation (figure 5c,e). Traf-
ficking of Cx43 to myotubes nuclei was promoted by PKA
activation, while BFA treatment significantly decreased the
levels of nuclear Cx43 (electronic supplementary material,
figure S7e–f), corroborating our initial findings in HEK293
cells and suggesting that the mechanisms underlying the
transport of Cx43 to the nucleus are conserved in physiologi-
cally relevant cell types expressing endogenous Cx43.

Lastly, we hypothesized that the accumulation of Cx43 in
the nucleus during H9c2 myotube differentiation could
impact gene expression in this model and contribute to regu-
late myotube function. Given that calcium signalling is a
critical regulator of myocyte homeostasis, we analysed the
mRNA levels of EFCAB10 that encodes for a calcium-binding
protein, and which levels are significantly elevated in Cx43-
expressing cells (figure 5b). Data in figure 5f show that
EFCAB10 is upregulated in differentiated H9c2 cells,
suggesting that nuclear Cx43 can modulate gene transcrip-
tion during myogenic differentiation.

Altogether, our data demonstrate that Cx43 significantly
impacts gene expression, which can be mediated by the pres-
ence of Cx43 in the cell nucleus. Additional studies are
required to further establish this association, which may
have implications for muscle cell function, namely by regulat-
ing calcium signalling.
2.7. Cx43 assembles into functional channels at the
nuclear envelope of cardiac cells

Having established the localization and trafficking of Cx43
into the nucleus, we proceeded to investigate whether Cx43
channels at the nuclear envelope are functional. To assess
whether Cx43 hemichannels mediate the transport of small
molecules across the nuclear envelope, we performed fluor-
escence recovery after photobleaching (FRAP) using calcein-
AM dye, an approach widely used to investigate Cx43
channel-mediated intercellular communication that can also
be employed to study nuclear dynamics [49,50]. Our results
show that fluorescence recovery to the nuclei is faster in
HEK293Cx43+ cells, when compared with cells expressing low
levels of Cx43 (HEK293Cx43−; electronic supplementary
material, figure S8). Interestingly, pre-treatment with the GJ
inhibitor 18-β-glycyrrhetinic acid (18GA) prevented this effect
and the recovery rate of Cx43-positive nuclei was similar to
that of HEK293Cx43−, suggesting that nuclear Cx43 hemichan-
nels are active (electronic supplementary material, figure S8).

To document hemichannel opening in detail, we per-
formed patch-clamp on freshly isolated nuclei from
HEK293Cx43+ and HEK293Cx43− cells in ONM-attached
recording mode. Fast spiking channel activity was recorded
in approximately 20% of ONM patches of HEK293Cx43+

nuclei when positive voltages ≥30 mV were applied to the
pipette with respect to the bath. Active patches showed a
large unitary conductance in the range of approximately
220 pS and multiple stacked openings could be observed,
indicating the simultaneous opening of up to 3 hemichannels
per patch (figure 6a). Histogram analysis reported a unitary
conductance of approximately 223 ± 7 pS (n = 7 biological
replicates) that is characteristic for Cx43 hemichannels
(figure 6c) [51–53]. The fast-spiking current activity was
strongly diminished after application of the specific Cx43
hemichannel inhibitor Gap19 (figure 6a,d), while no currents
were observed in HEK293Cx43− cells (figure 6b). Dephosphor-
ylation is known to increase Cx43 hemichannel activity, as
observed in mitochondrial Cx43 hemichannels [27]. In line
with this, a highly significant (15-fold) increase in hemichan-
nel activity in the ONM of HEK293Cx43+ was observed upon
alkaline phosphatase treatment (figure 6e–g). Unitary con-
ductance remained at approximately 220 pS after alkaline
phosphatase treatment, and Gap19 again strongly inhibited
(14-fold) the current activity (figure 6f–h).

We further looked into the nucleus of adult cardiomyo-
cytes, whose nuclear envelope structure and function have
been demonstrated to impact the development and progression
of multiple cardiac diseases [54]. Patch-clamp experiments
revealed the presence of active Cx43 hemichannels in freshly
isolated nuclei from adult mouse ventricular cardiomyocytes.
As demonstrated in figure 6i–k, fast spiking channel activity
recorded in ONM-attached configuration from cardiomyocyte
nuclei was strikingly similar to that observed in recordings
from HEK293Cx43+ nuclei (compare to figure 6a–d). Active
patches from cardiomyocyte nuclei showed multiple stacked
open levels indicating the simultaneous opening of up to 4
hemichannels in the patch (figure 6i). Histogram analysis of
unitary current activity recorded from cardiomyocyte nuclei
(figure 6j) demonstrated a conductance in the range of approxi-
mately 220 pS as previously described for plasma membrane
Cx43 hemichannels in cardiomyocytes [51,52]. The fast-spiking
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current activity recorded from the ONM of cardiomyocyte
nuclei was inhibited after application of Gap19 (figure 6i,k),
suggesting involvement of Cx43 hemichannels.
Overall, our data indicate that Cx43 assembles into func-
tional channels at the nuclear envelope of cultured cells and
primary adult cardiomyocytes. Further studies are required



Figure 5. (Overleaf.) Cx43 modulates the cellular transcriptome. (a) A genome-wide profiling of mRNA was performed following microarray hybridization in
HEK293Cx43+ and HEK293Cx43− cells. RNA expression levels were quantified as log2 and analysed as fold change levels of HEK293Cx43+ over HEK293Cx43− cells
(n = 4 biological replicates). Graph depicts the fold change values for the 119 differentially expressed genes. Genes with higher fold change levels (top 10 upre-
gulated and 10 downregulated) are detailed on graph. (b) mRNA expression levels of TXNDC17, TRABD2A, EFCAB10 and GREM2 were assessed by RT-qPCR in
HEK293Cx43+ and HEK293Cx43− cells. Results were normalized using r18s levels. Values are expressed as log2−ΔCT (n = 6–8 biological replicates). n.s: non-significant.
(c) Differentiation of H9c2 cells into myotubes was induced for 7 days (DIFF). Cells were fixed and stained for Cx43 (green; antibody AB0016, SICGEN) and β-MHC
(magenta) before widefield fluorescence microscopy imaging. Nuclei were stained with DAPI. Scale bars, 20 µm. (d ) Expression of myogenin was analysed by RT-
qPCR in differentiated (DIFF) and undifferentiated H9c2 cells (no DIFF). Results were normalized using r18s and GAPDH levels. Values are expressed as log2−ΔCT

(n = 4 biological replicates). (e) Differentiation of H9c2 cells into myotubes was induced for 7 days. Sucrose cushion-based nuclei purification was performed,
followed by WB analysis of Cx43. Graphs depict quantification of nuclear and input Cx43 levels, normalized by total protein levels (Ponceau staining; n = 5 biological
replicates). ( f ) Expression of EFCAB10 was analysed by RT-qPCR in differentiated (DIFF) and undifferentiated H9c2 cells (no DIFF). Results were normalized using r18s
and GAPDH levels. Values are expressed as log2−ΔCT (n = 4 biological replicates).
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to elucidate the possible role of these channels in regulating
ion homeostasis and gene transcription in the nucleus.
3:230258
3. Discussion
In recent years, Cx43 has been associated with multiple GJ
channel-independent functions, many of which are closely
related to the presence of Cx43 in intracellular compartments,
including the mitochondria and the nucleus [55]. Here, using
a comprehensive approach and numerous complementary
techniques, we consistently show that endogenous full-
length Cx43 localizes at the nuclear envelope in multiple
cell lines of different origins, adult primary cardiomyocytes,
as well as in rat and human cardiac tissue, likely forming
active hexameric channels. Importantly, we demonstrate
that the presence of Cx43 affects gene expression, namely in
HEK293Cx43+ and cardiac cells. Although we cannot discard
the possibility that other populations of Cx43, namely GJ or
hemichannels at the cell surface, can also contribute to the
effects observed upon gene expression, considering all the
data gathered in this study, we speculate that nuclear Cx43
plays an important biological role in shaping transcriptomic
profile, either by acting as a nuclear ion channel or by inter-
acting with proteins with transcription factor activity
(working model, figure 7).

A few previous studies have shown that Cx43 can be
found in the nucleus; however, most of these reports
mainly aimed to unravel the biological implications of such
nuclear localization, overlooking a meticulous biochemical
characterization that allows, for example, to exclude contami-
nation with lipid rafts or ER, in which Cx43 also localizes.
Hence, we used thorough experimental approaches in
HEK293Cx43+ and in various cell lines with endogenous
Cx43 expression, including subcellular fractionation that
yielded pure nuclear fractions with little contamination by
other intracellular membranes, and high-resolution optical
and electron microscopy to show that Cx43 localizes at the
nuclear membrane, both INM and ONM.

Although we acknowledge that parental HEK293 cells
express low levels of Cx43, the HEK293Cx43+ cell line, with
stable physiological overexpression of Cx43, represents a suit-
able tool to study the signalling pathways, localization,
trafficking and function of nuclear Cx43 [7]. To demonstrate
that the results obtained with HEK293Cx43+ are not cell
type-specific or an artefact of overexpression, key obser-
vations were further validated in different cell models with
endogenous Cx43 expression. Despite the intrinsic limitations
of using a cell line, we believe that studies comparing
HEK293Cx43+ cells and the parental HEK293Cx43− cell line,
with lower levels of Cx43, constitute appropriate models to
mimic what happens during pathological conditions, in
which remodelling and downregulation of Cx43 have been
very often demonstrated.

To unveil some clues concerning the role of nuclear Cx43,
we performed an unbiased MS analysis of nuclear-specific
Cx43 interactors. This approach also allowed us to shed
some light on the mechanisms underlying the transport of
nuclear Cx43, namely by identifying RanGAP1, involved in
Importin-α/β-dependent trafficking [32]. In a previous proteo-
mic study from our laboratory, we have also identified the
interaction between Cx43 and Importin-β in rat hearts,
suggesting that this mechanism is conserved in cardiac cells,
in which the transport of Cx43 into the nucleus may have rel-
evant (patho)physiological consequences [9]. Importin-β has
been implicated in the trafficking of multiple members of the
EGFR family of receptors, harbouring functional NLS motifs
[22,23,56]. Similarly, in the present work, we observed that
Cx43 interacts with Importin-β in both total and nuclear
extracts and that Cx43 transport to the nucleus was impaired
following the knockdown of Importin-β. In addition to the
genetic manipulation of Importin-β levels, we demonstrate
that chemical inhibition of Importin-β-mediated transport
with Ive also decreases the levels of nuclear Cx43. Although
initially described as a specific Importin-β inhibitor, Ive was
recently demonstrated to induce DNA damage and cellular
toxicity in multiple myeloma cells, which may indirectly con-
tribute to affect the trafficking of Cx43 to the nucleus [33,57].
Importantly, we observed an increased translocation of
Lamin B to the nucleus following Ive treatment, which is a
hallmark of nuclear envelope changes upon DNA damage.
Future research aiming to explore the impact of cytotoxicity
on the transport of Cx43 to the nucleus will be important to
further understand the pathophysiological implications of
nuclear Cx43.

Although truncation of the entire Cx43 C-terminus and
the predicted NLS motif of Cx43 prevented interaction with
Importin-β and nuclear localization of Cx43, it is important
to acknowledge that both sequences are considerably large
and harbour binding sites for other Cx43 interactors, as
well as residues that can be subjected to post-translational
modifications, which can also modulate the subcellular traf-
ficking of Cx43, thus indirectly contributing to impact on
the nuclear Cx43 levels. Moreover, we cannot exclude that
interaction of Importin-β with Cx43 requires an additional
intermediate interacting protein, or the presence of other
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Figure 6. (Overleaf.) Outer nuclear membrane current recordings demonstrate Cx43 hemichannel opening activity. (a) Example trace recorded from HEK293Cx43+

nuclei demonstrating spike-like channel opening activity occurring from a closed state C to distinct open levels marked O1–O3. (b) Control recording in HEK293
Cx43−

nuclei showed no activity. (c) Histogram analysis of unitary current activity indicated a conductance of approximately 223 pS that is typical for Cx43 hemichannels.
Consequently, O1–O3 levels on the trace correspond to 223, 446 and 669 pS conductance respectively. The expanded trace right illustrates stacked opening events
resulting from simultaneously occurring channel openings reaching O2 conductance levels. The spiking activity disappeared after bath application of the Cx43 hemi-
channel inhibitor Gap19 (100 µM). (d ) Dot plot illustrating average effect of Gap19 on nominal open probability (NPo) of hemichannel opening. (e) Hemichannel
activity was strongly increased in HEK293Cx43+ nuclei dephosphorylated by alkaline phosphatase, which was significantly decreased by Gap19. The expanded trace
illustrates stacked openings after dephosphorylation. ( f ) Histogram analysis indicating activity of approximately 220 pS unitary conductance. (g) Summary scatter
plot illustrating that dephosphorylation with alkaline phosphatase (AP, 100 units; 20 U µl; pH 7.4) significantly increased hemichannel activity (n = 15 biological
replicates). (h) Summary data illustrating strong inhibition of increased activity by Gap19 (n = 5 biological replicates). (i) Example trace recorded from adult mouse
ventricular cardiomyocyte nuclei demonstrating spike-like channel openings similar to those recorded from HEK293Cx43+ nuclei. Gap19 (100 µM) inhibited the chan-
nel activity. The expanded trace on the right shows stacked openings reaching O2 conductance levels. ( j ) Histogram analysis of unitary current activity in
cardiomyocyte nuclei indicated a conductance of approximately 220 pS. (k) Summary plot showing inhibitory effect of Gap19 on NPo of Cx43 hemichannel activity
registered in cardiomyocyte nuclei (n = 5 biological replicates).
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sorting motifs distinct from NLS within the Cx43 C-tail,
including arginine (Arg) clusters. Importantly, an Arg-based
sequence on SUN2 was demonstrated to mediate coat protein
complex (COP)-I-mediated retrograde trafficking from the
Golgi to the ER, thereby maintaining a pool of SUN2 that
can be further delivered to the nuclear envelope [58]. Given
that the C-terminus of Cx43 harbours a putative COP-I reten-
tion motif (R374PR376), this pathway may also contribute to
nuclear Cx43 targeting [59]. In agreement, when we blocked
Cx43 trafficking through the Golgi using BFA or depleting
ERp29, the amount of Cx43 found in the nucleus was
decreased.

Furthermore, our results show that Importin-β-mediated
transport of Cx43 to the nucleus is enhanced upon PKA acti-
vation, in both dividing HEK293 cells and terminally
differentiated H9c2 myotubes. Although Cx43 can be sub-
jected to phosphorylation by PKA in multiple residues
(S364, S365, S373, S369), it is currently unclear whether
these post-translational modifications modulate the inter-
action between Cx43 and Importin-β [60]. Since Cx43 can
be phosphorylated following activation of other kinases,
including PKC and calcium/calmodulin-dependent protein
kinases (CaMKs), we cannot discard the possibility that acti-
vation of other signalling pathways may also modulate Cx43
transport to the nucleus, e.g. under pathological conditions.

Our data demonstrate that nuclear Cx43 is partially
derived from the plasma membrane pool of Cx43. Since
both PKA and Wnt signalling activation have been associated
with the enhanced formation of GJ channels [61,62], we
speculate that PKA/Wnt-mediated accumulation of Cx43 at
the cell surface precedes its trafficking to the nucleus. Further
investigation is required to elucidate how internalized Cx43,
which classically follows the endo-lysosomal pathway, can
be diverted and recognized by the nuclear import machinery.
Moreover, it remains unclear whether the nuclear transport of
Cx43 requires the interaction with both Importin-β and β-
catenin, or if these two interacting partners play independent
trafficking roles. Given that interaction between Cx43 and β-
catenin is known to occur at the intercalated discs of cardio-
myocytes, activation of Wnt signalling may likely control the
disruption of these junctional complexes with the consequent
translocation of both proteins into the nucleus [35]. It is also
important to acknowledge the different effects observed fol-
lowing treatment with a GSK3-β inhibitor, which despite
increasing the levels of nuclear Cx43, did not affect its inter-
action with Importin-β. Blocking of GSK3-β was previously
related with impaired export of nuclear β-catenin, rather
than affecting its import [36]. Therefore, we can anticipate
that interaction between Cx43 and β-catenin is maintained
within the nucleus and may control the export of Cx43.

Interestingly, our results demonstrate that the levels of
nuclear Cx43 are significantly increased during differen-
tiation of H9c2 cardiomyoblasts into myotubes. Since
activation of Wnt/β-catenin signalling has been previously
reported to regulate myotube formation, it is possible that
an increased translocation of Cx43 to the nucleus during
myogenic differentiation is driven by this pathway [63],
which awaits further experimental confirmation.

After establishing the presence of hexameric structures at
the nuclear membrane, we next aimed to establish whether
nuclear Cx43 forms functional channels that can mediate the
flux of ions and small molecules. Patch-clamp and FRAP ana-
lyses indicate that nuclear Cx43 assembles into functional
hemichannels, with unitary conductance levels similar to
those found at the plasma membrane [51–53]. Additionally,
we show that nuclear hemichannel opening activity is inhib-
ited by the Cx43 hemichannel blocker Gap19 and enhanced
by alkaline phosphatase, implicating phosphorylation of
Cx43 as a gatekeeper of nuclear Cx43 hemichannels, as is the
case for plasmalemmal hemichannels and GJ channels. GJ-
mediated passage of small metabolites and second messengers
has been previously reported to alter the subcellular localiz-
ation and/or the activity of transcription factors, thereby
impacting the cellular transcriptome [64]. Since we provide
preliminary evidence that Cx43 assembles into hexameric
channels at the nuclear envelope, namely of cardiomyocytes,
the passage of ions and small molecules through nuclear
Cx43 hemichannels may indirectly affect gene transcription.
Further experiments are required to establish the biological
role of nuclear Cx43 hemichannels, and the mechanistic basis
of how nuclear Cx43 may modulate cardiac cell function in
health and disease conditions.

Consistent with previous studies reporting altered tran-
scriptome and proteome profiles in Cx43-expressing cells, our
results show that 119 genes are differentially expressed in the
presence of Cx43 [13,45]. However, it remains unclear whether
Cx43 modulates gene transcription through a direct or an indir-
ect process, and whether the nuclear Cx43 pool is the main
contributor to this effect. Previous studies have shown that
the truncated isoform GJA1–20k can directly control the tran-
scription of N-cadherin during neural crest cell migration,
through binding to basic transcription factor 3 and polymerase
II [16]. Here, we identify the interaction of Cx43 with proteins
involved in the regulation of gene transcription and mRNA
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processing, such as Ca2+-regulated heat stable protein 1
(CARHSP1), SNW1, myelin expression factor 2 (MYEF2) and
YBX1 that can also shape the cellular transcriptome. In agree-
ment, our results suggest that the presence of Cx43
modulates the impact of YBX1 on the expression of MMP-13,
which might be extended to other YBX1 targets. Additional
chromatin immunoprecipitation (ChIP) studies are required to
establish the role of nuclear Cx43 in the modulation of tran-
scription factor activity. Although our data point to a role of
nuclear Cx43 in mediating gene transcription, further in-
depth investigation is required, including Cx43 knock-out
studies and the functional consequences of altering the
transport of full-length Cx43 to the nucleus.

Although we cannot establish a causal relationship
between the accumulation of nuclear Cx43 and the increased
expression of myogenin, our findings agree with previous
reports, which also demonstrated that depletion of Cx43
decreases both the expression of myogenin and myoblast
fusion [46]. Importantly, in terminally differentiated myo-
tubes, the accumulation of Cx43 in the nucleus also
correlates with an increased expression of EFCAB10, one of
the genes that is upregulated in Cx43-expressing cells.
Given the function of EFCAB10 as a calcium-binding protein,
and the fact that proteins involved in calcium handling are
more expressed in differentiated H9c2 cells [65], the presence
of Cx43 in the nucleus of differentiated myotubes may
contribute to improve calcium handling. It can be further
speculated that nuclear Cx43 levels modulate the transcrip-
tome landscape of myotubes, with important implications
upon regulation of muscle contractility. Nonetheless,
additional studies addressing the impact of nuclear Cx43
on the expression of other calcium-handling regulators,
beyond EFCAB10, are needed.

It is well established that subcellular distribution of Cx43,
namely its accumulation at the plasma membrane forming
GJ, is different according to the cell origin and pathological
condition. Not surprisingly, the levels of nuclear Cx43 vary
among the different biological samples we used in our
study, including multiple cell lines of different origins
(HEK293, MCEC, NRK, H9c2 and C33a), primary adult
cardiomyocytes, and human and rat heart cell types. Further-
more, it is expectable that the amount of Cx43 at the nucleus
changes in (patho)physiological conditions, implicating
nuclear Cx43 in the onset and development of diseases.

In the present study, we focused on Cx43 that is the most
broadly expressed family member in humans. However,
other connexins may also localize to the nucleus, forming
functional channels. Since connexin channel composition
determines selective permeability to small solutes and
second messengers, channels formed by different connexins
may play distinct regulatory roles in nuclear ion transport
and/or gene expression. Given that dysfunction of other con-
nexin family members is also associated with human
pathologies, the non-canonical functions of connexins in the
nucleus may constitute key components in disease pathophy-
siology, not only in the heart, but also in the nervous system,
the skin, or the cochlea [66]. Hence, our findings provide an
important toolkit to develop novel mechanistic-based
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therapeutic strategies targeting connexin-related disorders,
based on Importin-β-mediated transport and/or the domains
on Cx43 responsible for its trafficking to the nucleus.

Overall, the results obtained in this work enabled a com-
prehensive characterization of the biological role of Cx43
localized at the nuclear envelope of cardiac cells, as well as
the signals and mechanisms underlying the transport of
nuclear Cx43. Grounded on data showing that Cx43 accumu-
lates in the nucleus following myogenic differentiation, we
speculate that changes in nuclear Cx43 levels during cardiac
development and disease contribute to modulate the gene
expression profile and pathological phenotype in the heart,
which requires additional experimental validation. Therefore,
by shedding light into the biological roles of nuclear Cx43,
our study can open new avenues to design novel therapeutic
strategies aiming at targeting Cx43-mediated gene expression.
l.13:230258
4. Material and methods
4.1. Antibodies and chemicals
Antibodies against Calnexin (AB0041), Cx43 (AB0016; epi-
tope within C-terminus of Cx43, aa. 237–382), GAPDH
(AB0049) and GFP (AB0020) were purchased from SICGEN
(Cantanhede, Portugal). Antibodies against Caveolin-1 (sc-
894), Emerin (H12, sc-25284), Flotillin-1 (sc-25506), p21 (sc-
756), HA (F-7, sc-7392), hnRNPA2B1 (sc-374053) and Impor-
tin-β/karyopherin-β1 (H-7; sc-137016) were obtained from
SCBT (Heidelberg, Germany), and against Lamin B (NA12)
were from ORP (San Diego, CA, USA). Antibodies against
p53 (ab131442) and Nedd4 (ab14592) were from abcam
(Cambridge, UK), against SART1 (H9092-BO1P) were from
Abnova (Taipei City, Taiwan), and against ERp29
(HPA039456) were from Atlas Antibodies (Bromma,
Sweden). Antibodies against SNW1 (AB_2619117), YBX1
(AB_2619228), HDAC1 (AB_2722192) and Lamin A/C
(AB_2618203) were from DSHB (Iowa University, IA, USA).
Antibodies against Cx43 (610062; epitope within C-terminus
of Cx43, aa. 252–270) were from BD Biosciences (Franklin
Lakes, NJ, USA), and against MYH7/β-MHC (A7564) were
from ABclonal (Wuhan, China). Antibodies against myc
(13-2500), Cx43 (710700; epitope within C-terminus of Cx43,
aa. 237–382) and non-phosphorylated Cx43 (CX-1B1, 13–
8300) were from Thermo Fisher Scientific (Waltham, MA,
USA). Unless stated otherwise, all chemicals were obtained
from Sigma-Aldrich (St Louis, MO, USA).

4.2. Cell culture
Human embryonic kidney (HEK293) cells, C33a, H9c2 and
normal rat kidney epithelial cells (NRK) were obtained
from ATCC and cultured in Dulbecco’s modified Eagle
medium (DMEM, Gibco, Thermo Fisher Scientific), sup-
plemented with 10% FBS (Gibco, Thermo Fisher Scientific)
and 1% penicillin/streptomycin (100 U ml−1 : 100 µg ml−1).
Mouse cardiac endothelial cells (MCEC) were obtained
from Dr Justin C. Mason (Imperial College London,
London, UK) and maintained in DMEM with 10 mM
HEPES, 5% FBS and 1% penicillin/streptomycin (100 U ml−1 :
100 µg ml−1). HL-1 mouse cardiomyocytes were obtained
from Sigma-Aldrich and maintained in Claycomb
medium, supplemented with 2 mM L-glutamine, 0.1 mM
norepinephrine, 10% FBS and 1% penicillin/streptomycin
(100 U ml−1 : 100 µg ml−1). All cell lines were maintained at
37°C under 5% CO2. For myotube differentiation studies,
H9c2 cells at 70–80% confluency were cultured in DMEM
supplemented with 1% FBS, 1% insulin-transferrin-selenium
(ITS, Sigma-Aldrich) and 1% penicillin/streptomycin for 7
days [48].

HEK293Cx43+ cell line was established as previously
described [67]. Briefly, HEK293 parental cells (HEK293Cx43−)
were transduced with the lentiviral vector pLenti6-prom-
CMV-V5-C1-Cx43 (Cx43 of rat origin). After 1 day, 8 µg ml−1

blasticidin was added to select transduced cells.
HEK293Cx43+ cell line stably expressing Cx43-APEX2 or
Cx43AviTag were established following the same protocol.
Cell lines were not recently authenticated but are routinely
tested for mycoplasma.

4.3. Primary cardiac cell cultures
Neonatal and adult rat ventricular myocytes were isolated
from Wistar rats (P5 and 2- to 3-month-old males, respect-
ively), obtained from our local breeding colony, as
previously described [7,68]. Animals were handled according
to European Union guidelines (2010/63/EU), approved by
ORBEA-IBILI (permit 13/2015). For neonatal cell isolation,
hearts were excised and subjected to 0.1% trypsin-EDTA
digestion overnight, at 4°C, followed by a type II collagenase
(Gibco, 75 U ml−1) digestion for 30 min, at 37°C. Tissue was
mechanically dissociated in DMEM+ 10% FBS and trans-
ferred through a screen (70 μm). Cells were recovered by
centrifugation and pre-plated into 1% (w/v) gelatin-coated
dishes for 3 h, before final plating of non-adherent cardio-
myocytes in fibronectin-coated dishes. Cells were
maintained in DMEM+ 10% FBS and 1% penicillin/strepto-
mycin (100 U ml−1 : 100 µg ml−1). Adult cardiomyocytes
were isolated following perfusion of the heart with digestion
buffer containing type II collagenase (Gibco, 54.2 U ml−1) and
mechanical dissociation using forceps and plastic Pasteur
pipettes. Ca2+ tolerant viable cardiomyocytes were selected
and plated in laminin-coated dishes (BD Biosciences) with
DMEM+ 5% FBS, 1% ITS and penicillin/streptomycin
(100 U ml−1 : 100 µg ml−1). All cultures were maintained at
37°C under 5% CO2.

4.4. Human samples
Biopsy specimens were obtained from human hearts of
patients that required aortic valve replacement due to severe
aortic stenosis, and had concomitantly a bulged interventricu-
lar septum, causing some degree of left ventricular outflow
tract obstruction, which was the indication for performing
septal myectomy (Center of Cardiothoracic Surgery, Centro
Hospitalar e Universitário de Coimbra (CHUC), Coimbra, Por-
tugal). All patients gave their informed consent for surgery
and had granted permission for use of their medical records
for research purposes. This form has been approved by the
Ethics Committee of our institution.

4.5. Cell treatments
5 µM Brefeldin A (BFA, Sigma-Aldrich) was used to inhibit
the secretory pathway and 100 nM Bafilomycin A1 (Baf,
SCBT) was used to inhibit lysosomal degradation. To activate
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PKA signalling, 1 mM dbcAMP (SCBT) was used for 24 h.
Wnt signalling was activated by 2 µM WAY-262611 (WAY,
SCBT) for 6 h, or by inhibiting GSK-3β with 30 µM BI5521
(opnMe, Boehringer Ingelheim) for 1 h. To modulate Impor-
tin-β-dependent transport, 50 µM Ivermectin (ive, SCBT) for
6 h, 0.5 µM ionomycin (iono, Sigma-Aldrich) or 250 nM
thapsigargin (thaps, SCBT) for 1 h were used.
ing.org/journal/rsob
Open
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4.6. Plasmid constructions and cell transfection
The ER-retention motif RRRRISLS was subcloned into a
pENTR-V5-Cx43 vector to generate Cx43RRRRISLS. Plasmids
expressing GFPCx43, GFPmCherryCx43, Cx43Avi and BirA-NLS
were generated by cloning the appropriate cDNA into a
pENTR vector containing the indicated tags. Plasmids expres-
sing Cx43ΔNLS were generated by amplifying cDNA encoding
the first 236 and last 91 amino acids of rat Cx43, followed by a
second PCR to unite the fragments; and finally cloned into a
pENTR V5 vector. NLS-EGFP was kindly provided by Rob
Parton (Addgene #67652) [69], mEmerald-Nesprin3-C-18
from Michael Davidson (Addgene #54203), Emerin pEGFP-
N2 (588) from Eric Schirmer (Addgene #61985) [70], pDEST-
mycYBX1 from Thomas Tuschl (Addgene #19878) [71],
pEGFP-C2 RanGAP from Mary Dasso (Addgene #13378)
[72], pEGFP-N1 full length Importin- βwas a gift from Patrizia
Lavia (Addgene #106941) [73], pcDNA3 Connexin43-GFP-
APEX2 (Addgene #49385) and pDisplay-BirA-ER (Addgene
#20856) from Alice Ting [74,75]. Experiments were performed
24 h after transient transfection of cells with Lipofectamine
2000 (Thermo Fisher Scientific), according to the manufacturer.
4.7. siRNA-mediated protein knockdown
Transfections were performed with Lipofectamine 2000
(Thermo Fisher Scientific) according to the manufacturer.
Briefly, experiments were performed 48 h after siRNA
(20 nM final concentration) transfection. Non-targeting
sequences (Ambion, Thermo Fisher Scientific) were used as
controls. siRNA against human YBX1 (siGENOME (4904)
siRNA SMARTpool) were obtained from Horizon Discovery
(Dharmacon, Lafayette, CO, USA). siRNA against ERp29
(sc-60599) and IMPβ (sc-35736) were obtained from SCBT.
4.8. Isolation of nuclei from cultured cells and primary
cardiomyocytes

Cells were resuspended in homogenization buffer (0.25 M
sucrose, 25 mM KCl, 5 mM MgCl2, 1 mM dithiothreitol
(DTT), 50 mM Tris-HCl pH 7.4, supplemented with protease
inhibitors—protease inhibitor cocktail (Roche, Basel, Switzer-
land) and 2 mM sodium orthovanadate) and passed 5–6
times through a 23-gauge needle. Samples were centrifuged
at 500g, for 10 min to obtain crude nuclear pellets; super-
natants were collected as the cytosolic soluble fraction.
Crude nuclear pellets were resuspended in nuclei homogeniz-
ation buffer supplemented with 1% Triton X-100 (TX100), after
which they were added on top of a 1 ml 1.8 M sucrose cushion
(1.8 M sucrose, 5 mM MgAc2, 0.1 mM EDTA, 10 mM Tris-HCl
pH 7.4) and centrifuged for 1 h, at 27 500g. Purified nuclear
pellets were resuspended in nuclei homogenization buffer
supplemented with 1% TX100 and 0.2% SDS.
For solubility assays, crude nuclear pellets were resus-
pended in nuclear homogenization buffer supplemented
with either 7 M urea, 50 mM or 250 mM NaCl and 1%
Triton X-100, followed by vigorous vortexing and centrifu-
ging at 27 500g for 15 min at 4°C, to obtain soluble
(supernatant) and insoluble nuclear fractions (pellet).

Total protein content was quantified using the DC™
Protein Assay (Bio-Rad, Hercules, CA, USA), before western
blot (WB) analysis.

4.9. Isolation of nuclear envelopes
Purification of nuclear envelopes was performed as pre-
viously described [76]. All steps were performed at 4°C. All
solutions were supplemented with protease inhibitors (pro-
tease inhibitor cocktail (Roche) and 2 mM sodium
orthovanadate) and 2 mM DTT. Briefly, cells were resus-
pended in homogenization buffer (0.3 M sucrose, 60 mM
KCl, 2 mM EDTA, 0.5 mM EGTA, 10 mM HEPES pH 7.4),
and passed 5–6 times through a 23-gauge needle. Samples
were centrifuged at 1000g, for 10 min. Pellets were resus-
pended in SHKM buffer (0.25 M sucrose, 25 mM KCl,
5 mM MgCl2, 50 mM HEPES pH 7.4), passed through a 23-
gauge needle and centrifuged for 20 min, at 4000g. Pellets
were resuspended in 1.85 M sucrose, overlaid with 2.15 M
and 2.8 M sucrose layers, and centrifuged for 60 min, at
82 000g. Nuclei were collected from the 2.8 and 2.15 M
layers, diluted 10-fold in sucrose-free homogenization
buffer and pelleted at 4000g, for 20 min. Nuclear pellets
were further subjected to two rounds of digestion with
DNase and RNase in 10% SHM buffer (0.3 M sucrose,
2 mM MgCl2, 0.5 mM CaCl2, 10 mM HEPES pH 7.4) for
20 min, and centrifuged at 4000g. Supernatants were col-
lected (nucleoplasm fraction); pellets containing nuclear
envelopes were resuspended in 10% SHM supplemented
with 300 mM NaCl, overlaid with 30% SHM buffer (0.9 M
sucrose) and centrifuged for 30 min, at 6000g. Purified
nuclear envelopes were recovered in the pellets.

4.10. Trypsin resistance assay
Trypsin resistance assay was performed in nuclei isolated
from HEK293Cx43+ cells and purified on a 1.8 M sucrose
cushion. Nuclei were incubated with 0.01 µg µl−1 trypsin
for 10 min at 4°C. Enzymatic reaction was stopped by the
addition of Laemmli buffer and denatured at 95°C, for
5 min before WB analysis.

4.11. Alkaline phosphatase dephosphorylation assay
Alkaline phosphatase dephosphorylation assay was performed
in purified nuclei from HEK293Cx43+ cells. Nuclear pellets
(15 µg total protein) were lysed in RIPA buffer and further incu-
bated with 30 U alkaline phosphatase for 1 h at 37°C.
Enzymatic reaction was stopped by the addition of Laemmli
buffer and denatured at 95°C, for 5 min before WB analysis.

4.12. Western blot analysis
Samples were separated by sodium dodecylsulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) and transferred to
nitrocellulose membranes. Membranes were blocked with 5%
non-fat milk in Tris-buffered saline-Tween 20 (TBS-T; 20 mM
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Tris, 150 mM NaCl, 0.2% Tween 20, pH 7.6), probed with
appropriate primary antibodies and horseradish peroxidase
(HRP)-conjugated secondary antibodies. Proteins of interest
were visualized by chemiluminescence using a LAS500
system (GE Healthcare, Chicago, IL, USA). Densitometric
quantification was performed in unsaturated images using
ImageJ (National Institutes of Health, Bethesda, MD, USA).

4.13. Immunofluorescence staining
Cells grown on fibronectin-coated coverslips were fixed in 4%
paraformaldehyde (PFA) for 10 min and permeabilized with
0.5% TX100 for 10 min. In TX100 live extraction experiments,
cells grown on fibronectin-coated coverslips were incubated
with TX100 extraction buffer (3% TX100, 10 mM HEPES,
80 mM KCl, 16 mMNaCl, 1.5 mMMgCl2, 1 mM DTT, 30% gly-
cerol, pH 7.9), for 5 min at 4°C, before fixation with 4% PFA for
10 min [77]. Rat and human heart tissues for immunostaining
were harvested and embedded in optimal cutting temperature
(OCT, Tissue-Tek, Sakura, Alphen aan den Rijn, The Nether-
lands). 10 µm heart slices were fixed in cold acetone for 20 min
at −20°C. In all cases, specimens were blocked with 2.5%
bovine serum albumin (BSA) for 20 min, followed by incubation
with appropriate primary antibodies overnight, at 4°C. Alexa
Fluor-conjugated secondary antibodies were incubated for 1 h,
at room temperature. All solutions were made in 0.25% BSA.
Nuclei were stainedwith DAPI (40,6-diamidino-2-phenylindole).
Specimens were mounted with Mowiol 4–88. For controls, pri-
mary antibodies were omitted. Images were analysed by
confocal microscopy (Zeiss LSM 710, Carl Zeiss AG, Jena,
Germany), or widefield fluorescence microscopy (Axio Obser-
ver.Z1, Carl Zeiss AG), as indicated, using a Plan-Apochromat
63x/1.4 Oil DIC M27 objective (Carl Zeiss AG).

4.14. Single-molecule localization microscopy
24 h after transfection with mEmerald-Nesprin3, MCEC cells
were fixed, permeabilized and stained with primary anti-
bodies against GFP (598, from MBL International (Woburn,
MA, USA)) and against Cx43 (AB0016, from SICGEN), fol-
lowed by secondary Alexa Fluor donkey anti-rabbit 647
(Thermo Fisher Scientific) and CFTM 680 donkey anti-goat
(Sigma-Aldrich). Samples were mounted in imaging buffer
(200 U ml−1 glucose oxidase, 1000 U ml−1 catalase, 10% (w/v)
glucose, 200 mM Tris-HCl pH 8.0, 10 mM NaCl and 50 mM
cysteamine). Single-molecule localization microscopy (SMLM)
was performed on a customized Leica SR GSD system using
an HCX PL APO 160x/1.43 Oil CORR GSD objective, a
642 nm laser for excitation and a 405 nm laser for reactivation
of fluorophores. For two-colour imaging, the fluorescence was
split into two spectral channels with an Optosplit II image split-
ter and imaged side-by-side on an Andor iXon Ultra 897
camera. Ratiometric demixing of fluorophores was done
in SplitViSu with subsequent drift correction and image
reconstruction in SharpViSu [78,79].

4.15. Transmission electron microscopy and
immunogold imaging

For immunogold labeling, cells were fixed for 30 min at room
temperature with 2% PFA/0.2% glutaraldehyde in PHEM
buffer (60 mM PIPES, 25 mM HEPES pH 7.0, 10 mM EGTA,
2 mM MgCl2). After rinsing in 50 mM glycine in PHEM
buffer, samples were embedded in 10% gelatin in PBS, cut
in small blocks and cryo-protected at 4°C (2.3 M sucrose)
for 16 h. Blocks were mounted onto cryo-microtomy pins
and frozen in liquid nitrogen. Ultra-thin cryo-sections
(80 nm) were prepared in a Leica FC7/UC7, at −110°C with
a diamond knife (Diatome, Switzerland) and picked up
with a drop of 1% (w/v) methylcellulose/1.15 M sucrose in
PHEM buffer. Sections were transferred to Formvar carbon-
coated nickel grids, followed by immunolabelling in an auto-
mated system (EM IGL, Leica microsystems) at room
temperature. Grids were incubated for 5 min in PBS (0.1 M,
pH 7.4), quenched with 50 mM glycine in PBS for 10 min,
followed by blocking for 30 min (#905.002, Aurion, Wagenin-
gen, The Netherlands). Samples were washed (2 × 5 min,
PBS/BSA 0,1%), and incubated with rabbit anti-Cx43 anti-
bodies (710700, Thermo Fisher Scientific, 1 : 30 in PBS/BSA
0,1%) for 2 h. After washing (4 × 5 min, PBS/BSA 0,1%),
grids were incubated for 1 h with 10 nm gold conjugate
goat anti-rabbit secondary antibodies (#806.011, Aurion, 1 : 5
in PBS/BSA 0,1%). After washing (4 × 5 min, PBS/BSA
0,1% and 4 × 5 min, PBS), specimens were stabilized for
5 min with 2% glutaraldehyde in PBS, and washed (2 ×
5 min, PBS and 6 × 5 min, deionized water). Before obser-
vation, grids were incubated for 5 min on 2% uranyl acetate
(pH 7.0) and transferred to a mixture of 1.8% methyl cellulose
and 0.4% uranyl acetate (pH 4) on ice for 5 min. Excess of the
viscous solution was drained and the grids were left to dry
before imaging with a Tecnai G2 Spirit BioTwin (FEI, Hills-
boro, OR, USA) TEM, operating at 120 kV, using an ORIUS
SC1000 CCD camera (Gatan). Specimens incubated with sec-
ondary antibodies in the absence of anti-Cx43 antibodies
were used as controls.

For Cx43-APEX2 staining, cells were fixed in 2% glutaral-
dehyde (in 100 mM sodium cacodylate with 2 mM CaCl2, pH
7.4) for 60 min. All steps until resin infiltration were per-
formed at 4°C. Cells were rinsed in chilled buffer, treated in
buffer containing 20 mM glycine for 5 min, followed by
washing in chilled buffer. Cells were incubated for 5 min
with a freshly diluted solution of 0.5 mg ml−1 3,30-diamino-
benzidine (DAB) free base (Sigma-Aldrich), combined with
10 mM H2O

2 in chilled buffer. Specimens were rinsed with
chilled buffer and stained with 2% (w/v) osmium tetroxide
(Electron Microscopy Sciences) for 30 min in chilled buffer.
After rinsing, cells were incubated with 2% (w/v) uranyl
acetate in ddH2O (Electron Microscopy Sciences) overnight.
Cells were gently scraped off the dishes, resuspended and
centrifuged at 700g for 1 min to generate a cell pellet that
was dehydrated in a graded ethanol series (50%, 75%, 90%,
95%, 100%, 100%, 100%), impregnated and embedded
using an epoxy embedding kit (Fluka Analytical, Sigma-
Aldrich). An ultramicrotome (EM UC6 + EM FC6) (Leica,
Solms, Germany) was used to cut ultrathin sections, which
were mounted on copper grids and stained with lead citrate
(0.2%) for 7 min. Observation of the samples was carried out
on a FEI-Tecnai G2 Spirit Bio Twin, at 100 kV.

4.16. Fluorescence recovery after photobleaching
HEK293Cx43− and HEK293Cx43+ cells grown on fibronectin
coated glass bottom dishes (Ibidi, Gräfelfing, Germany)
were loaded with 0.5 µM calcein-acetoxymethyl ester (AM)
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for 30 min and incubated with DAPI for 10 min at 37°C,
before FRAP. Where indicated, cells were pre-treated with
10 µM 18-β-glycyrrhetinic acid (18GA) for 30 min, at 37°C.
Based on DAPI staining, individual nuclei were selected for
photobleaching, using the 488 nm line of the argon laser of
a Zeiss LSM 710 confocal microscope (Carl Zeiss AG). Fluor-
escence recovery analysis of bleached areas was performed
for 330 s, with a measure every 15 s. Data were analysed
using ImageJ.
/journal/rsob
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4.17. Biotinylation of cell-surface proteins
Biotinylation assays were performed in HEK293Cx43+ cells
using 0.5 mg ml−1 sulfo-NHS-SS-biotin [sulfosuccinimidyl-2-
(biotinamido)ethyl-1,3-dithiopropionate] (Pierce, Thermo
Fisher Scientific) in PBS containing 1 mM Ca2+ and 0.5 mM
Mg2+ (PBS/Ca2+/Mg2+) for 30 min at 4°C. Excess biotin
was quenched by PBS/Ca2+/Mg2+ supplemented with
100 mM glycine and washed with PBS/Ca2+/Mg2+. Cells
were incubated in complete cell culture medium before
being returned to a 37°C incubator for 2 h, to follow the intra-
cellular trafficking of biotin-labelled proteins. After
incubation, cells were harvested in nuclei homogenization
buffer. Nuclei were purified, after which nuclear or cytosolic
lysates were used for pull-down on neutravidin beads (Pierce,
Thermo Fisher Scientific) for 2 h, at 4°C under agitation.
Beads were washed with RIPA buffer (150 mM NaCl,
50 mM Tris-HCl, 1% NP-40 and 0.1% SDS, pH 7.5), and
final pellets resuspended in Laemmli buffer and denatured
at 95°C, for 5 min before SDS-PAGE and WB analysis.
4.18. Immunoprecipitation
Samples were prepared in RIPA buffer, containing protease
inhibitors (protease inhibitor cocktail (Roche) and 2 mM
sodium orthovanadate) and supplemented with 0.5%
TX100. To IP Cx43, 0.25 µg goat anti-Cx43 (AB0016,
SICGEN) were incubated with 500 µg total protein lysates
overnight, at 4°C under agitation. 8 µg of dry protein G
Sepharose beads (GE Healthcare) were added to the samples
for 2 h, at 4°C under agitation. Beads were washed in RIPA
buffer, followed by elution in Laemmli buffer and denatura-
tion at 95°C, for 5 min.

For proteomic analysis, 3 mg total protein nuclear lysates
were used for IP. Beads were washed three times in 1 ml tryp-
sin digestion buffer (20 mM Tris-HCl pH 8.0, 2 mM CaCl2).
MS analysis was performed in VIB Proteomics Core, VIB
Center for Medical Biotechnology (Ghent, Belgium).
4.19. Database search for protein identification and
quantification by mass spectrometry

Peptide samples were injected on liquid chromatography-MS/
MS analysis and all raw files were searched together using the
MaxQuant algorithm (version 1.6.3.4) with default search set-
tings including a false discovery rate set at 1% on both the
peptide and protein level. Spectra were searched against the
human proteins in the Uniprot/Swiss-Prot database (database
release version of January 2019 containing 20 398 human
protein sequences; www.uniprot.org) supplemented with the
recombinant Protein G sequence from Staphylococcus aureus.
Enrichment analysis of identified nuclear Cx43 binding
partners was performed with Enrichr [80].

4.20. RNA extraction and gene expression microarray
technology

Total RNAwas purified from HEK293Cx43− and HEK293Cx43+

cells using the Qiagen RNeasy Mini Kit according to the man-
ufacturer’s protocol (Qiagen, Hilden, Germany). RNA
integrity was determined using the RNA 6000 Nano LabChip
Kit in an Agilent 2100 bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA). Only samples with RNA integrity
number scores ≥8 were used and were then quantified
using a NanoDrop 1000 spectrophotometer (Thermo
Scientific, USA).

Labelling of RNAwas performed using Low Input Quick
Amp Labeling Kit, One Colour (Agilent Technologies),
according to the manufacturer’s instructions. 100 ng of total
RNA was amplified and labelled with Cy3 dye. This amplifi-
cation product was measured for quantity and dye
incorporation using the Nanodrop 1000 and then hybridized
to Agilent SurePrint G3 Human Genome Expression microar-
ray V2, 8 × 60 K (Agilent Technologies). All microarray
hybridizations were performed according to the manufac-
turer’s instructions in the One-Colour Microarray-Based
Gene Expression Analysis manual. The fluorescently labelled
RNA was hybridized to the microarray at 65°C in a rotating
oven (10 rpm). After 17 h, the arrays were washed consecu-
tively in gene expression wash buffers. Fluorescence
intensities were measured with an Agilent microarray scan-
ner and extracted using Agilent Feature Extraction 10.7.3.1.
For every gene, the mean and standard deviation were deter-
mined to calculate the interval using two standard
deviations. The genes that exhibited non-overlapping two-
standard intervals between each condition were selected,
indicating potential differences between the groups. Follow-
ing this selection process, a p-value was computed using a
test for two independent samples on the set of chosen
genes. Enrichment analysis of differentially expressed genes
was performed with Enrichr [80].

4.21. Quantification of mRNA by quantitative real-time
PCR

Validation of gene expression microarrays was performed by
RT-qPCR. Total RNA was isolated from HEK293Cx43− and
HEK293Cx43+ cells with NZYol reagent (nzytech), according
to the manufacturer. RNA concentrations were determined
using a NanoDrop spectrophotometer (Thermo Fisher Scien-
tific). Total RNA was reverse-transcribed using the NZY
First-Strand cDNA Synthesis Kit (nzytech), and RT-qPCR
reactions were performed using One-step NZY RT-qPCR
Green kit, ROX plus (nzytech) in a StepOnePlus Real-Time
PCR System (Applied Biosystems, Thermo Fisher Scientific).
Gene expression changes were analysed using the StepOne
software. The primers used are listed on table 1.

4.22. Nuclear patch-clamp
Adult mouse ventricular cardiomyocytes were isolated as
described previously [51,52]. Nuclei were freshly isolated
from HEK293Cx43−, HEK293Cx43+ cells or cardiomyocytes as

http://www.uniprot.org


Table 1. List of primers used in the present study.

primer name primer sequence

r18s FW GTCTGCCCTATCAACTTTC

r18s RV TTCCTTGGATGTGGTAGC

EFCAB10 (human) FW GGAGGAAGTGAACAAGAGGATGA

EFCAB10 (human) RV TTGCTGCTGACGTTACGAGA

EFCAB10 (rat) FW TCAGGGACGAAGTGAACAAG

EFCAB10 (rat) RV TTATCTTGCACTGCGATGCC

TRABD2A FW ATGAGTCCCTGGAGCTGGTTC

TRABD2A RV GGAATTCAGCTCGCTTTGTTGGG

TXNDC17 FW ATGGCAAGACCATTTTCGCC

TXNDC17 RV CTCGTACGACTGGTTCAGCC

GREM2 FW CGCTTCTCTTATGGGCGTCT

GREM2 RV CCAGAACATCCTGCAATGACG

MMP13 FW CAGTTTGCAGAGCGCTACC

MMP13 RV TTGCCAGTCACCTCTAAGCC

myogenin FW GTCCCAACCCAGGAGATCATTT

myogenin RV GACGTAAGGGAGTGCAGGTT

GAPDH FW GACTTCAACAGCAACTCC

GAPDH RV GCCATATTCATTGTCATACCA
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described by Mak et al. [81], using nuclei isolation buffer
(150 mM KCl, 250 mM sucrose, 10 mM Tris pH 7.3, sup-
plemented with protease inhibitor cocktail (Roche), 0.1 mM
of Pefabloc SC (4-(2-aminoethyl)benzenesulfonyl fluoride
hydrochloride, AEBSF, Roche) and 1.4 mM 2-mercaptoetha-
nol). For nuclei isolation, HEK293 cells grown to 80% of
confluency were harvested with 0.25% trypsin/EDTA
(Gibco), washed twice with ice-cold PBS followed by centrifu-
gation for 3 min at 1000 rpm at 4°C. Cell pellet of HEK293
cells or cardiomyocytes was resuspended in 1 ml of nuclei
isolation solution, transferred to an ice-cold homogenizer
(Kimble 885480-0020 Duall 1 ml), and subjected to 11
up-and-down strokes, yielding approximately 40% nuclei.
Preparation was kept on ice and used within 2 h for
patch-clamping the ONM.

Electrophysiological characterization of nuclear ion chan-
nel activity at single-channel level was done in the on-nucleus
configuration, i.e. with the patch pipette in contact with the
ONM that is normally exposed to the cytoplasm. Pipettes
were pulled from borosilicate glass capillaries with filament
(GB150F-10, Science products) and 7–10 MΩ resistance;
stable seal resistances (1–10 GΩ) could be obtained lasting
over tens of minutes. Currents were recorded with an EPC
7 PLUS amplifier (HEKA) in voltage-clamp mode, filtered
by a 7-pole Bessel low-pass filter at 3 kHz cut-off frequency
and digitized at 12 kHz using a NI USB-6221 data acquisition
device (National Instruments) and WinWCP acquisition soft-
ware developed by Dr J. Dempster (University of Strathclyde,
UK). Both pipette and bath contained the same solution com-
posed of 130 mM CsCl, 10 mM Na-aspartate, 0.26 mM CaCl2,
1 mM MgCl2, 2 mM ethylene glycol tetraacetic acid (EGTA),
5 mM tetraethylammonium (TEA)-Cl, 5 mM hydroxyethyl
piperazineethanesulfonic acid (HEPES), 50 nM free [Ca2+] at
pH 7.2. For dephosphorylation experiments, 15 µl of the
nuclei suspension was incubated with 100 units of alkaline
phosphatase (Roche) in 540 µl bath solution supplemented
with 60 µl of 10X dephosphorylation buffer at pH 7.4 and
23°C for 30 min; control experiments were performed in sol-
ution without alkaline phosphatase and adjusted to pH 7.4.
Single-channel analysis was done in Clampfit 10.7 (Molecular
Devices). Unitary current activity was determined from all-
point histograms of the current trace, which were fitted by
a Gaussian distribution; unitary conductances were calcu-
lated from the elementary current transitions Δi as: γ = Δi/
Vm. Channel activity is expressed as nominal open prob-
ability NPo, denoting the number of active channels in the
patch multiplied by the open probability. The number of
active channels in the patch was derived from stacked open-
ing events resulting from coincident channel openings. For
Cx43 hemichannel activity, the maximum number of active
hemichannels in a patch was 3 (4 also occurred but were
rare). NPo values were determined after setting the open–
closed discriminator (threshold) half-way between the base-
line and fully open state levels. NPo was calculated by
dividing the time that the channel spent in the open state
by the total time. Pooled data are expressed as mean ±
SEM. Statistical comparisons were performed with two-
tailed t tests for paired or unpaired data as appropriate.
4.23. Statistical analysis
Data are presented as individual data points with mean ± s.d.
(in vitro experiments were performed with at least 3–5 inde-
pendent biological replicates). Independent variables were
analysed by Mann–Whitney test, whereas ANOVA (Tukey’s
post hoc) or Kruskal–Wallis (Dunn’s post hoc) were used for
multiple comparisons. In the absence of normal distribution
(assessed by Shapiro–Wilk test), only non-parametric statisti-
cal tests were used. Analyses were performed with GraphPad
Prism 6.01.

Ethics. Animal models: Animals were handled according to European
Union guidelines (2010/63/EU), approved by ORBEAIBILI (permit
13/2015). Human samples: Biopsy specimens were obtained from
human hearts of patients that required aortic valve replacement
due to severe aortic stenosis, and had concomitantly a bulged inter-
ventricular septum, causing some degree of left ventricular outflow
tract obstruction, which was the indication for performing septal
myectomy (Center of Cardiothoracic Surgery, CHUC, Coimbra, Por-
tugal). All patients gave their informed consent for surgery and
had granted permission for use of their medical records for research
purposes. This form has been approved by the Ethics Committee of
our institution.

Data accessibility. Datasets generated during and/or analysed during the
current study are available from the corresponding author on reason-
able request. Raw data from gene expression microarrays are
available at https://apps.uc.pt/mypage/faculty/fcaramelo/en/
cardiacgenes.
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