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Abstract
Since almost 4 decades, connexins have been discussed as important regulators of embryogenesis. Several different members 
of the gene family can be detected in the preimplantation embryo and during gastrulation. However, genetically engineered 
mice deficient for every connexin expressed during early development are available and even double-deficient mice were 
generated. Interestingly, all of these mice complete gastrulation without any abnormalities. This raises the question if the 
role of connexins has been overrated or if other gene family members compensate and mask their importance. To answer 
this question, embryos completely devoid of any gap junctional communication need to be investigated. This is challeng-
ing because a variety of connexin genes are co-expressed and some null mutations lead to a lethal phenotype. In addition, 
maternal connexin transcripts were described to persist until the blastocyst stage. In this review, we summarize the current 
knowledge about the role of connexins during preimplantation development and in embryonic stem cells. We propose that 
the use of pluripotent stem cells, trophoblast stem cells, as well as artificial embryo-like structures and organoid cultures in 
combination with multiplex CRISPR/Cas9-based genome editing provides a powerful platform to comprehensively readdress 
this issue and decipher the role of connexins during lineage decision, differentiation, and morphogenesis in a cell culture 
model for mouse and human development.
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Connexins: more than Gap junctions

The connexin gene family consists of 20 members in the 
mouse and 21 in the human genome (Sohl and Willecke 
2004). Connexins are named by their theoretical molecular 
weight in kDa (e.g., Cx43 has a molecular weight of approx. 
43 kDa). There is an alternative nomenclature for connexins 
in use: in this case the abbreviation Gj (for gap junction 
protein) is followed by the designation of the subgroup a–e 
and a number. For example, mouse Cx43 is also referred to 
as Gja1 (Sohl and Willecke 2003).

Connexins are the protein subunits of gap junctions. This 
statement is correct, but it is not the whole truth. Indeed, 

hexameric assemblies of connexins form a gap junction 
hemichannel termed connexon. Two connexons can dock 
to each other to build a full gap junctional intercellular con-
duit. Usually, up to hundreds of channels cluster within the 
plasma membrane to form a gap junction. Gap junctions 
allow the direct intercellular exchange of low molecular 
mass molecules (< 1.8 kDa) such as ions, second messen-
gers, metabolites, and small peptides. By that, gap junctions 
mediate metabolic as well as electrical coupling between 
directly neighboring cells. Moreover, the transfer of siRNA 
and miRNA has been described in the literature (Valiunas 
et al. 2005; Wolvetang et al. 2007; Zong et al. 2016).

However, connexins are contributing not only to gap 
junctions but also to fulfill more unexpected roles. Simi-
lar to pannexins (Bruzzone et al. 2003; Bao et al. 2004), 
undocked gap junction hemichannels can release ATP into 
the interstitial space which contributes to the propagation of 
calcium signals (Stout et al. 2002). Interestingly, connexons 
can be also found at the mitochondrial membrane, where 
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they contribute to mitochondrial K+ and Ca2+ homeostasis, 
release, and production of reactive oxygen species (ROS) as 
well as regulation of the respiratory complex I (Rodriguez-
Sinovas et al. 2018).

Gap Junctions are present in the majority of tissues, e.g., 
skin, heart, bone, liver, blood vessels, nervous system, eye 
lens, and the inner ear. But besides in fully matured tissues, 
connexin expression is also found throughout embryonic 
development. Interestingly, most tissues, especially during 
embryonic development, simultaneously express several 
connexin genes, e.g., in cells of the inner cell mass (ICM) 
of a blastocyst at least Cx31, Cx43, and Cx45 are expressed 
as protein and several others only at the mRNA level (Davies 
et al. 1996). These connexins can form homomeric con-
nexons consisting of the same connexin proteins as well as 
heteromeric connexons composed of different connexins 
(Fig. 1). For example, mouse ESCs show expression of the 
ICM connexins Cx31, Cx43, and Cx45 and these connexins 
assemble into heteromeric connexin hemichannels consist-
ing of Cx31 and Cx43 or Cx43 and Cx45, whereas interac-
tion of Cx31 and Cx45 within the same hemichannel could 
not be shown (Worsdorfer et al. 2008).

Are connexins important key players 
in embryonic development?

Since decades, connexins and gap junctions have been dis-
cussed as important regulators of embryogenesis. Gap junc-
tional intercellular communication (GJIC) in the developing 
vertebrate embryo was first described in 1979 when Lo and 
Gilula demonstrated the spread of the low molecular weight 
(MW) tracer substances fluorescein (MW: 330) and Luci-
fer Yellow (MW: 457) among directly neighboring cells in 

the pre- as well as the post-implantation mouse embryo (Lo 
and Gilula 1979a, b). GJIC was detected from the eight-cell 
stage on and could be demonstrated among cells of the inner 
cell mass (ICM) as well as the trophoblast. Interestingly, 
inter-lineage dye transfer was observed between cells of the 
trophoblast and the ICM. After implantation ICM as well as 
trophoblast cells stay directly coupled to cells of the same 
lineage. However, inter-lineage GJIC is progressively lim-
ited as embryonic development proceeds. GJIC is also abun-
dantly detectable among cells of the gastrulating embryo. 
During that phase, a formation of partially restricted com-
munication compartments can be observed which appears to 
be associated with the delamination of the three germ layers 
(Kalimi and Lo 1988).

After the demonstration of GJIC by tracer injection into 
single cells at different early embryonic stages and the 
detection of embryonic Gap Junctions in electron micros-
copy, the question remained which of the 21 known con-
nexin proteins are expressed during these developmental 
stages. A study by Davies and colleagues (Davies et al. 
1996) addressed this question. They detected at least six 
different connexin transcripts (Cx30.3, Cx31, Cx31.1, 
Cx40, Cx43, and Cx45). Cx31, Cx43 (Fig.  3a–c), and 
Cx45 were expressed from the two-cell stage on, Cx30.3, 
Cx31.1, and Cx40 accumulated beginning in the eight-
cell stage. A complementary study by Houghton et al. 
(Houghton et al. 2002) described that three additional 
connexin mRNAs (Cx30, Cx36, and Cx57) are expressed 
beginning in the two-cell stage. On the protein level, 
Cx31 (Armiger et al. 2018; Houghton et al. 2002), Cx31.1 
(Davies et al. 1996; Houghton et al. 2002), Cx40 (Davies 
et al. 1996), Cx43 (Valdimarsson et al. 1991), and Cx45 
(De Sousa et al. 1997) could be demonstrated in the pre-
implantation embryo. While all other connexin proteins 

Fig. 1   Connexins, connexons, and gap junctions. Six connexins form 
a hexameric hemichannel termed connexon. Two connexons of adja-
cent cells dock to each other to form a gap junction channel or remain 
as hemichannels within the plasma membrane mediating, e.g., ATP 
release into the interstitial space. Connexons consisting of the same 

connexins are termed homomeric; connexons formed by different 
connexins are referred to as heteromeric. Gap junction channels con-
sisting of the same type of connexon are called homotypic; gap junc-
tions formed by two different connexons are termed heterotypic
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were detectable in the cell membrane, Cx40 appeared to 
be localized in the cytoplasmic compartment (Davies et al. 
1996). At the blastocyst stage, Cx31 and Cx43 proteins 
are expressed in the ICM as well as the trophoblast (Dahl 
et al. 1996) (Figs. 2, 3b). After implantation of the mouse 
embryo, Cx31 expression becomes restricted to the tro-
phectodermal lineage, while Cx43 and Cx45 are found 
within the embryo proper (Dahl et al. 1996).

In addition, maternal Cx32 protein was described to 
be present as persistent oogenetic product through mouse 
preimplantation development until the blastocyst stage 
without being expressed by the embryo itself (Barron 
et al. 1989). Of note, additional connexin proteins (Cx37, 
Cx43, and Cx45) are also expressed in the ovarian follicle 
contributing to granulosa cell–oocyte coupling (Kidder 
and Mhawi 2002). Cx37 seems to be the main connexin 
expressed by the oocyte and maternal transcripts of this 
gene could similarly persist within the zygote, an aspect 
that has not been comprehensively analyzed yet.

The connexin expression pattern in the early rat embryo 
is quite similar. Cx31, Cx43, and Cx45 proteins were found 
at the blastocyst stage. In contrast to the mouse embryo, 
Cx26 is additionally expressed (Houghton et al. 2002). 
Cx30 was found as mRNA but no protein was detected. 
In the human blastocyst, Cx26, Cx31, Cx43, and Cx45 

expressions were demonstrated on the protein level (Bloor 
et al. 2004; Hardy et al. 1996).

Taken together, the expression pattern of connexins dur-
ing early embryogenesis is surprisingly complex and shows 
variations from species to species (e.g., Cx26 is expressed 
in rat but not mouse) and partially even between individ-
ual embryos (Bloor et al. 2004; Hardy et al. 1996). Cx31, 
Cx31.1, Cx43, and Cx45 seem to be the most important 
connexins expressed during mouse preimplantation develop-
ment. Cx30.3 and Cx40 protein might be present as well and 
maternal Cx32 seems to persist until the blastocyst stage. 
However, it has to be mentioned that the analyses published 
so far are not complete as not all described connexins were 
tested at mRNA and protein level. It would be interesting to 
readdress this issue and comprehensively characterize all 
connexin transcripts and proteins being present from the 
oocyte to the late blastocyst. This analysis would help to 
better understand which connexin proteins might compen-
sate in the knockout background.

The physiological necessity of gap junctional communi-
cation during early developmental processes such as com-
paction or early lineage segregation has been controversially 
discussed. In early studies, Lee et al. (Lee et al. 1987) raised 
polyclonal antibodies directed against the major 27/32 kDa 
protein eluted from rat liver gap junctions and injected such 

Fig. 2   Connexin expression in blastocysts, embryonic stem cells 
(ESCs), and trophoblast stem cells (TSCs). Multiple connexins are 
co-expressed in blastocysts as well as embryonic stem cells. The pub-
lished data show that the connexin expression pattern observed in the 
mouse ICM is also conserved in ESC in vitro. However, human ESCs 
display the expression of Cx40, which is not detectable in human 
blastocysts. This might be due to the epiblast stem cell-like identity 

of human ESCs. The scheme contains all connexin proteins which are 
published to be expressed in blastocysts, ESCs, or TSCs. More con-
nexins were detected at mRNA level, and protein expression was not 
tested for all detected transcripts. Therefore, the list of expressed con-
nexin proteins may be incomplete. (*) Detected in cytoplasm but not 
at the cell membrane; (**) Only persistent maternal protein detected. 
(***) Detected in EB3 ESCs but not in HM1 ESCs
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antibodies into cells of mouse eight-cell stage embryos, which 
strongly reduced electrical coupling and dye transfer. Interest-
ingly, injected cells were excluded from embryo compaction. 
In a similar experiment, Bevilacqua and colleagues (Bevilac-
qua et al. 1989) injected antisense RNA targeted against the 
27/32-kDa rat liver gap junction protein into the blastomeres 
of 2- and 4-cell zygotes which reduced the number of com-
pacted embryos after 60 h of culture to 20% compared to 75% 
in embryos injected with an unrelated RNA. The conclusion 
that gap junctions are essentially required during preimplan-
tation development was supported by Becker et al. (Becker 
et al. 1995). The authors generated several antibodies directed 
against the cytoplasmic loop of Cx43, which were injected into 
blastomeres of an eight-cell stage mouse embryo. Antibody 
injection blocked dye transfer (Lucifer Yellow, Cascade Blue) 
and led to the exclusion of the injected cell from compac-
tion and further development. However, from today’s view, 
knowing that at least Cx31, Cx43, and Cx45 proteins are 
expressed in the two- to eight-cell stage mouse embryo and 

that Cx32 is not transcribed, it is clear that the injection of 
Cx32 antibodies or Cx32 antisense RNA, although it might 
strongly reduce GJIC, is not a specific approach. In contrast to 
these early experiments, two studies used the pharmacological 
gap junction inhibitor 18-alpha glycyrhetinic acid (18-AGA) 
which abolished GJIC among cells in the developing preim-
plantation embryo. This treatment had no impact on blastocyst 
formation, cell allocation to the trophectoderm, or inner cell 
mass (Vance and Wiley 1999) or apoptosis rates within the 
blastocyst (Houghton et al. 2002). However, it needs to be 
mentioned that not all connexins are sensitive to 18-AGA: for 
example, Cx43 is sensitive, while Cx31 and Cx45 are not (He 
et al. 2005; Worsdorfer et al. 2008). Between 1995 and 2007, 
mice deficient for each connexin expressed during preimplan-
tation development were generated using homologous recom-
bination in ESCs. Interestingly, none of these animals display 
a phenotype related to early development [Cx31 → (Plum 
et al. 2001); Cx43 → (Reaume et al. 1995); Cx45 → (Kruger 
et al. 2000; Kumai et al. 2000); Cx40 → (Simon et al. 1998); 

Fig. 3   Cx43 expression in the mouse blastocyst and in mouse ESCs. 
Cx43 is expressed in the Oct4-positive inner cell mass (ICM) as well 
as the trophoblast of mouse blastocysts (a, b). In c, a high magnifica-
tion of the ICM is shown. Cx43 can be also detected in mouse ESCs 
(d). Using DAB staining for Cx43 in combination with transmission 

electron microscopy (TEM) we could detect signals at gap junctions 
between adjacent ESCs (e). Interestingly, signals were also frequently 
found at the mitochondrial membrane (f). In f, pictures of four differ-
ent mitochondria are shown (a–d)
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Cx30.3 → (Zheng-Fischhofer et al. 2007b); Cx31.1 → (Zheng-
Fischhofer et al. 2007a)]. Even double-deficient animals for 
Cx43 and Cx31 (Kibschull et al. 2005) or Cx43 and Cx45 
(Nishii et al. 2016) complete gastrulation in the expected men-
delian ratio without any detected abnormalities. The triple 
deletion of Cx31, Cx43, and Cx45 would be of high interest 
as these are the main connexins expressed at the blastocyst 
stage. However, such mice could not be generated yet.

All these studies indicate either a minor contribution of 
connexins to preimplantation development or redundant 
functions of different connexin genes expressed in the early 
embryo and/or compensation by maternal transcripts. More-
over, it is possible that connexin expression is not essentially 
required under ideal conditions but protects the early embryo 
from stress such as delayed migration of embryos from the 
fallopian tube to the uterus, oxidative stress, environmen-
tal toxins, suboptimal maternal diet, or maternal disease. In 
addition, the preimplantation period is characterized by epi-
genetic reprogramming of embryonic cells, a procedure that 
might be affected by the loss of intercellular coupling. Gap 
junctions could be required to equalize levels of metabo-
lites with epigenetic function (Etchegaray and Mostoslavsky 
2016) such as alpha-ketogluterate (Carey et al. 2015) by 
allowing their intercellular diffusion among groups of cells. 
The resulting epigenetic effects could be mild and must not 
necessarily result in an obvious phenotype but might affect 
the developing embryo or even the resulting adult in a more 
subtile manner (e.g., decreased life-span or metabolic and 
mental disorders) as observed in cloned animals (Humph-
erys et al. 2001).

In summary, several connexins are expressed during early 
embryogenesis in the trophoblast and the inner cell mass. 
Expression continues during gastrulation and these con-
nexins contribute to gap junctions and mediate functional 
GJIC. However, it has been controversially discussed if con-
nexins are essential key regulators of development and what 
they are exactly required for. The use of injected antibod-
ies, siRNAs, or pharmacological gap junction inhibitors as 
well as the analyses of connexin-deficient mouse lines led to 
contrasting results. Embryos or embryonic cells completely 
devoid of any connexin gene expressed during early develop-
ment are essentially required to finally answer this question 
in a satisfying manner. Moreover, more subtile phenotypes 
such as altered epigenetic signatures should be considered.

Embryonic stem cells and trophoblast stem 
cells as in vitro models

A cell culture platform that guarantees unlimited access to 
early embryonic cells and allows for their easy manipulation 
is the use of embryonic stem cells (ESCs) or trophoblast 
stem cells (TSCs). These cells are an interesting in vitro 

model to study the role of gap junctions during early line-
age decision and pluripotency maintenance.

Embryonic stem cells (ESCs) are the in vitro equivalent 
of ICM cells. ESCs are isolated from the ICM of blastocysts. 
They can expand virtually unlimited in cell culture under 
appropriate conditions and retain their pluripotent differenti-
ation potential. Mouse ESC cultures were first established in 
1981 (Evans and Kaufman 1981; Martin 1981), and human 
ESCs in 1998 (Thomson 1998). Human and mouse ESCs 
display a similar connexin expression pattern as observed 
in the embryo. Mouse ESCs express Cx31, Cx43 (Fig. 2d, 
e), and Cx45 protein (Worsdorfer et al. 2008). Cx30.3 pro-
tein was also described but might not be expressed in every 
mESC line (Saito et al. 2017; Worsdorfer et al. 2008), prob-
ably due to a different genetic background (Sharova et al. 
2007). Interestingly, Cx30.3 expression seems to be regu-
lated by LIF/STAT signaling (Saito et al. 2017) and also 
Cx31 mRNA expression is strongly downregulated within 
24 h of LIF starvation and was, therefore, suggested as 
“Pluri” gene (Trouillas et al. 2009). In contrast, Cx31.1 
and Cx45 mRNA expressions were shown to increase upon 
siRNA induced Oct4 silencing (Trouillas et al. 2009).

Human ESCs express Cx43, Cx45, and Cx40 protein 
(Huettner et al. 2006; Wong et al. 2004). Unlike in ICM 
cells in vivo, Cx40 was detected as protein in the membrane 
of hESCs. This might be explained by the fact that human 
ESCs and human iPSCs resemble more primed epiblast stem 
cells than naive ICM cells. Cx26 was found at the mRNA 
level, but protein expression was not tested (Huettner et al. 
2006). Cx43 and Cx45 can be found on a “consensus hESC 
gene list” published by Assou and colleagues which ana-
lyzed datasets from 38 microarray analyses performed on 
human pluripotent stem cells. The list contains genes which 
expression was detected in hESCs by at least three independ-
ent studies (Assou et al. 2007).

In 2008, a study by Todorova and co-workers reported 
that the reduction of GJIC using the pharmacological inhibi-
tor 18-AGA or siRNAs targeted against Cx43 mRNA leads 
to reduced proliferation and increased apoptosis in mouse 
ESCs (Todorova et al. 2008). Moreover, such ESCs were no 
longer capable of forming embryoid bodies in suspension 
culture. A study on human ESCs came to a similar result 
reporting increased apoptosis and reduced colony growth 
under serum-free conditions (Wong et al. 2006). However, 
these results are in contrast to studies from several other 
groups that showed that a single ablation of either Cx43 or 
Cx45 in mESCs has no obvious effect on their prolifera-
tion rates or in vitro differentiation potential (Egashira et al. 
2004; Gutstein et al. 2001; Reaume et al. 1995; Worsdorfer 
et al. 2008, 2017). Interestingly, Cx45-deficient ESCs fail to 
integrate into blastocysts of WT mice, unlike Cx43-deficient 
ESCs, which form viable chimeras (Egashira et al. 2004; 
Gutstein et al. 2001). Cx43/Cx45 double-deficient ESCs 
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show unaltered proliferation, apoptosis rates as well as pluri-
potency marker expression in maintenance culture. How-
ever, when differentiated in 3D culture as embryoid bodies, 
Cx43/45-deficient cells fail to differentiate into cells of the 
primitive endoderm and the cell aggregates contain a high 
number of undifferentiated Nanog-positive cells even after 
6 days of differentiation (Worsdorfer et al. 2017). Prolonged 
culture of aggregates for more than 20 days results in dif-
ferentiation mostly to the neural lineage (unpublished data 
from our lab). Similar observations were made by Shear-
down and Hooper in 1992 who investigated the differen-
tiation potential of metabolic coupling-deficient embryonic 
stem cells generated by general mutagenesis and “kiss of 
death” selection (Sheardown and Hooper 1992). These 
results stand in contrast to the situation observed in Cx43/
Cx45 double-deficient mice, which develop normally until 
embryonic day 9.5, when the Cx45 mutation proves lethal 
due to disturbed cardiac development (Kumai et al. 2000). 
A possible explanation for the differences observed between 
the in vivo vs. in vitro situation could be that compensating 
maternal connexins—such as Cx32- which are found in the 
preimplantation embryo (Barron et al. 1989), are no longer 
present in long-term cultured ESCs.

Trophoblast stem cells (TSCs) are the in vitro equivalent 
of cells found within the blastocysts polar trophectoderm. 
Mouse TSCs were first derived in 1998 (Tanaka et al. 1998), 
and human trophoblast stem cells were recently described 
by Okae et al. (Okae et al. 2018). TSCs can be permanently 
maintained in culture and differentiate into trophoblast sub-
types in vitro and at least mouse TSCs do also contribute 
to the trophoblast lineage in chimeras in vivo. Mouse TSCs 
exclusively express Cx31 protein and Cx31.1 transcripts 
and upon differentiation Cx26 and Cx43 become induced. 
Connexin expression in human TSCs has not been investi-
gated yet. TSCs derived from Cx31-deficient mice reveal an 
accelerated differentiation toward giant cells compared to 
controls (Kibschull et al. 2004). In vivo, Cx31 is expressed 
in the spongiotrophoblast and Cx31-deficient mice display 
transient placental dysmorphogenesis with an increased 
proportion of giant cells that leads to a loss of 60% of the 
embryos between embryonic day 10.5 and 13.5 (Plum et al. 
2001). Cx31.1 deficiency in mice leads to a loss of 30% of 
the embryos between embryonic day 10.5 and 13.5, and a 
deficiency in Cx31.1, in contrast to Cx31, delays TSC dif-
ferentiation in vitro (Kibschull et al. 2014).

Recapitulating development in the culture 
dish: pluripotent stem cells, genome editing, 
and artificial tissues

In 2006, Takahashi and Yamanaka first demonstrated that 
pluripotency can be induced in somatic cells (Takahashi 
and Yamanaka 2006). The initial experiments were per-
formed converting mouse embryonic fibroblasts and 1 
year later the first human-induced pluripotent stem cells 
(iPSCs) from adult dermal fibroblasts were reported by 
two independent groups (Takahashi et al. 2007; Yu et al. 
2007). iPSCs are almost identical to ESCs derived from 
an embryo (Choi et al. 2015) and new transgene free or 
non-integrative reprogramming methods allow for the gen-
eration of iPSCs devoid of any “footprints” caused by the 
reprogramming method such as stably integrated retrovi-
ruses or loxP sites (Worsdorfer et al. 2013). Human iPSCs 
avoid the ethical dilemma associated with the derivation 
of ESCs from human embryos and make such cells eas-
ily available to every lab. Induced trophoblast stem cells 
(iTSCs) from murine fibroblasts were generated as well 
(Benchetrit et al. 2015; Kubaczka et al. 2015). Human 
iTSCs are not described yet.

Although, connexin protein expression in iPSCs has 
not been comprehensively investigated, Cx43 and Cx45 
expressions were demonstrated in human iPSCs (Beck-
mann et al. 2016; Ke et al. 2013, 2017) and expression of 
Cx43 as well as Cx45 was shown to enhance the genera-
tion of human iPSCs from dermal fibroblasts (Ke et al. 
2013, 2017).

The possibility to generate human iPSCs from skin 
biopsies or peripheral blood samples of every individual 
allows the generation of patient-specific iPSCs. Several 
genetic human disorders are associated with mutations in 
connexin genes (Srinivas et al. 2018). A good example is 
the rare autosomal dominant disorder Oculodentodigital 
dysplasia (ODDD) linked to a variety of different point 
mutations in the Cx43 gene (Paznekas et al. 2003). iPSCs 
derived from ODDD patients are an interesting model sys-
tem to understand the developmental aspects of the dis-
ease. A first iPSC line from an ODDD patient has been 
recently described and first analyses reveal a negative 
effect of the mutated Cx43 on osteoblast and chondrocyte 
differentiation (Esseltine et al. 2017).

The CRISPR/Cas9 technology is a new and powerful 
tool for the deletion of genes in mouse and human ESCs 
(Cho et al. 2013; Jinek et al. 2013; Mali et al. 2013). Mul-
tiplex CRISPR/Cas9-based genome editing allows for the 
simultaneous homozygous deletion of several target genes 
(Cong et al. 2013). By that, ESC or iPSC lines deficient of 
three or even more different connexin genes can be gener-
ated and different combinations of connexin deficiency 
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can be explored. Moreover, specific mutations linked to 
genetic disorders can be introduced or individual domains 
of connexin proteins can be deleted/modified.

In 2014, a fascinating culture system for the assess-
ment of the intrinsic tendency of pluripotent stem cells 
to create patterns in a very controlled and reproducible 
fashion was described. The authors show that geometric 
confinement and BMP4 stimulation triggers human pluri-
potent stem cells to form a tissue structure with an outer 
ring of trophectoderm, an inner ectodermal cell popula-
tion, and a ring of mesendoderm expressing primitive 
streak markers in between (Warmflash et al. 2014). The 
publication stimulated an important and interesting discus-
sion on ethical issues raised by synthetic human entities 
with embryo-like features (SHEEFS) (Aach et al. 2017) 
(Fig. 4). By combining mouse ESCs and trophoblast stem 
cells (TSCs) in a 3D-scaffold, Harrison et al. generated 
structures, so-called ETS-embryos, whose morphogenesis 
is remarkably similar to natural embryos and that develop 
till mesoderm-specification in vitro (Harrison et al. 2017) 
(Fig. 4). A very recent publication describes the generation 
of “blastoids”, blastocyst-like structures generated by the 
co-culture of mouse ESCs and TSCs in a micro-well array 
(Rivron et al. 2018). These artificial embryonic structures 

closely resemble natural blastocysts, display the formation 
of primitive endoderm, and robustly implant and trigger 
decidualization in utero (Fig. 4). Artificial embryo-like 
structures generated from CRISPR/Cas9 engineered ESCs 
or iPSCs could be an interesting experimental platform to 
investigate the influence of connexins on early embryonic 
lineage decisions and patterning in vitro.

Within the last few years, ESC- and iPSC-derived orga-
noid cultures were developed representing simplified mini-
versions of organs or tissues such as gut, brain, eye, and 
kidney (Clevers 2016). Organoid models are promising 
tools to investigate developmental processes and to study 
the differentiation of human pluripotent stem cells with 
different combinations of ablated connexins in a tissue-
like context. For example, neural connexins (Cina et al. 
2007) such as Cx36 (Condorelli et al. 1998; Sohl et al. 
1998) and Cx43 (Duval et al. 2002; Elias et al. 2007), 
which essentially contribute to neuronal differentiation 
and migration, can be genetically ablated in pluripotent 
cells, either individually or in different combinations, 
and the consequences could be studied in human cerebral 
organoids. These self-organizing artificial tissues closely 
recapitulate several key aspects of embryonic neurogenesis 
such as neural tube formation, cortical development and 

Fig. 4   Cell culture models for embryonic development. Pluripo-
tent stem cells (PSCs) such as ESCs and iPSCs as well as TSCs and 
iTSCs can be isolated directly from blastocyst stage embryos or gen-
erated artificially by cellular reprogramming or direct conversion 
from adult somatic cells (e.g., fibroblasts or peripheral blood cells). 
(i) PSCs and (i) TSCs can be genetically modified using CRISPR/
Cas9 technology. The example shows an experiment from our lab 

where the Cx43 gene was mutated in hIPSCs. Unmodified or geneti-
cally altered PSCs or TSCs can serve as basis for the generation of 
in vitro models of early lineage decision and morphogenesis. Exam-
ples are so-called “gastruloids”, “blastoids” or “ETS-embryos”. 
Moreover 3D-organoid cultures can be also generated from PSCs 
modeling more mature tissue development, e.g., brain development in 
cerebral organoids
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neuronal migration in an in vitro setup (Lancaster et al. 
2013).

In summary, the absence of maternal transcripts, the vari-
ety of well-established differentiation protocols, the possi-
bility to study the situation in humans, and finally the easy 
manipulation via CRISPR/Cas9 technology make ESCs and 
especially human iPSCs a very attractive model system to 
investigate the role of connexins during early developmental 
lineage decisions. In addition, blastoids (Rivron et al. 2018), 
gastruloids (Warmflash et al. 2014), and organoids (Clevers 
2016) as 3D in vitro models for tissue development open 
new possibilities to gain insight into the elementary pro-
cesses controlling the early steps of embryonic development.

How can connexins modulate cellular 
differentiation?

The fundamental question regarding the role of connexins in 
embryonic development and stem cell differentiation is, by 
which pathways connexons or gap junctions might modulate 
proliferation, cellular differentiation and apoptosis. Different 
mechanisms have been proposed in the literature. In the fol-
lowing part of the review, we will focus on two hypothetic 

mechanisms that could mediate the effect of connexins in 
pluripotent stem cells.

IP3, Ca2+, and NFAT‑signaling

After translation at the ER, connexins oligomerize and assem-
ble into hexameric structures, usually within the trans-Golgi 
network, to form hemichannels, so-called connexons. These 
connexons traffic to the cell membrane and dock to their coun-
terparts on directly neighboring cells to form a full intercel-
lular conduit. Usually, a few to hundreds of such tightly packed 
channels cluster at certain membrane domains and contribute 
to gap junctional plaques (Laird 2006). Gap junctions assure 
electrical coupling and allow the diffusion of low molecular 
weight molecules such as ions, metabolites, or second mes-
sengers between adjoining cells. The interesting question is: 
which of these molecules have the ability to influence gene 
expression and trigger, synchronize, or modulate cellular dif-
ferentiation? IP3 and Ca2+ are candidate molecules which can 
affect cellular differentiation and their intercellular diffusion 
via gap junctions (Niessen et al. 2000) could synchronize 
gene expression among a group of neighboring cells. IP3 can 
release calcium from intracellular stores. Ca2+ itself activates 

Fig. 5   How can connexins modulate differentiation? Connexons form 
gap junctions between neighboring cells (1), are present as undocked 
hemichannels in the cell membrane (2), and can be found as connex-
ons within the mitochondrial membrane (3). (1) Gap junctions allow 
the diffusional exchange of ions, metabolites, and second messenger 
molecules. Among these, IP3 is an interesting candidate which trig-
gers the release of calcium from intracellular stores and might regu-
late gene expression in adjacent cells via the calcineurin/NFAT sign-
aling pathway. Calcineurin/NFAT signaling plays an important role 
in stem cell differentiation. (2) Undocked hemichannels can open 
under pathological and maybe also physiological conditions and 

release, e.g., ATP into the interstitial space. Extracellular ATP acts in 
an autocrine and paracrine manner and binds to purinergic receptors 
(P2Y, P2X) which activate signaling pathways such as phospholipase 
C (PLC) signaling. Activated PLC produces the second messen-
ger IP3 which can result in elevated intracellular calcium levels and 
subsequent activation of the calcineurin/NFAT signaling pathway. 
(3) Mitochondrial connexons have been shown to modulate, among 
others, the production and release of reactive oxygen species (ROS). 
ROS production and mitochondrial dynamics play an important role 
in modulating stem cell differentiation
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Calcineurin/NFAT-signaling (Crabtree and Olson 2002) 
(Fig. 5), a signaling pathway, which directly modulates gene 
expression and was described to critically regulate early line-
age specification in mouse embryonic stem cells and embryos 
(Li et al. 2011). A link between connexin expression and syn-
chronized NFATc3 activation has been previously described 
in the developing heart (Kumai et al. 2000) as well as in the 
lymphatic system (Sabine et al. 2012) and could also be a rea-
son why Cx43/Cx45 double-deficient ESCs fail to differenti-
ate into primitive endoderm in 3D embryoid body cultures 
(Worsdorfer et al. 2017).

Another way how connexins could activate Calcium signal-
ing in adjacent cells is the release of ATP into the interstitial 
space. Connexons do not necessarily dock to each other to 
form intercellular conduits. They can also function at the mem-
brane as hemichannels which open under certain conditions 
and release ATP into the interstitium (Stout et al. 2002). ATP 
activates purinergic receptors on the surface of ESCs (Heo 
and Han 2006) in an autocrine or paracrine fashion which 
leads to the mobilization of intracellular calcium and activa-
tion of signaling pathways such as protein kinase C (Heo and 
Han 2006a) and calcineurin/NFAT-signaling (Kawano et al. 
2006). These pathways were described to have an impact on 
ESC proliferation (Heo and Han 2006) and differentiation (Li 
et al. 2011) (Fig. 5). Functional connexin hemichannels were 
demonstrated in human embryonic stem cells by dye uptake 
studies and recordings from solitary human ESCs (Huettner 
et al. 2006).

In this context, it is important to mention that ATP release 
is also mediated by another distinct channel family build up by 
a class of proteins termed pannexins (Panx) (Bao et al. 2004; 
Bruzzone et al. 2003). The pannexin gene family consists of 
three members (Panx1–3). Pannexins are expressed, e.g., in 
neural stem cells (NSCs) and essentially contribute to NSC 
proliferation and maintenance (Wicki-Stordeur et al. 2012, 
2016). We could show that Panx1 mRNA can be detected in 
mouse ESCs while Panx2 and Panx3 seem to be absent. How-
ever, we could not detect any Panx1 protein by immunoblot 
analyses (Worsdorfer et al. 2008). Therefore, we conclude that 
pannexin channels are not involved in ATP release in pluri-
potent stem cells. A recently published study investigated the 
expression of pannexins in human ESCs and iPSCs and comes 
to a similar conclusion. The authors detected all pannexin 
mRNAs (Panx1–3) with Panx1 showing the highest expression 
level. However, immunoblot analyses could not demonstrate 
pannexin protein expression in human pluripotent stem cells 
(Hainz et al. 2018).

Connexins at mitochondria: modulators 
of mitochondrial activity?

Connexins are well known as building blocks of gap junc-
tions, directly connecting the cytoplasm of two neighbor-
ing cells. Moreover, connexon hemichannels mediate the 
release of ATP into the intercellular space as described 
above. A third and less recognized aspect is the localiza-
tion of connexons at the mitochondrial membrane. Mito-
chondrial Cx43 was first described in cardiomyocytes 
(Boengler et  al. 2005; Rodriguez-Sinovas et  al. 2006) 
where it is localized to the inner mitochondrial membrane 
and essentially contributes to the cardioprotective effect of 
ischemic preconditioning. This effect appears to be related 
to reactive oxygen species (ROS) signaling which was 
found to be attenuated in Cx43-deficient mice (Heinzel 
et al. 2005) (for review see Rodriguez-Sinovas et al. 2018). 
Additional studies indicate the involvement of mitochon-
drial Cx43 in the modulation of K+ influx, mitochondrial 
respiration and apoptosis (Boengler et al. 2012; Goubaeva 
et al. 2007; Miro-Casas et al. 2009).

Interestingly, although mitochondrial connexons are 
described since more than 10 years, most studies still focus 
almost exclusively on Cx43 in cardiomyocytes. However, 
given the assumption that mitochondrial connexons are 
important regulators of mitochondrial function, it is very 
likely that they are also present in other cell types includ-
ing stem cells. Only few studies addressed this issue so 
far. However, it could be shown that mitochondrial Cx43 
is present in brown adipose tissue (Kim et al. 2017), mes-
enchymal stem cells (Lu et al. 2009), and human vascu-
lar endothelial cells (Li et al. 2002; Trudeau et al. 2012). 
Moreover, if Cx43 is localized at the mitochondrial mem-
brane, it is likely that other connexin proteins are found 
there as well. In this context, Cx40 was detected at mito-
chondria of coronary endothelial cells (Guo et al. 2017) 
and Cx32 at mitochondria of hepatocytes (Fowler et al. 
2013). However, a comprehensive analysis investigating 
all cell types showing mitochondrial connexins and all 
connexin proteins involved is still missing and would be 
of high interest.

Within the last years, mitochondrial activity represented 
by, e.g., cellular metabolism, ATP content and especially 
ROS production is getting more and more recognized as 
important trigger and regulator of stem cell differentia-
tion (Khacho et al. 2016) (for comprehensive review see 
Lisowski et al. 2018). While undifferentiated embryonic 
stem cells rely mainly on glycolysis and display small 
mitochondria with few cristae, they switch to oxidative 
phosphorylation accompanied by mitochondrial fusion 
and increased morphological complexity. Moreover, a 
transient increase of ROS production can be observed 
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during the transition from the pluripotent toward a dif-
ferentiated state (Lisowski et al. 2018). Preliminary data 
from our lab demonstrates Cx43 localization at mitochon-
dria of mouse ESCs (Fig. 3f). Similarly to the situation 
in cardiomyocytes (Heinzel et al. 2005), mitochondrial 
Cx43 might be involved in regulating ROS production in 
pluripotent stem cells, an important regulator of cellular 
differentiation (Khacho et al. 2016; Schmelter et al. 2006). 
Therefore, mitochondrial connexons could be one impor-
tant mechanistic link how connexins regulate stem cell 
maintenance and differentiation in vitro as well as in the 
embryo in vivo (Fig. 5).

Conclusions

The fact that connexins are expressed in the early embryo 
is known since almost 4 decades and although most people 
would agree that connexins play an important role during 
development, the exact mechanisms are not well understood 
and it is still unclear if connexin expression is necessarily 
required during preimplantation development. Although, the 
early antibody injection experiments suggested an essen-
tial requirement of connexins during development, genetic 
mouse models could not proof that hypothesis. This might 
be due to the presence of maternal transcripts, the redun-
dant function of several simultaneously expressed connexins 
as well as other compensatory mechanisms in the complex 
environment of the embryo. It would be highly interesting to 
investigate if embryos devoid of all gap junction proteins can 
still develop beyond gastrulation. However, as null mutations 
in some connexins expressed at the blastocyst stage display 
an embryonically lethal phenotype (Cx26, Cx43, Cx45) it 
will be difficult to create mice deficient in all relevant con-
nexins by natural cross-breeding.

Pluripotent stem cells and more complex cell culture 
models containing different cell types and mimicking some 
aspects of embryonic development (blastoids, gastruloids, 
and organoids) in combination with multiplex CRISPR/
Cas9-based genome editing might serve as suitable tools 
to create tissue structures devoid of any embryonic connex-
ins and could present an experimental platform to decipher 
the role of connexins in embryogenesis. Moreover, induced 
pluripotent stem cells enable the investigation of connex-
ins in the context of human development and even in cells 
directly derived from patients affected by mutated connexin 
genes.

Finally, changes in cellular metabolism and ROS produc-
tion are more and more recognized as key drivers of cel-
lular differentiation. In this context, it will be important to 
investigate mitochondrial connexins in PSCs and their role 
in controlling cellular metabolism and thereby epigenetics, 
lineage decision and cellular differentiation.
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