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Abstract Gap junction proteins are essential for direct
intercellular communication but also influence cellular
differentiation and migration. The expression of various
connexin gap junction proteins has been demonstrated in
embryonic stem cells, with Cx43 being the most intensely
studied. As Cx43 is the most prominent gap junction pro-
tein in the heart, cardiomyocyte-differentiated stem cells
have been studied intensely. To date, however, little is
known about the expression and the subcellular distri-
bution of Cx43 in undifferentiated stem cells or about
the structural arrangement of channels. We, therefore,
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here investigate expression of Cx43 in undifferentiated
human cord-blood-derived induced pluripotent stem cells
(hCBiPS2). For this purpose, we carried out quantitative
real-time PCR and immunohistochemistry. For analysis of
Cx43 ultrastructure and protein assembly, we performed
freeze-fracture replica immunogold labeling (FRIL). Cx43
expression was detected at mRNA and protein level in
hCBIPS2 cells. For the first time, ultrastructural data are
presented on gap junction morphology in induced pluripo-
tent stem (iPS) cells from cord blood: Our FRIL and elec-
tron microscopical analysis revealed the occurrence of gap
junction plaques in undifferentiated iPS cells. In addition,
these gap junctions were shown to contain the gap junction
protein Cx43.

Keywords iPSC - Cx43 - Freeze-fracture replica
immunogold labeling

Abbreviations

iPSC Induced pluripotent stem cells

Cx43 Connexin 43

FRIL Freeze-fracture replica immunogold labeling

hCBiPS2 Human cord-blood-derived induced pluripotent
stem cell clone 2

hESC Human embryonic stem cells

Introduction

Communication between adjacent cells is an impor-
tant factor during development and for the physiologi-
cal functioning of almost all cells and organs. Connexins
are a family of transmembrane proteins known to build
gap junctions for direct intercellular communication and
signaling between cells. Gap junctions are permeable for
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molecules with a molecular mass of up to 1 kDa. The
connexin (Cx) protein family consists of 21 members in
humans, which are named according to their approximate
molecular weight (Sohl and Willecke 2004). Most con-
nexin proteins show a distinct cell- and tissue-specific
expression: Cx36 is a neuronal protein, Cx47 is expressed
by oligodendrocytes, and Cx43 is found in astrocytes and
cardiomyocytes, to name a few. Surprisingly, connexin
proteins have also been detected in stem cells of various
sources (Kar et al. 2012): Undifferentiated human embry-
onic stem cells (hESC) express mRNA for almost all
known connexin subtypes and display intercellular dye
transfer, which is characteristic of gap junctional commu-
nication (Huettner et al. 2006). Induced pluripotent stem
cells (iPSC), obtained by the reprogramming of somatic
fibroblast cells, were also shown to express most connexin
subtypes as described for hESC (Oyamada et al. 2013).
Howeyver, little is known about the subcellular distribution
of connexin proteins in stem cells or the assembly of gap
junctional plaques, and even less about their function.

Connexin proteins mostly differ in the length of their C
terminus, but otherwise show a comparable structure: Four
transmembrane domains are connected via two extracel-
lular loops and one cytoplasmic loop with the C- and the
N-termini being located within the cytoplasm. Six con-
nexin proteins form the so-called connexon, a tubular trans-
membrane channel (Sosinsky and Nicholson 2005). Protein
folding and assembly of connexons occur in the endoplas-
mic reticulum and the Golgi apparatus. After vesicular
transport and insertion of a cluster of connexons into the
plasma membrane, connexons can couple to another con-
nexon from an adjacent cell to form a cell-cell-connecting
gap junction channel or potentially function as hemichan-
nels per se. Several channels usually unite to form gap
junction plaques, which can differ in size from several
channels up to thousands (Evans et al. 2006; Meier et al.
2004). The short half-life of connexin proteins ensures the
high adaptability of gap junctional communication under
pathologic circumstances, such as injuries and ischemia, or
during different cellular responses, such as differentiation
and proliferation. In view of this, the understanding of the
mechanism underlying gap junction formation is an impor-
tant issue. The life of gap junctions has been described
as a process of generation and degeneration of gap junc-
tion plaques (Evans et al. 2006; Flores et al. 2012; Gai-
etta et al. 2002; Johnson et al. 2012). In light microscopy,
several groups demonstrated the reformation of gap junc-
tion plaques after photobleaching, showing an assembly of
channels along the outside edge of a gap junction plaque
(Segretain and Falk 2004).

In this study, we analyzed the clone number two of
human cord-blood-derived induced pluripotent stem
cells (HCBiPS2), which are known to express Cx43 after
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differentiation into cardiomyocytes (Haase et al. 2009).
As it is not known whether undifferentiated hCBiPS2 cells
show gap junction formation or even express connexins,
the aim of the study was to investigate the expression of
Cx43 and to analyze the extent of Cx43 gap junction for-
mation. For monitoring Cx43 mRNA and protein expres-
sion, quantitative real-time polymerase chain reaction and
immunofluorescence analysis were applied. The morphol-
ogy of Cx43 gap junction plaques in hCBiPS2 cells was
investigated at the ultrastructural level. Freeze-fracture rep-
lica immunogold labeling (FRIL) is an outstanding method
for studying the assembling of gap junctions at the subcel-
lular level as it combines the freeze-fracture method for
high-resolution electron microscopy with the advantages
of protein detection by means of immunogold-labeled anti-
bodies (Fujimoto 1995; Rash et al. 2000; Robenek and Sev-
ers 2008). Here, we identify gap junctions ultrastructurally
in undifferentiated cord-blood-derived induced pluripotent
stem cells and show that these gap junctions were shown to
contain Cx43.

Materials and methods
Cell culture

hiPSC lines were generated by lentiviral transduction of
cord-blood-derived endothelial cells (hCBiPS2) as previ-
ously described (Haase et al. 2009). The hCBiPS2 cells
were cultured on irradiated mouse embryonic fibroblasts
(MEFs) in knockout Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 20 % knockout serum replace-
ment, 1 mM L-glutamine, 0.1 mM B-mercaptoethanol, 1 %
non-essential amino acid stock (all from life technologies,
Darmstadt, Germany), and 10 ng/ml basic fibroblast growth
factor (bFGF; supplied by the Institute for Technical Chem-
istry, Leibniz University, Hannover, Germany) (Chen et al.
2012). For FRIL and electron microscopy, the cells were
expanded as monolayer cultures on Geltrex® (life technol-
ogies) for 4 days as previously described (Burridge et al.
2011). Under these culture conditions, cells maintained
pluripotency and did not differentiate (Burridge et al. 2011;
Haase et al. 2009; Xu et al. 2001).

The human embryonic stem cell line HES-3 was cul-
tured and expanded under standard hESC culture condi-
tions (Haase et al. 2009).

The astrocytoma cell line U87-MG was a gift from
Prof. Gerald Thiel, University of Saarland, Department of
Medical Biochemistry and Molecular Biology. Cells were
cultivated in high-glucose DMEM supplemented with
10 % fetal calf serum, glutamine and penicillin/streptomy-
cin (all from Life Technologies) at 37 °C in a 5 % CO,
atmosphere.
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Table 1 Primer for standard PCR and real-time PCR

Product  Sequence (5'-3")

qPCR Standard PCR

Annealing temperature [°C] Amplification cycles Product size [bp]

18S RNA fwd AAACGGCTACCACATCCAAG X
rev CCTCCAATGGATCCTCGTTA
Cx30.2  fwd CAGCGCCCTCTATATGGGTT X

rev CCCCTGGGACATCTGTGTTG

Cx30.2  fwd GGCGCCTCTTGCTTCCCGTGCTCCT -
rev GGTCTCCTCCTCCTTCCCCTTTCCTGATAAT

Cx43 fwd TCCCCTCTCGCCTATGTCTC X
rev GTTTTGCTCACTTGCTTGCTTG

Cx43 fwd GGACTGTTTCCTCTCTCTCGCC -

rev TTAGAGATGGTGCTTCCCGC

56 20 155
68 30 281
65 30 399

RNA isolation, cDNA synthesis, standard PCR,
and quantitative real-time PCR

Total RNA was isolated from hCBiPS2 and HES-3 cells
frozen in TRIzol reagent (Life Technologies) according to
the manufacturer’s instructions. After thawing, 0.2 ml chlo-
roform was added to 1 ml TRIzol reagent/cell sample and
mixed vigorously for 15 s. After incubation for 2-3 min,
samples were centrifuged, and thereafter, the upper aque-
ous phase containing RNA was transferred to a new tube.
RNA was precipitated by adding 100 % isopropanol to the
aqueous phase with subsequent incubation for a period of
10 min. Following centrifugation, the supernatant was dis-
carded and the RNA pellet was purified by adding 1 ml
75 % ethanol. Finally, the mixture was centrifuged and
the RNA pellet was dried after removal of the superna-
tant. The RNA pellet was resuspended in 60 pl RNase-free
water. Afterward, genomic DNA was eliminated by DNase
digestion using RNAse-free DNase I set (Qiagen, Hilden,
Germany). DNase I in RDD buffer was added to the RNA
solution with subsequent incubation for 10 min. After incu-
bation, the RNA solution was mixed with RLT buffer and
100 % ethanol and given onto an RNeasy Mini spin column
(Qiagen, Hilden, Germany). After several washing steps,
the RNA was eluted from the RNeasy Mini spin column
membrane with RNase-free water. Subsequently, the RNA
was quantified using the spectrophotometer Nano Drop
ND-1000 (Thermo Fisher Scientific, Heidelberg, Germany).

Based on 500 ng RNA per sample, cDNA was synthe-
sized using M-MuLV reverse transcriptase with oligo(dt)
primer, dNTP mix, RNase inhibitor and RT buffer (all rea-
gents New England BioLabs, Frankfurt/Main, Germany).
To exclude incomplete genomic DNA elimination, we per-
formed controls without MuLV reverse transcriptase, and to
test the purity of the reagent/chemicals used, we performed
a control transcription without RNA.

Standard PCR was performed with the synthesized
cDNA and with all controls in a volume of 25 1 containing
dNTP mix (Thermo Fisher Scientific), 10 x Thermo Poly-
merase Buffer, Taq polymerase (both New England Bio-
Labs) and specific forward and reverse primers (Table 1).
Amplification was performed in a LifeTouch Thermal
Cycler (Biozym, Hess. Oldendorf, Germany) under the fol-
lowing conditions: Each cycle was performed with an ini-
tial denaturation at 95 °C for 30 s, annealing at primer-spe-
cific temperature (Table 1) for 30 s and extension at 68 °C
for 2 min. After primer-specific cycles, final extension was
performed at 68 °C for 10 min. The PCR products were
separated by electrophoresis on a 2 % agarose gel contain-
ing ethidium bromide for visualization of the PCR product.

Quantitative real-time PCR was performed using
Takyon Rox SYBR MasterMix dTTP Blue (Eurogentec,
Ko6ln, Germany) according to the manufacturer’s instruc-
tions on a StepOnePlus Real-Time PCR System (Applied
Biosystems/Life Technologies, Darmstadt, Germany). In
brief, cDNA was diluted 1:3 with water and then mixed
with Takyon Mastermix and specific primers (Table 1). All
probes were measured in triplicate. The relative expression
was calculated using the A ACt method according to Pfaffl
(Pfaffl 2001). The mean of all triplets from genes of inter-
est were normalized to the mean of 18S rRNA as reference.

Immunohistochemistry

For immunohistochemical staining, hCBiPS2 or U87-MG
cells were fixed with 100 % ethanol for 20 min at RT.
Blocking was performed with incubation in 10 % normal
goat serum (NGS) and 0.1 % triton in PBS for 1 h at RT.
Primary antibodies against Cx43 (ab11370, Abcam, Cam-
bridge, UK) were diluted 1:100 in primary blocking solu-
tion for 2 h at RT. After several rinses with PBS, incuba-
tion in secondary blocking solution 0.2 % bovine serum
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albumin (BSA) in PBS was performed for 30 min at RT.
Anti-rabbit Alexa Fluor®488 diluted 1:3000 in secondary
blocking solution was used as secondary antibodies. Incu-
bation was performed for 1 h at RT. After several rinses
with PBS, the cells were mounted in fluoromount with
DAPI. Analysis was performed with a fluorescent micro-
scope with respective filter sets and digital camera (Zeiss,
Jena, Germany).

Freeze-fracture and immunogold labeling (FRIL)

For FRIL analysis, hCBiPS2 or U87-MG cells were fixed
and processed as described previously. Freeze fracturing of
double replicas was achieved by cracking the double carrier
open and was performed at —162 °C and 8 x 10~® mbar
(EMBAFO060, Leica, Wetzlar, Germany). Using a quartz
crystal thickness monitor to determine coating thickness,
fractured samples were coated with a 1-nm pre-carbon coat
applied at a shadowing angle of 90°, a 1-nm platinum—car-
bon coat was applied at 60° and a second carbon coat of
20 nm was applied at 90°. The frozen replicas were stabi-
lized on a gold index grid (Plano, Wetzlar, Germany) using
a drop of 1 % Lexan polycarbonate plastic dissolved in
dichloroethane (DCE; Acros, Geel, Belgium) (Rash et al.
1997). The package of carrier-sample-replica-Lexan-grid
was incubated at —20 °C for 16 h to evaporate the DCE.
Then the samples were thawed at room temperature and the
carriers removed. Digestion of the sample tissue was per-
formed in SDS-digestion buffer (2.5 % SDS, 10 mM Tris—
HCI, pH 8.9) at 60 °C with agitation for a total of 27 h. The
replica was then digested in 2 % collagenase D (Roche,
Mannheim, Germany) in SPB at 37 °C with agitation for
90 min. Blocking of nonspecific binding sites was achieved
by incubation in labeling blocking buffer (LBB) (10 %
goat serum, 1.5 % teleost gelatin in 0.15 M SPB) at 25 °C
for 90 min. Primary antibodies against Cx43 (ab11370,
Abcam) were diluted 1:10 in LBB and incubation was car-
ried out overnight at 25 °C. Incubation with 12 and 18 nm
anti-rabbit colloid gold-conjugated antibodies, diluted 1:20
and 1:10, respectively, in LBB (Jackson ImmunoResearch,
Newmarket, UK), was performed at 25 °C under gentle
agitation for 22 h. Thereafter, the replicas were washed in
SPB and water and dried prior to application of a 20-nm
carbon backing coat. Finally, the Lexan was removed from
the replica by dipping the replica in DCE at a temperature
of 60°.

Electron microscopy
Labeled replicas were analyzed in a FEI Technai G trans-
mission electron microscope (FEI, Hillsboro, Oregon,

USA) at 100 kV. Pictures were taken with an 8-bit camera
with an image size of 1.42 Megapixel (Olympus MegaView
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IIT; Olympus, Hamburg, Germany). To distinguish gold on
the tissue side from nonspecific labeling on the replica side,
photographs were taken as stereo pairs at an 8° angle and
viewed stereoscopically (Rash and Yasumura 1999). The
international standard nomenclature for freeze fracture was
used to describe the FRIL data (Branton et al. 1975). For
antibodies directed against the membrane protein of inter-
est itself, a gold bead-to-particle distance <30 nm, corre-
sponding to the length of two antibodies, was considered
particle-associated labeling (Fujimoto 1997; Rash et al.
1998, 2004).

Results

Transcription of Cx30.2 and Cx43 in undifferentiated
human induced pluripotent stem cells from cord blood

As it was unknown whether undifferentiated hCBiPS2
cells transcribe connexin mRNA, we initially performed
cDNA synthesis plus standard PCR with specific prim-
ers (Table 1). We chose Cx30.2 as a connexin known
from myelinated cells and expressed at low levels in stem
cells. The second connexin analyzed was Cx43, which is
expressed in most tissues, and was shown to play a role in
the reprogramming of somatic cells during iPS generation
(Ke et al. 2013). ES cells were used for comparison, as they
are known to express both types of connexins (Huettner
et al. 2006). cDNA of HES-3 and hCBiPS2 cells as well as
appropriate controls served as templates. Amplification of
18S rRNA served as reference gene. PCR results showed
that Cx30.2 and Cx43 both were expressed in HES-3 and
hCBiPS2 cells (Fig. 1a).

Next, the RNA levels were determined at a quantita-
tive level (Fig. 1b—d). We performed cDNA synthesis plus
quantitative real-time PCR with connexin-specific primers
(Table 1). Quantification revealed that Cx30.2 is highly
expressed in hCBiPS2 cells, 56-fold higher than in HES-3
cells (Fig. 1b). For Cx43, hCBiPS2 cells showed a 1.4-fold
higher relative expression rate than HES-3 cells (Fig. 1c).
Comparing the expression of both connexins in hCBiPS2
cells, Cx43 expression was more than eightfold higher than
that of Cx30.2 (Fig. 1d).

Expression of Cx43 protein in human induced
pluripotent stem cells from cord blood

Due to the high mRNA level of Cx43, we focused on the
analysis of Cx43 protein expression in hCBiPS2 cells. For
this purpose, hCBiPS2 cells were stained with specific anti-
bodies against Cx43. In hCBiPS2 cells, a characteristic
punctate immunofluorescent signal of Cx43 gap junction
plaques was detected in the plasma membrane (Fig. 2a—c).
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Fig. 1 Detection of Cx30.2 and Cx43 mRNAs in HES-3 and
hCBiPS2 cells. a RNA of HES-3 and hCBiPS2 cells was isolated and
cDNAs transcribed via reverse transcription. Cx30.2 and Cx43 were
amplified with specific primers. PCR-probes were separated via aga-
rose gel electrophoresis. For both connexins and 18S, gels showed
a band of the expected height, b—d quantitative real-time PCR of
Cx30.2 and Cx43 in stem cells. gPCR data for Cx30.2 (b) or Cx43 (c¢)
of hCBiPS2 cells compared to HES-3 cells, d relative RNA expres-
sion of Cx43 in hCBiPS2 cells compared to Cx30.2

In comparison, the human glioblastoma—astrocytoma cell
lineage U87-MG was used as a positive control for astro-
cytic Cx43 expression and showed a similar but noticeably
less intense pattern of immunolabeling at sites of cell con-
tact (Fig. 2d, e).

Cx43 gap junction plaques in human induced
pluripotent stem cells from cord blood

To investigate the ultrastructure and assembly of Cx43 pro-
tein in membranes of hCBiPS2 cells, freeze-fracture replica
immunogold labeling was performed. As known in freeze
fracturing, protoplasmic (P-face) and extraplasmic (E-face)
leaflets of fractured membranes can be observed (Branton
et al. 1975). The process visualized several gap junction
plaques labeled for Cx43 (Fig. 3a, b), which displayed the
typical assembly of connexon particles with characteristic
particle size of approximately 10 nm diameter and periodic-
ity within the gap junction plaque. In some gap junctions,
the fracture plane ran through a gap junction plaque, thereby
separating P- and E-faces of a membrane. Thus, P-face gap
junction particles were adjacent to arrayed pits on adjoining
E-faces (Fig. 3c), with distinct narrowing of the extracellular
space within the margins of the gap junctions. These neigh-
boring P- and E-faces of connexons and narrowing of the
extracellular space confirm that intercellular gap junctions
have in fact been formed. A schematic illustration of the
resulting replica labeled for Cx43 is presented in Fig. 3d, e.

Several aspects illustrate the specificity of immunolabe-
ling. P-face particles and E-face pits are considered labeled
if they are located within a radius of <30 nm of a gold bead
(Fujimoto 1997; Rash et al. 1998, 2004). With a signal-
to-noise ratio of approximately 370:1 (determined in one
of the replicas; signal = gold on morphologically identi-
fied gap junctions; noise = gold on membrane areas dis-
tant from gap junctions) (Beckmann et al. 2016; Rash and
Yasumura 1999), background labeling was very low. Inter-
estingly, in areas close to a gap junction—and only there
(Fig. 3a)—many more gold beads were visible, located
primarily beneath E-faces (Fig. 3a—c). In our interpreta-
tion, these are likely to arise from cryptic labeling (Rash
and Yasumura 1999), particularly as both sizes of gold are
located in identical regions. However, we cannot exclude
nonspecific binding of antibodies at these sites nor can
we exclude cryptic labeling of unfractured gap junctions
in incompletely digested gap junctions in overlapping cell
appositions beneath the replicated freeze-fractured mem-
brane (see Fig. 2 for evidence of overlapping cell margins).
The examination of stereo pairs showed that almost all
gold beads were located on the tissue side of the replica.
The epitope of the antibody used was on the cytoplasmic
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Fig. 2 Undifferentiated hCBiPS2 cells express Cx43. Immunohis-
tochemical staining for Cx43; nuclei were stained with DAPI (blue).
a—c hCBiPS2 cells were immunohistochemically stained with anti-
bodies against Cx43. a Phase contrast, b Cx43 immunofluorescence
signal (green), ¢ Cx43 immunofluorescence signal (green) plus DAPI

C terminus of Cx43 (Beckmann et al. 2016; Johnson et al.
2012). Labeling for Cx43 was performed using two differ-
ent secondary antibodies conjugated to colloidal gold of
different size, and both displayed an overlapping labeling
for Cx43 (Fig. 3a—c).

Assembly of Cx43 connexons in human induced
pluripotent stem cells from cord blood

In addition to the compact assembly of gap junction chan-
nels, areas with a less ordered assembly of particles were
observed. Figure 4 shows an example of such an assem-
bly. The particles had an average diameter of 9.41 nm
(£1.11), as determined by the measurement of 130 ran-
domly selected particles. This diameter corresponds to the
typical size of replicated connexons (Fujimoto 1995). The
particular assembly shown in Fig. 4 consists of 531 parti-
cles and has a size of 235.8 nm”. Accumulation of particles
was observed to occur in chains, in dense arrangements or
in a less ordered, loose pattern. In areas with highly reg-
ular assembly of particles, 9700 particles per um? were
counted. In all other areas, particle density was reduced:
In less dense areas, 4322.6 particles per um? were counted.
In areas with unorganized particle arrangements, the ratio
was 2251.8 particles per um? (in contrast, the surrounding
displayed 1847.8 particles of different diameter per um?).
E-faces, like those seen in Cx43 gap junctions of U§7-MG
cells (Fig. 4b), always displayed a compact and regular
assembly of connexons (compare Fig. 3). Figure 4c shows
a schematic illustration of the fractured and replicated
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staining of nuclei (blue), d—f in comparison, U87-MG cells were
stained with antibodies against Cx43, d differential interference con-
trast (DIC) light microscopy, e Cx43 immunofluorescence signal
(green), f Cx43 immunofluorescence signal (green) plus DAPI stain-
ing of nuclei (blue). Scale bars 100 pm

assembly of P-face particles, including areas devoid of
connexons.

Discussion

Up to now, Cx43 expression in stem cells has been mainly
discussed with a view to cardiomyocyte development and
differentiation. Here, we present data on a differentiation-
independent expression of Cx43 in undifferentiated iPS
cells from human cord blood, pointing to a function of
Cx43 in these cells:

1. We have demonstrated ultrastructurally that gap junc-
tions occur in near confluent cultures of iPS cells from
human cord blood.

2. We show by FRIL analysis that those gap junctions
contain Cx43.

Cx43 was identified to be a major protein component of
these gap junction plaques. We identified Cx43-immuno-
labeled particles in compact gap junction assemblies with
identical distances between individual connexons. In those
gap junction plaques connecting two cells, the fracture
plane might travel through each of the adjacent cell mem-
branes. The resulting replica contains an E- and a P-face as
for instance shown in Fig. 3. This substantiates the hypoth-
esis of cell-cell communication and the transfer of mole-
cules smaller than 1 kDa via the docked connexons of two
adjacent cells. Note that the extracellular space is narrowed
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Fig. 3 Undifferentiated hCBiPS2 cells show gap junction plaques
in the plasma membrane, which consist of Cx43. The cells were
vitrified, freeze-fractured under high vacuum and replicated with
carbon and platinum. The replica was incubated with primary anti-
bodies against Cx43 and colloidal-gold-coupled secondary antibod-
ies (12 and 18 nm diameter). a Overview of the fractured and rep-
licated membrane, showing two gap junctions in the upper right. b
Magnification of the membrane area boxed in a, showing compact
gap junction plaques (areas colored in green). Membrane faces are
labeled by E (E-face) or P (P-face), ¢ stereo pair at higher magnifi-
cation of boxed area in b. Photographs were taken at an 8° angle to
allow stereoscopic view and assessment of three-dimensional struc-
ture. Membrane fracture divides the gap junction plaque in an E- and

a P-face half, d schematic illustration of a mature gap junction plaque
between adjacent cells coupled via Cx43 proteins (green) assem-
bled to hexameric connexons with identical spacing The fracture
plane is illustrated by a red line, e the illustration shows the fracture
plane (red) dividing membranes in an E- and a P-face, the platinum
coat (violet) after freeze-fracture and possible binding of antibod-
ies. Arrow indicates the direction of platinum shadowing; labeling is
illustrated by primary antibodies against Cx43 (blue), secondary anti-
bodies (green) and conjugated gold particles (black circles). Note that
“cryptic labeling” is closely associated with the margins of the gap
junctions, potentially indicating insertion of clusters of connexons in
the apposed cell’s unfractured membrane. Scale bars in a and b are
0.2 pm, in ¢ 0.1 pm. Schematic illustrations are not to scale
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Fig. 4 Gap junction formation in undifferentiated hCBiPS2 cells.
a Colored area shows a less compact form of gap junction plaque
labeled for Cx43 (gold particles, 12 and 18 nm). Several particles
aggregate in loose chains (arrow heads) with particle free areas
(light green) within the gap junction plaque, b the insert in a shows
the E-face of a typical compact gap junction labeled for Cx43 (gold
particles, 12 and 18 nm) in U87-MG cells, ¢ schematic illustration of
P-face connexons in a single cell membrane after freeze-fracture and
shadowing. Arrow indicates the direction of platinum shadowing (vio-
let); labeling is illustrated showing primary antibodies against Cx43
(blue), secondary antibodies (green) and conjugated gold particles
(black circles). The green arrow points to particle free areas within
the gap junction, which were observed within gap junctions (a; light
green area). Scale bar (a, b) 0.2 pm. Schematic illustrations are not
to scale

within the margins of the immunogold-labeled, ultrastruc-
turally identified gap junctions. Cx43 is a remarkable pro-
tein with several putative roles. First of all, Cx43 is abun-
dantly expressed in most tissues and cell types. Cx43 is the
gap junction protein of cardiomyocytes, expressed at inter-
calated disks and maintaining correct rthythm of the heart-
beat, thus, preventing arrhythmias (Beyer et al. 1987). In
the brain, Cx43 is the most abundant connexin, expressed
for instance in astrocytes. In these cells, Cx43 contributes
to the maintenance of homoeostasis, the initiation of cal-
cium waves, etc. (Naus et al. 2016). Secondly, Cx43 exhib-
its an important function in the migration of cells as studies
on neural progenitors (Elias et al. 2007; Naus et al. 2016)
and cardiac neural crest (Huang et al. 1998) have shown.
A third important function of Cx43 was described in 2013,
when Ke and colleagues described a crucial role of Cx43
during the reprogramming of somatic cells (Ke et al. 2013)
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and therefore identified Cx43 as a suitable marker for pluri-
potency (Oyamada et al. 2013).

Ke et al. associated Cx43 expression with the repro-
gramming progress (Ke et al. 2013) and demonstrated
that the presence of Cx43 enhanced the reprogramming
efficiency. However, the application of pharmacologi-
cal inhibitors of gap junctional communication did not
inhibit this effect, pointing to a function of Cx43, which
is independent of intercellular communication (Ke et al.
2013). Worsdorfer et al. demonstrated an effect of Cx43 on
embryonic stem cell survival. Interestingly, they observed
that pharmacologic inhibition of Cx43-induced apoptotic
cells death, whereas the deletion of Cx43 in transgenic
stem cells did not influence their survival (Worsdorfer et al.
2008). The importance of Cx43 for multi- or pluripotency
seems a more generalized phenomenon, as it has also been
described for skin-derived stem cells that their multipo-
tency was dependent on Cx43 (Dyce et al. 2014).

In summary, we here identified gap junction channels
in undifferentiated iPS cells from human cord blood ultra-
structurally and demonstrated that these channels were
composed of the gap junction protein Cx43. In view of the
multiple cellular functions of Cx43, these data provide the
basis for ultrastructural analysis and association of Cx43
assembly with distinct functional stem cell properties.
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