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Abstract: During embryonic germ layer development, cells communicate with each other and their
environment to ensure proper lineage specification and tissue development. Connexin (Cx) proteins
facilitate direct cell–cell communication through gap junction channels. While previous reports
suggest that gap junctional intercellular communication may contribute to germ layer formation,
there have been limited comprehensive expression analyses or genetic ablation studies on Cxs during
human pluripotent stem cell (PSC) germ lineage specification. We screened the mRNA profile
and protein expression patterns of select human Cx isoforms in undifferentiated human induced
pluripotent stem cells (iPSCs), and after directed differentiation into the three embryonic germ
lineages: ectoderm, definitive endoderm, and mesoderm. Transcript analyses by qPCR revealed
upregulation of Cx45 and Cx62 in iPSC-derived ectoderm; Cx45 in mesoderm; and Cx30.3, Cx31,
Cx32, Cx36, Cx37, and Cx40 in endoderm relative to control human iPSCs. Generated Cx43 (GJA1)
CRISPR-Cas9 knockout iPSCs successfully differentiated into cells of all three germ layers, suggesting
that Cx43 is dispensable during directed iPSC lineage specification. Furthermore, qPCR screening of
select Cx transcripts in our GJA1-/- iPSCs showed no significant Cx upregulation in response to the
loss of Cx43 protein. Future studies will reveal possible compensation by additional Cxs, suggesting
targets for future CRISPR-Cas9 ablation studies in human iPSC lineage specification.

Keywords: human pluripotent stem cells; connexin channels; germ lineage specification; differentia-
tion; CRISPR-Cas9 gene ablation

1. Introduction

The connexin (Cx) family of gap junction-forming proteins facilitates the direct ex-
change of small messenger molecules between adjacent cells. There are 21 distinct connexin
proteins expressed in humans and 20 in mice [1]. Cx proteins form hexameric hemichannels
at the cell surface which dock to those on neighboring cells and facilitate gap junction
intercellular communication (GJIC) [2,3]. Homomeric and homotypic channels arise from
the assembly of a single connexin isoform, while heteromeric and heterotypic channels
involve the intermixing of related connexin isoforms within a single hemichannel or gap
junction channel. Thus, each channel’s gating and specificity are determined by its subunit
composition and Cx isoform topology differences [4–6]. Differential Cx expression in
discrete cell and tissue types enables precise regulation of cell-to-cell communication across
various organs. Moreover, multiple Cxs can be expressed in the same cell types, increasing
communication complexity [7]. This high level of Cx isoform intermixing creates a complex
hierarchy of channel selectivity to exquisitely regulate cell signaling.

The importance of GJIC in human development is exemplified by the numerous
human germline Cx mutations that result in developmental disorders [8]. Cx43 is the
earliest expressed connexin in development, appearing at the 2–4 cell embryo stages and
persists in many adult tissues [9]. In addition to being the first Cx isoform expressed,
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Cx43 is by far the best understood isoform in the early embryo. For example, in the pre-
implantation embryo, Cx43 channel interaction with cadherins is believed to facilitate
the cell–cell contact required for embryo compaction [10,11], although the necessity of
Cx43 for compaction is contested [12,13]. Meanwhile, much less is understood about other
Cxs in the early embryo and during early lineage specification. Human preimplantation
embryos have been reported to express transcripts and proteins for Cx26, Cx31, Cx43, and
Cx45 [13–15]. The loss of Cx26 is embryonic lethal in mice due to defective transplacental
glucose uptake [16]. Meanwhile, loss of Cx43 or Cx45 in mice results in perinatal or
embryonic lethality due to cardiac malformations [17,18]. Human preimplantation embryos
maintain the expression of Cx32 and Cx43 throughout embryonic development. Meanwhile,
Cx26 and Cx45 expression fluctuates during the developmental timeline [19].

Like cells of the early embryo, human and murine stem cells in vitro exhibit connexin
expression and GJIC [20]. Mouse and human embryonic stem cells (ESCs), as well as
induced pluripotent stem cells (iPSCs), are coupled by Cx43, and Cx45 gap junctions [1,12].
Human ESCs also express transcripts for eighteen out of the twenty-one identified connexin
isoforms [13,21]. Inhibiting GJIC significantly decreases iPSC reprogramming efficiency,
while pharmacological GJIC inhibition leads to human iPSC cell death [20,22]. While a
variety of Cxs are expressed in pluripotent stem cells, it is unclear how these Cx channels
affect cell fate decisions and subsequent tissue development.

One of the first cell fate specification events occurs during gastrulation with the emer-
gence of the three embryonic germ layers: ectoderm, mesoderm, and definitive endoderm.
Ectoderm gives rise to the central nervous system and epidermis, while mesoderm forms
musculature and connective tissues, and definitive endoderm is responsible for producing
internal organs, including the pancreas and intestines [23,24]. Dissecting how GJIC con-
tributes to the differentiation of downstream cell types has been challenging. For instance,
human ESC differentiation towards hepatocytes relies on Cx32 expression but is further
promoted by Cx43 downregulation [25,26]. Cx43 is reportedly upregulated during human
ESC differentiation toward endoderm, and continued Cx43 activity promotes differentia-
tion to endoderm-derived pancreatic precursors [27]. However, this reported role of Cx43
in endoderm differentiation is contrasted by the work of Peng and colleagues, wherein
Cx43 knockdown impaired mesoderm formation while endoderm formation remained
unaltered [22]. Therefore, questions remain as to how connexin-mediated intercellular
communication influences lineage specification.

Here, we investigate connexin expression and distribution throughout human pluripo-
tent stem cell differentiation to the three germ layers, focusing on the role of the prototypical
Cx43. Our transcript analysis identified 11 of the 21 Cx isoforms in iPSCs and differential
expression between the three germ layers. Transcripts for Cx45 and Cx62 were enriched in
ectoderm, and Cx45 was elevated in mesoderm, while endoderm displayed increased levels
of Cx30.3, Cx31, Cx32, Cx36, Cx37, and Cx40 transcripts relative to iPSCs. Western blotting
revealed Cx43 protein expression in iPSCs and the three germ layers with heightened Cx43
expression in mesoderm. Cx43 knockout (GJA1-/-) iPSCs, generated using CRISPR-Cas9
gene ablation, maintained characteristics typical of iPSCs and successfully differentiated
into cells of ectoderm, mesoderm, or endoderm lineages. Scrape loading dye transfer
assays with Lucifer yellow and neurobiotin confirmed depleted GJIC across GJA1-/- iPSCs,
ectoderm, mesoderm, and endoderm compared to control cells. Therefore, we conclude
that Cx43-mediated GJIC is not essential during human iPSC lineage specification.

2. Materials and Methods
2.1. Induced Pluripotent Stem Cell Culture

These studies were approved by Newfoundland and Labrador Human Research
Ethics Board #2018.210. Human female control and GJA1-/- iPSCs were obtained through
a material transfer agreement with The University of Western Ontario (London, ON,
Canada) [20,28,29]. Human male iPSCs were purchased from the Coriell Institute (Cat#
GM25256, Camden, NJ, USA). Mono-allelic EGFP insertion behind the endogenous GJA1
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allele of GM25256 iPSCs (Cx43-eGFP) was performed by The Allen Institute for Cell Science
(Cat# AICS-0053 cl.16, Seattle, WA, USA).

Human iPSCs were housed in a humidified 37◦C cell culture incubator supplemented
with 5% CO2 and fed daily with either Essential 8 media (Cat# A1517001, ThermoFisher,
Waltham, MA, USA) or mTeSR Plus (Cat# 100-0276, STEMCELL Technologies, Vancouver,
BC, Canada). Pluripotent stem cells were passaged as small aggregates using Gibco™
enzyme-free cell dissociation buffer (Cat# 13151014, ThermoFisher). Cultureware were
pre-coated for one hour by diluting cold Geltrex (1:100) (Cat# A1413302, ThermoFisher),
according to manufacturer’s instructions in cold DMEM (Cat# 319-015-CL, Wisent, St. Bruno,
QC, Canada).

For experiments requiring passage of single cells, iPSCs were incubated at 37 ◦C in
StemPro Accutase (Cat# A1110501, ThermoFisher). Single cells were re-suspended in media
containing 10 µM of Y-27632 (Cat#10005583, Cayman Chemicals, Ann Arbor, MI, USA) to
promote single-cell survival [30].

2.2. Stem Cell Differentiation

Directed iPSC differentiation toward definitive endoderm, mesoderm, or ectoderm
was performed using the STEMdiff™ Trilineage Differentiation Kit (Cat# 05230, STEMCELL
Technologies), according to the manufacturer’s instructions.

For spontaneous monolayer differentiation, iPSCs were seeded into Geltrex-coated
cell culture vessels containing Essential 6 media (Cat# A1516401, ThermoFisher), which
lacks the crucial pluripotency growth factors TGF-β and FGF2 [31]. Media were changed
every 1–2 days during the spontaneous differentiation process [32], and differentiation was
allowed to progress until day nine before processing.

For spontaneous differentiation via embryoid bodies (EBs), 9000 Accutase-digested
single-celled iPSCs in Essential 6 fortified with 10 µM of Y-27632 were plated into a 96-
well round-bottom plate coated with 1% agarose prepared in deionized water to confer a
non-adherent surface [33,34]. EBs were fed with Essential 6 every other day to promote
spontaneous differentiation.

2.3. Immunofluorescence

Cells were fixed at room temperature for 30 min, with 10% normal buffered formalin
(Cat# CA71007-344, VWR, Radnor, PA, USA). Fixed cultures were incubated in primary and
secondary antibodies (Table 1) diluted in blocking/permeabilization solution (3% BSA (Cat#
800-095-EL, Wisent) and 0.1% Triton™ X-100 (Cat# T8532, Sigma-Aldrich, St. Louis, MO,
USA)). Cells were mounted with #1.5 cover glass with either Prolong™ Diamond Antifade
Mountant (Cat# P36962, Life Technologies, Carlsbad, CA, USA), containing DAPI nuclear
stain or prepared Mowiol 4-88 (Cat# 81381, Sigma-Aldrich) mounting media containing
DABCO antifade compound (Cat# D013425G, Fisher Scientific, Ottawa, ON, Canada), as
described by Cold Spring Harbour [35].

2.4. Confocal Microscopy

Confocal immunofluorescence images were acquired on an Olympus Fluoview FV10i-
W3 confocal microscope (Olympus, Tokyo, Japan) running Fluoview v2.1.1.7 software,
equipped with 60X/1.2 NA and 10X/0.4 NA water immersion lenses, and the follow-
ing lasers to visualize fluorophores: DAPI/Hoechst 33342 (405-nm laser); Alexa Fluor
488/eGFP (473-nm laser); Phalloidin/Alexa Fluor 555 (559-nm laser); and Alexa Fluor 647
(635-nm laser). Laser power and sensitivity were adjusted to visualize immunofluores-
cence and minimize background signal. Additional sample imaging was performed on an
Olympus Fluoview FV1000 confocal microscope fitted with 10X/0.4 NA, 20X/0.75 NA or
40X/0.95 NA lenses and the following lasers: 405 nm, 458 nm, 568 nm, and 633 nm. Images
were analyzed using Fiji open-source software. Images were analyzed, pseudo-colored,
and made into composites with Fiji software [36]. Brightness and contrast were equally
adjusted for optimal visualization in all images using Fiji software. Quantitative analysis of
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protein colocalization was performed with the JACoP plugin for Fiji which reports Manders’
coefficient values, as described in Bolte et al. (2006) [37].

Table 1. Primary and secondary antibodies and dyes used in immunofluorescence.

Target Protein Host Species
or Dye

Antibody Type &
Fluorophore Dilution Cat# & Vendor

Actin Dye Phalloidin (AF555) 1:500 A34055, ThermoFisher

Brachyury Rabbit Primary 1:1000 EPR18113, Abcam
(Cambridge, UK)

Brachyury Goat Primary 1:500 IC2085G, R&D Systems
(Minneapolis, MN, USA)

Connexin43 Rabbit Primary 1:1000 C6219, Sigma-Aldrich
Nestin Mouse Primary 1:500 14-9843-82, ThermoFisher
Nuclei Dye Hoechst 33342 1:1000 H3570, Fisher Scientific
SOX17 Goat Primary 1:500 AF1924, R&D Systems
SOX2 Mouse Primary 1:200 AF2018, R&D Systems
Goat Donkey Secondary (AF555) 1:500 AS32816, ThermoFisher
Goat Donkey Secondary (AF647) 1:500 A21082, ThermoFisher

Mouse Donkey Secondary (AF488) 1:500 A31572, ThermoFisher
Mouse Donkey Secondary (AF555) 1:500 A31570, ThermoFisher
Mouse Goat Secondary (AF647) 1:500 A32728, ThermoFisher
Rabbit Donkey Secondary (AF488) 1:500 A21206, ThermoFisher
Rabbit Donkey Secondary (AF555) 1:500 A31572, ThermoFisher
Rabbit Donkey Secondary (AF647) 1:500 A31573, ThermoFisher

2.5. Western Blotting

Cells were lysed with ice-cold lysis buffer (50 mM Tris-HCl (Cat# M-26956, Fisher
Scientific) pH 8, 150 mM of NaCl, 0.02% NaN3 (Cat# S2002, Sigma-Aldrich), 0.1% Triton X-
100 (Cat# T8532, Sigma-Aldrich), protease inhibitors (2 µg/mL leupeptin (Cat# AAJ6188MB,
Fisher Scientific) and 2 µg/mL aprotinin (Cat# AAJ11388MB, Fisher Scientific)), and the
phosphatase inhibitors (10 mM NaF (Cat# S299-100, Fisher Chemical) and 1 mM Na3VO4
(Cat# 81104, AlfaAesar, Haverhill, MA, USA)). Soluble proteins were separated via SDS-
PAGE and transferred to a 0.45-µm pore nitrocellulose membrane (Cat# 1620115, BioRad,
Hercules, CA, USA). Primary and secondary antibodies were diluted in TBS-T (15.23 mM
Tris-HCl, 4.62 mM Tris-Base, 150 mM NaCl, 0.1% Tween-20 adjusted to pH 7.6) with 3%
nonfat milk (Table 2). Proteins were visualized with Clarity Western ECL Substrate (Cat#
1705061, BioRad) and imaged on a GE ImageQuant LAS 4000 (28 9558 10, GE Healthcare,
Chicago, IL, USA). Quantitative analysis of resolved Western blots was conducted using
Fiji software. Protein expression was normalized to the housekeeping gene GAPDH to
account for protein loading across samples.

Table 2. Primary and secondary antibodies used in western blotting.

Target Host Species Antibody &
Fluorophore Dilution Cat# & Vendor

Brachyury (T) Rabbit Primary 1:1000 ab209665, Abcam
Connexin43 Rabbit Primary 1:2000 C6219, Sigma-Aldrich

GAPDH Mouse Primary 1:5000 MAB374,
Sigma-Aldrich

PAX6 Rabbit Primary 1:1000 ab195045, Abcam
SOX17 Goat Primary 1:1000 AF1924, R&D Systems

Goat Donkey Secondary
(HRP) 1:1000 Mearow Lab

Mouse Goat Secondary
(HRP) 1:1000 31430, ThermoFisher

Rabbit Goat Secondary
(HRP) 1:1000 31460, ThermoFisher
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2.6. RNA Transcript Analysis

RNA extraction was conducted using the PureLink™ RNA Mini Kit (Cat# 12183025,
Thermofisher). Five hundred nanograms of extracted RNA was converted to complemen-
tary DNA (cDNA) using the High-Capacity cDNA Reverse Transcription Kit (Cat# 4368814,
Thermofisher). Quantitative reverse transcription-polymerase chain reaction (qPCR) analy-
sis was performed using intercalating dye technology (ssoAdvanced SYBR green supermix)
(Cat# 1725274, BioRad), according to the manufacturer’s instructions and an annealing
temperature of 60 ◦C. Primer sets were purchased from Integrated DNA Technologies
(Newark, NJ, USA) where catalog information and sequences are listed in Table 3. PCR
reactions were run on a ViiA™ 7 (ThermoFisher) running QuantStudio Real-Time PCR
software version 1.3.

Table 3. Primer sets used in qPCR analyses.

Target Forward (5’-3’) Reverse (5’-3’) Product Size (bp)

FOXA2 Hs.PT.58.22972176
GAPDH TGCTTTTAACTCTGGTAAAG CACTTGATTTTGGAGGGATC 198

GJA1 (Cx43) GGTCTGAGTGCCTGAACTTGCCT AGCCACACCTTCCCTCCAGCA 184
GJA10 (Cx62) AGGCAACTTGAACTAGACCCTT GCCGTAGTTGTACCTAGCCA 197
GJA4 (Cx37) TCAGCACACCCACCCTGGTCT GGATGCGCAGGCGACCATCTT 189
GJA5 (Cx40) CCCAGTATACGAAGCCTTTC TTTGGTATGCTGCTGGTATG 136
GJB1 (Cx32) AGGTCCACATCTCAGGGACA AAGACGGTTTTCTCGGTGGG 199
GJB2 (Cx26) CCCGACGCAGAGCAAAC CAGGGTGCAGACAAAGT 200
GJB3 (Cx31) CACTCTCTGGCATGGCTTCA GTAGGTCGGGCAATGTAGCA 96

GJB4 (Cx30.3) TGTGGTGGACGTACTTGCTG GCGGGGCATGTCATAATCCT 101
GJB5 (Cx31.1) AAACAAGACGACCTCCTTTC CCCTCACAAGATGGTTTTCT 111
GJC1 (Cx45) TACACCGAACTGTCCAATGC TCCCATCCCCTGATTTGCTA 271
GJD2 (Cx36) AGCAGCACTCCACTATGATCG GTAGAGTAGCGGCGTTCTCG 286

MIXL1 GCTTTCAGTTACCCTCCCAGA-
TAAC

GCACAGGAAGTACATAACAA-
GTGC 270

NANOG TGCTGAGATGCCTCACACGGA TGACCGGGACCTTGTCTTCCTT 155
NCAM1 GCCTGAAGCCCGAAACAAC CACTGGGTTCCCCTTGGA 117

NES CTGCGGGCTACTGAAAAGTT TCCAGGAGGGTCCTGTACG 161
PAX6 CAGCTCGGTGGTGTCTTTG CCGTTGGACACGTTTTGATTG 167

POU4F1 (OCT4) TGGGCTCGAGAAGGATGTG GCATAGTCGCTGCTTGATCG 78
SOX17 GAGCCAAGGGCGAGTCCCGTA CCTTCCACGACTTGCCCAGCAT 141

T (Brachyury) Hs.PT.58.1243965

2.7. Dye Transfer Assay

Cell monolayers were scratched with a scalpel and incubated in dye-containing media
(Hoechst 33342 (1:1000) and 0.5 mg/mL of rhodamine B (Cat# D1841, Fisher Scientific),
along with either 1 mg/mL of Lucifer yellow (Cat# L453, Fisher Scientific) or 2 mg/mL
neurobiotin (Cat# VECTSP112020, Cedarlane, Burlington, ON, Canada)) for ten minutes
in the dark prior to fixation. Neurobiotin was visualized using DyLight streptavidin-488
(1:50) (Cat# 405218, Cedarlane).

Fluorescent images of dye transfer in iPSCs, ectoderm, mesoderm, or endoderm were
taken using a Zeiss AxioObserver microscope equipped with an X-Cite Series 120Q lamp
(Excelitas Technologies, Mississauga, ON, Canada). Image acquisition used the 5X/0.12 NA
A-Plan and 10X/0.25 NA Ph1 objectives. Pseudo-coloring, scale calibration, and analysis of
dye transfer was performed with Fiji software [36]. Four or more images were taken per
sample, and ten dye migration measurements made per image. Brightness and contrast
were equally adjusted for optimal visualization in all images using Fiji software.

2.8. Flow Cytometry

Flow cytometry of singularized cells from embryoid bodies was performed on a
CytoFLEX (Beckman Coulter, Brea, CA, USA) flow cytometer. Antibodies were titrated
over a range of concentrations prior to use and the following controls were included in
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all flow cytometry assays: unstained control, fluorescence-minus-one (FMO) controls, and
single-color compensation controls for fluorochromes. UltraComp compensation beads
(Cat# 01-2222-43, ThermoFisher) were used with antibodies raised in mice.

Live single-cell suspensions were labelled with Zombie NIR™ fixable viability dye
(Cat# 423105, BioLegend®, San Diego, CA, USA) diluted at 1:1000 to eliminate dead cells
during the analysis stage. Next, the cells were fixed in 10% normal buffered formalin for
10 minutes at 4 ◦C followed by permeabilization for 15 minutes at room temperature with
Ca2+and Mg2+-free PBS supplemented with 0.5% BSA and 0.1% Triton X-100. Primary
antibodies (used at dilutions according to Table 4) were incubated for 30 min at 4 ◦C in the
dark. Flow cytometric analysis was performed using FlowJo software (version 10.7.1).

Table 4. Antibodies used in flow cytometry.

Target Host Species Fluorophore Dilution Cat# & Vendor

Brachyury (T) Goat AF488 1:50 IC2085G, R&D
Systems

PAX6 Mouse PerCP-Cy5.5 1:200

562388, BD
Biosciences,

Franklin Lakes,
NJ, USA

SOX17 Goat APC 1:200 IC1924A, R&D
Systems

2.9. Statistical Analysis

Statistical analysis and plotting of raw data were performed using Graph Pad Prism
v.8. Graphs presented as ± standard error of the mean (SEM). Unless otherwise stated, n ≥
3 independent biological replicates. Student’s t-test was performed for statistical analysis
between two groups. Larger data sets of three or more groups were analyzed using analysis
of variance (ANOVA) with Tukey’s multiple comparisons test where * p < 0.05, ** p < 0.01,
and *** p < 0.001.

3. Results
3.1. Connexin Isoforms Are Differentially Expressed during Human iPSC Germ Lineage
Specification

Given that aberrant GJIC is linked to numerous diseases [8], we investigated the ex-
pression of 11 connexin isoforms in human control iPSCs and in their subsequent directed
differentiation to the three embryonic germ layers: ectoderm, mesoderm, and definitive endo-
derm (Figure 1 and Table 5). These isoforms were selected based on previous identification in
human PSCs (pluripotent stem cells) or during early lineage restriction [7,21,38]. We differen-
tiated control iPSCs to the three germ layers using the STEMdiff™ Trilineage Differentiation
Kit (STEMCELL Technologies) and compared resulting Cx transcript expression patterns.
Transcripts encoding Cx26, Cx31.1, and Cx43 showed no significant fluctuation across iPSCs,
ectoderm, mesoderm, or endoderm (Figure 1). Ectoderm differentiation was accompanied by
a 1.451 ± 0.3001 fold increase in Cx45 transcripts (p < 0.05) and 30.68 ± 20.94 fold increase
in Cx62 (p < 0.01) transcripts compared to undifferentiated iPSCs (Figure 1). Cx45 was also
significantly increased in mesoderm at 1.681 ± 0.313 fold over iPSCs (p < 0.01), while Cx32 and
Cx36 transcripts were present in undifferentiated iPSCs but decreased to become undetectable
after iPSC differentiation to mesoderm (Figure 1). Interestingly, endoderm differentiation
was accompanied by the upregulation of several connexin species: Cx30.3 increased 6.439 ±
1.963 fold (p < 0.01) in endoderm cells compared to undifferentiated iPSCs, while Cx31 mRNA
expression increased 2.819 ± 1.063 fold (p < 0.01), Cx32 was up 13.63 ± 2.454 fold (p < 0.05),
Cx36 increased 3.964 ± 2.016 fold (p < 0.05), Cx37 was upregulated 5.826 ± 4.144 fold (p <
0.05), and Cx40 transcript was elevated 1.974 ± 0.296 fold (p < 0.01) (Figure 1 and Table 5).
Together, these qPCR screens reveal the exquisite control of connexin isoform expression as
cells are assigned to the three embryonic germ lineages.
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Figure 1. Connexin mRNA expression during human iPSC lineage specification. Quantitative RT-PCR
(qPCR) expression of mRNA transcripts encoding 11 of the 21 human connexin isoforms in human
control (CTL) iPSCs (grey dotted line) and after directed differentiation into ectoderm, endoderm,
and mesoderm. Data represent the standard error of the mean of 3–5 independent experiments. * p <
0.05; ** p < 0.01 compared to undifferentiated iPSCs.

Table 5. Expression patterns of 11 Cx isoforms in control human iPSCs and three germ layers.

Connexin Protein
Connexin

Gene
(Human)

iPSCs Ectoderm Mesoderm Endoderm

Cx26 GJB2 + + + +
Cx30.3 GJB4 + + + + + +
Cx31 GJB3 + + + + + +

Cx31.1 GJB5 + + + +
Cx32 GJB1 + + nd + + +
Cx36 GJD2 + + nd + + +
Cx37 GJA4 + + + + + +
Cx40 GJA5 + + + + + +
Cx43 GJA1 + + + +
Cx45 GJC1 + + + + + + + +
Cx62 GJA10 + + + + + +

Expression relative to iPSCs: + (present–no statistical difference from iPSCs); + + + (present–statistically elevated
from iPSCs), nd (absent–qPCR nondetect).
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3.2. Cx43 Protein Expression Persists throughout Lineage Specification

In line with the broad expression of Cx43 throughout the developing embryo, we
found comparable Cx43 transcript expression across control iPSCs and all three embryonic
germ lineages (Figure 1). Due to the widely reported role of Cx43 in stem cell differentia-
tion [12,20,22,27,29], along with our findings that Cx43 transcripts are similarly expressed
during iPSC lineage commitment, we focused on Cx43 protein expression and function
across cells of the three germ lineages. Confocal microscopy and Western blot analyses of
lineage-specific proteins demonstrate the successful differentiation of iPSCs to ectoderm
(PAX6 or Nestin), endoderm (SOX17), and mesoderm (Brachyury) (Figure 2). Additionally,
immunofluorescence confocal microscopy revealed Cx43 localized as small puncta, indica-
tive of gap junction plaques, at the cellular interfaces of iPSCs and of each embryonic germ
lineage (Figure 2A). Total Cx43 protein was not significantly different across undifferen-
tiated iPSCs, ectodermal, or endodermal cells. However, in contrast to our qPCR results,
iPSC differentiation toward mesoderm cells was accompanied by a significant increase in
Cx43 protein compared to undifferentiated iPSCs (Figure 2B,C).
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Figure 2. Cx43 protein expression and localization in iPSCs and cells of each germ lineage. (A)
Representative immunofluorescent confocal micrographs, demonstrating Cx43 (green) localization in
control iPSCs (SOX2, iPSCs: purple) and after directed differentiation toward the three germ lineages
(Nestin, ectoderm; Brachyury, mesoderm; SOX17, endoderm: purple) and nuclei (Hoechst, nuclei:
blue). Cx43 forms large puncta (white arrows) at the cell surface indicative of gap junction plaques.
Scale bars = 50 µm. (B) Representative Western blots and (C) densitometric analysis of total Cx43
protein expression in PAX6-positive ectoderm, Brachyury-positive mesoderm, and SOX17-positive
endoderm cells. * p < 0.05 compared to undifferentiated iPSCs. Data represent the standard error of
the mean of 3–4 independent experiments.
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3.3. Human iPSCs Tolerate GJA1 CRISPR-Cas9 Editing

Previous studies demonstrated that Cx43 was dispensable for human iPSC survival
and pluripotency gene expression [20]. However, due to the wide expression profile of
Cx43 throughout early development, we sought to determine whether this protein plays a
role in early cell fate specification. In addition to our previously published GJA1-/- (Cx43
knockout) iPSC line [20,28], we utilized Cx43-eGFP reporter iPSCs generated by the Allen
Institute for Cell Science. This reporter line harbors a heterozygous insertion of the Cx43-
eGFP construct at the endogenous GJA1 allele, resulting in iPSCs with one wildtype GJA1
allele and one genetically altered allele expressing Cx43-eGFP (Figure 3A). Importantly,
the Cx43-eGFP iPSCs do not overexpress the reporter construct as the inserted Cx43-eGFP
construct remains under control of the endogenous Cx43 promoter. Western blotting
revealed bands of appropriate size for Cx43 (~43 kDa) in control iPSCs, which is absent in
GJA1-/- iPSCs (Figure 3A). On the other hand, the Cx43-eGFP reporter cell line exhibits two
distinct protein species corresponding to the endogenous Cx43 allele (~43 kDa) and the
Cx43-eGFP knock-in allele (~60 kDa) (Figure 3A). Immunofluorescent confocal microscopy
confirmed Cx43 protein expression at the cell surface in control human iPSCs, where Cx43
forms large puncta at opposing cell membranes (Figure 3B). As expected, punctate staining
patterns are absent in GJA1-/- iPSCs (Figure 3B). Our Cx43-eGFP reporter iPSCs display
comparable Cx43 expression and localization to control iPSCs, exhibiting large plasma
membrane puncta (Figure 3B). Furthermore, we noted no observable difference in cellular
morphology of the edited iPSCs compared to control (Figure 3B). Taken together, these three
human iPSC lines (control, GJA1-/-, and Cx43-eGFP) enable a comprehensive evaluation of
Cx43 during iPSC lineage commitment and differentiation.

3.4. Cx43-eGFP iPSCs Differentiate into All Three Germ Lineages

While the Cx43-eGFP human iPSC line exhibits comparable Cx43 expression levels
and subcellular localization to control cells, it remained important to confirm that these
genetically engineered iPSCs retained the ability to differentiate to the three embryonic
germ layers. To that end, we performed 2-dimensional spontaneous monolayer iPSC differ-
entiation to compare the inherent differentiation potential of the control iPSCs (Figure 4A)
and Cx43-eGFP iPSCs (Figure 4B). Unlike directed differentiation, spontaneous differ-
entiation does not utilize exogenous signals to drive cells toward specific lineages but
instead relies on intrinsic cellular communication to confer fate decisions. Like control
iPSCs, spontaneously differentiated Cx43-eGFP iPSCs successfully produced cells of each
embryonic germ lineage, as identified by Nestin (ectoderm), Brachyury (mesoderm), and
SOX17 (endoderm) expression (Figure 4A,B). Additionally, both control and Cx43-eGFP-
differentiated cells expressed Cx43 across cells of each germ layer and formed the typical
puncta indicative of gap junction plaques (Figure 4A,B).
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Figure 3. CRISPR-Cas9 manipulation of Cx43 (GJA1) in human iPSCs. (A) Representative Western
blots of green fluorescence protein (GFP), Cx43, and GAPDH in control, Cx43 knockout (GJA1-/-), and
Cx43eGFP iPSCs. (B) Immunofluorescence confocal microscopy of Cx43 (green) in control, GJA1-/-,
and Cx43-eGFP iPSCs. Actin (phalloidin, grey); nuclei (Hoechst, blue). Cx43 forms large puncta
(white arrows) at the cell surface indicative of gap junction plaques. Scale bars = 50 µm.
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Figure 4. Control and Cx43-eGFP iPSCs spontaneously differentiate into cells from all three germ
lineages. Representative immunofluorescence confocal micrographs demonstrating Cx43 or Cx43-
eGFP (green) localization in control (A) or Cx43-eGFP reporter (B) iPSCs that underwent spontaneous
differentiation into cells of each germ lineage: ectoderm (Nestin, purple), mesoderm (Brachyury,
purple), or endoderm (SOX17, purple). Nuclei (Hoechst, blue). Cx43 forms large puncta (white
arrows) at the cell surface indicative of gap junction plaques. Scale bars = 50 µm.

3.5. Cx43 Is Dispensable during Lineage Specification

Previous reports using pharmacological gap junction blockers or Cx43 siRNA knock-
down suggest that Cx43 influences human and mouse PSC germ lineage specification [22,27].
To determine whether our GJA1-/- iPSCs exhibit similar germ lineage biases, we directed
both control and GJA1-/- iPSCs to form ectoderm, endoderm, or mesoderm using a com-
mercially available kit (Figure 5). In contrast to previous studies, we found no significant
difference in ectoderm (PAX6; PAX6, NES), mesoderm (Brachyury; T, MIXL1, NCAM1), or
endoderm (SOX17; SOX17, FOXA2) cells differentiated from either control or GJA1-/- iPSCs
(Figure 5). In addition to directed differentiation, we compared the inherent differentiation
preferences of control and GJA1-/- iPSCs using a 3-dimensional embryoid body (EB) model
of spontaneous differentiation (Figure 6). Control and GJA1-/- iPSCs both successfully
self-aggregated and formed EBs of comparable size when cultured in non-adherent cell
culture dishes (Figure 6A). After 14 days of spontaneous differentiation, qPCR and flow
cytometry revealed no significant difference in germ lineage-specific marker expression
in EBs formed using control or GJA1-/- iPSCs (Figure 6B,C). Therefore, as GJA1-/- iPSCs
successfully differentiated into all three germ lineages under both directed and spontaneous
conditions, we conclude that Cx43 does not appear to skew human iPSC germ lineage
specification. Inclusion of additional trophectoderm-containing models, such as gastruloids
or blastoids, would allow future studies to further investigate the influence of Cxs on early
cell signaling events regulating subsequent organization and patterning.



Biomolecules 2022, 12, 15 12 of 21

Biomolecules 2021, 11, x  12 of 21 
 

marker expression in EBs formed using control or GJA1-/- iPSCs (Figure 6B,C). Therefore, 

as GJA1-/- iPSCs successfully differentiated into all three germ lineages under both di-

rected and spontaneous conditions, we conclude that Cx43 does not appear to skew hu-

man iPSC germ lineage specification. Inclusion of additional trophectoderm-containing 

models, such as gastruloids or blastoids, would allow future studies to further investigate 

the influence of Cxs on early cell signaling events regulating subsequent organization and 

patterning. 

 

Figure 5. Cx43 knockout iPSCs successfully differentiate to cells of each germ lineage under directed 

differentiation conditions. Quantitative RT-PCR (qPCR) screen, representative Western blots, and 

densitometry of differentiated control and Cx43 knockout (GJA1-/-) iPSCs. (A) Ectoderm formation 

indicated by presence of NES and PAX6 transcripts and expression of PAX6 protein. (B) Mesoderm 

evaluated by identifying transcripts for T, MILX1, and NCAM1, and expression of Brachyury pro-

tein. (C) Endoderm formation confirmed by FOXA2 and SOX17 transcripts and expression of SOX17 

protein. Data represent the standard error of the mean of 3–4 independent experiments. ns: not sig-

nificant compared to control cells. 

Figure 5. Cx43 knockout iPSCs successfully differentiate to cells of each germ lineage under directed
differentiation conditions. Quantitative RT-PCR (qPCR) screen, representative Western blots, and
densitometry of differentiated control and Cx43 knockout (GJA1-/-) iPSCs. (A) Ectoderm formation
indicated by presence of NES and PAX6 transcripts and expression of PAX6 protein. (B) Mesoderm
evaluated by identifying transcripts for T, MILX1, and NCAM1, and expression of Brachyury protein.
(C) Endoderm formation confirmed by FOXA2 and SOX17 transcripts and expression of SOX17
protein. Data represent the standard error of the mean of 3–4 independent experiments. ns: not
significant compared to control cells.
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Figure 6. Spontaneously differentiated Cx43 knockout iPSCs form cells of all three germ lineages. (A)
Phase contrast images of control and GJA1-/- embryoid bodies, scale bar 500 µm. (B) qPCR and (C)
flow cytometric analyses demonstrate comparable spontaneous differentiation capacities of germ
lineage populations by control and GJA1-/- embryoid bodies (pluripotency, grey; ectoderm, dark blue;
mesoderm, blue; endoderm, light blue). ns: not significant compared to control cells.

3.6. Other Connexin Isoforms Do Not Compensate for the Loss of Cx43 during Lineage
Specification

As described above, many connexin isoforms are expressed in human iPSCs and sev-
eral are dynamically regulated during iPSC fate specification. Given that iPSCs, ectoderm,
mesoderm, and endoderm lineages all tolerate the loss of Cx43 without apparent detriment
(Figure 6), we investigated whether other Cx isoforms are upregulated to compensate for
GJA1 ablation. We found no significant difference in Cx transcript expression between
control and GJA1-/- cells in any of the lineages investigated (Figure 7). Using gap junction-
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permeable dyes, Lucifer yellow (Figure 8A), and neurobiotin (Figure 8B), we performed
scrape loading dye transfer assays to assess gap junction function in control and GJA1-/-
iPSCs as well as the three germ layers. Control iPSCs exhibited an average Lucifer yellow
dye transfer distance of 83.33 ± 6.14 µm and 221.1 ± 30.80 µm for the smaller neurobiotin
tracer. In control ectoderm, we observed dye transfer distances of 50.47 ± 1.77 µm for
Lucifer yellow and 100.90 ± 21.02 µm for neurobiotin. Meanwhile, control mesoderm cells
displayed average dye transfer distances of 70.95 ± 11.59 µm for Lucifer yellow and 145.70
± 7.63 µm for neurobiotin, and, finally, control endoderm-differentiated cells displayed
89.03 ± 16.64 µm Lucifer yellow transfer and 193.40 ± 46.31 µm for neurobiotin. In con-
trast to control cells, GJA1-/- iPSCs cells exhibited significantly reduced dye transfer in
undifferentiated iPSCs, and after differentiation into each germ lineage relative to control
counterparts. Together, these qPCR and dye transfer analyses suggest that GJA1-/- iPSCs do
not upregulate other Cx isoforms to compensate for the loss of Cx43, even when directed
to differentiate toward the three embryonic germ lineages.
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Figure 7. Other connexin isoforms do not compensate for the loss of Cx43 during iPSC lineage
commitment. Quantitative RT-PCR (qPCR) screen of mRNA transcripts encoding 10 of the 21 human
connexin isoforms in ectoderm, mesoderm, or endoderm directed differentiated from control and
GJA1-/- iPSCs. Data represent the standard error of the mean of 4 independent experiments. ns: not
significant compared to undifferentiated control iPSCs.
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Figure 8. Gap junction coupling is lost in Cx43 knockout iPSCs and cells of each germ lineage. Scrape
loading dye transfer assay of control and GJA1-/- iPSCs, ectoderm, mesoderm, and endoderm cells.
(A) Representative fluorescence images of gap junction permeable dye Lucifer yellow (LY) or (B)
neurobiotin. Scale bars = 200 µm. Data represent the standard error of the mean of 3–5 independent
experiments. * p < 0.05; ** p < 0.01, *** p < 0.001 compared to control cells.

4. Discussion

Cell fate decisions are regulated, in part, by connexin-mediated gap junctional inter-
cellular communication [20,29,39]. In this study, we examined the gene expression profiles
for 11 of the 21 reported human Cx isoforms [39–42] in control human iPSCs and after
differentiation toward the three embryonic germ layers. Our transcript analysis revealed
several significant changes for select Cxs in ectoderm, mesoderm, or endoderm specifica-
tion. Previous work in human iPSCs revealed gene expression of Cx25, Cx26, Cx30, Cx30.2,
Cx30.3, Cx31, Cx31.1, Cx31.9, Cx32 [21,43], Cx36, Cx37, Cx40, Cx43, Cx45, Cx46, Cx47, Cx59,
and Cx62 (summarized in Figure 9) [7,38]. On the other hand, only Cx43, and Cx45 have
been identified at the protein level in human ESCs [21,44,45]. Our qPCR screen revealed
expression of Cx26, Cx30.3, Cx31, Cx31.1, Cx32, Cx36, Cx37, Cx40, Cx43, Cx45, and Cx62
in control human iPSCs (Figure 1). Given the Cx expression profile revealed by ourselves
and others, it remains possible that several different connexin isoforms work together to
coordinate cell–cell communication in human iPSCs.

Like previous reports, we find that Cx43 is expressed in undifferentiated iPSCs and
can be readily detected at the protein level in cells from all three germ lineages [22,27]. In
iPSCs and the three germ layers, Cx43 protein localized to the cell surface, forming large
gap junction plaques (Figure 2). Despite continued expression throughout differentiation,
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we find that Cx43 is dispensable for directed germ layer formation. This contrasts with pre-
vious studies which report that Cx43 is upregulated during endoderm differentiation and
downregulated in ectoderm [22,27]. Indeed, the role of Cx43 in germ lineage specification
includes several contrasting reports. Peng et al. 2019 demonstrated that shRNA knockdown
of Cx43 has no impact on endoderm formation, as the knockdown cells were able to express
definitive endoderm markers SOX17, FOXA2, and CXCR4 [22]. On the other hand, Yang
et al. 2019 demonstrate that siRNA-mediated knockdown impedes definitive endoderm
formation from human ESCs. Using CRISPR-Cas9 gene ablation, we find that Cx43 knock-
out iPSCs readily differentiate into all three germ lineages, with no significant difference
from wildtype control cells. These discrepancies between our study and the previously
published reports might result from our use of CRISPR-Cas9 gene editing rather than RNA
interference knockdown methods. However, if that is the case, one would postulate that
our knockout cells would exhibit a greater effect compared to previous knockdown studies.
Another possibility is that other connexin isoforms could be upregulated to compensate for
the loss of Cx43. As reviewed in Figure 9, few studies have investigated the presence of Cx
proteins in iPSCs, and thereby the description of established GJIC in iPSCs remains limited.
Gap junction coupling is commonly evaluated using small dyes and molecules, such as
Lucifer yellow and neurobiotin [28,46]. Passage of these dyes and molecules is largely
governed by channel composition, as it determines pore size, channel shape, and voltage
gating. As such, various tracer dyes have been reported to be more permissible to Cx43
channels than Cx40 or Cx45 [47,48]. To broaden our investigation, we chose to use tracer
dyes, Lucifer yellow and neurobiotin, as these molecules differ in their molecular weight
and charge. Our screen of 10 other connexin isoforms, combined with our dye transfer
experiments indicate that there is no GJIC compensation happening in our system. Future
studies could make use of electrophysiological methods as a more definitive measure of
gap junction coupling in Cx43 knockout iPSCs. Furthermore, future studies will determine
whether the expression of any of the other Cxs not examined here are altered in our Cx43
CRISPR-ablated iPSCs. Finally, there is a growing body of work surrounding internally
transcribed Cx43 isoforms [49]. Our CRISPR gRNAs target the first two thirds of the GJA1
transcript, leaving the possibility of an internally transcribed Cx43 isoform which may
continue to perform non-junctional functions within the cell.

While Cx43 has been well studied, there remains much to learn about the other 20
human Cx isoforms, especially given the link of certain Cxs to developmental processes and
disease. For example, Cx40 mutations are associated with atrial fibrillation [50] and loss
of functional Cx45 channels results in abnormal cardiomyocyte contraction and improper
cardiac development [18]. Cx26 mutations are responsible for nearly half of all hereditary
deafness cases [51], highlighting the importance of gap junctions for tissue function. To date,
limited roles for connexins in stem cell fate decisions have been described. Overexpression
of Cx43 in human ESCs positively mediates cardiac differentiation, while mesenchymal
stem cells deficient in Cx43 exhibit decreased osteoblast differentiation potential [52,53].
Conversely, expression of Cx32 markedly decreases in the early stages of adipose-derived
stem cell differentiation [54]. Interestingly, overexpression of Cx32 and knockdown of
Cx43 promotes hepatocyte differentiation, highlighting the dynamic relationship between
GJIC and cell fate specification [26]. Therefore, it is apparent that Cxs are important for the
maintenance and downstream specification of somatic stem cell populations. Given that
many Cxs isoforms are associated with human disease, understanding how they work at
the cellular level will provide necessary insights into disease pathology but also reveal how
they contribute to cellular differentiation and tissue patterning during development.
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Icon Connexin Protein Connexin Gene  PSCs Ectoderm Mesoderm Endoderm References 

 
Cx25 GJB7 +    

Oyamada, M. et al, 2013 
Huettner, J.E.; et al, 2006 

Ke, Q.; et al, 2013 

 
Cx26 GJB2 + + + + 

Huettner, J.E.; et al, 2006 
Ke, Q.; et al, 2013;  

Fukunaga, I.; et al, 2016 

 
Cx30 GJB6 +  +  

Huettner, J.E.; et al, 2006 
Ke, Q.; et al, 2013 

Leybaert, L.; et al, 2017 
Fukunaga, I.; et al, 2016 

 
Cx30.2 GJC3 +    

Oyamada, M. et al, 2013 
Huettner, J.E.; et al, 2006 

Ke, Q.; et al, 2013 

 
Cx30.3 GJB4 + + + + 

Oyamada, M. et al, 2013 
Huettner, J.E.; et al, 2006 

Ke, Q.; et al, 2013 

 
Cx31 GJB3 + + + + 

Oyamada, M. et al, 2013 
Huettner, J.E.; et al, 2006 

Ke, Q.; et al, 2013 

 
Cx31.1 GJB5 + + + + 

Oyamada, M. et al, 2013 
Huettner, J.E.; et al, 2006 

Ke, Q.; et al, 2013 

 
Cx31.9 GJD3 +    

Oyamada, M. et al, 2013 
Huettner, J.E.; et al, 2006 

Ke, Q.; et al, 2013 

 
Cx32 GJB1 + + - + 

Huettner, J.E.; et al, 2006 
Qin, J.; et al, 2020 

Huettner, J.E.; et al, 2006 

 
Cx36 GJD2 + + - + Huettner, J.E.; et al, 2006 

 
Cx37 GJA4 + + + + 

Oyamada, M. et al, 2013 
Huettner, J.E.; et al, 2006 

Ke, Q.; et al, 2013 

 
Cx40 GJA5 + + + + 

Oyamada, M. et al, 2013 
Huettner, J.E.; et al, 2006 

Ke, Q.; et al, 2013 

 
CX40.1 GJD4 -    Huettner, J.E.; et al, 2006 

 
Cx43 GJA1 + + + + 

Oyamada, M. et al, 2013 
Huettner, J.E.; et al, 2006 
Peng, Q.; et al, et al, 2018 

Yang, W.; et al, 2019 
Ke, Q.; et al, 2013 
Qin, J.; et al, 2020 

Wong, R.C.; et al, 2004 

 
Cx45 GJC1 + + + + 

Oyamada, M. et al, 2013 
Huettner, J.E.; et al, 2006 

Ke, Q.; et al, 2013 
Wong, R.C.; et al, 2004 

 
Cx46 GJA3 +    

Oyamada, M. et al, 2013 
Huettner, J.E.; et al, 2006 

Ke, Q.; et al, 2013 

 
Cx47 GJC2 +    

Oyamada, M. et al, 2013 
Huettner, J.E.; et al, 2006 

Ke, Q.; et al, 2013 

 
Cx50 GJA8 -    Huettner, J.E.; et al, 2006 

 
Cx59 GJA9  +    

Oyamada, M. et al, et al, 2013 
Huettner, J.E.; et al, 2006 

Ke, Q.; et al, 2013 

 
Cx62 GJA10 + + + + 

Oyamada, M. et al, 2013 
Huettner, J.E.; et al, 2006 

Ke, Q.; et al, 2013 
+ (present) 
- (absent) 

Blank cells signify no data 

Figure 9. Human connexin expression profiles described in literature and this study. Human plu-
ripotent stem cells express Cx40.1 [21] and Cx50 [21]. Cx23 expression in pluripotent stem cells
and the three germ layers has not yet been characterized. Our study shows control iPSCs and the
three germ layers express mRNA transcripts for Cx26 [21,38,51], Cx30.3 [7,21,38], Cx31 [7,21,38],
Cx31.1 [7,21,38], Cx37 [7,21,38], Cx40 [7,21,38], Cx43 [7,21,22,27,38,43–45], Cx45 [7,21,38,45], and
Cx62 [7,21,38]. Significant increases were viewed for mRNA transcripts of Cx62 in ectoderm; Cx45
in ectoderm and mesoderm; and for Cx30.3, Cx31, Cx32, Cx36, Cx37, and Cx40 in endo-derm.
Transcripts for Cx32 and Cx36 were not detected in mesoderm.
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Implantation of the human embryo is followed by dramatic spatial rearrangements,
such as those viewed during gastrulation. Large spatial rearrangement of post-implantation
mouse embryos has been shown to be driven by positional cues passed between the em-
bryonic epiblast and the extraembryonic trophectoderm [55,56]. Introducing newer, more
sophisticated model systems into future studies would give a more accurate investigation
of signaling processes occurring in vivo. The addition of blastoid and embryoid models
would complement this study, through the inclusion of influential trophectoderm spe-
cific Cx-mediated signals [57,58]. Furthermore, models, such as gastruloids, would add
spatioaxial signals possibly lacking in our current embryoid body models [59].

Several reports dispute the role of Cxs in the establishment, survival, and maintenance
of human PSCs [7,20,22,29,38,60–62]. For example, dye transfer assays demonstrate the
reestablishment of GJIC during iPSC reprogramming [62], and siRNA knockdown of either
Cx43 or Cx45 has been shown to negatively impact iPSC reprogramming efficiency [38,60].
Furthermore, ectopic expression of Cx43 and Cx45 enhances iPSC reprogramming effi-
ciency [29,38,60,63,64]. However, while broad-spectrum GJIC pharmacological inhibition
via carbenoxolone kills human iPSCs, it appears that this occurs independently from Cx43
as our GJA1-/- iPSCs exhibit comparable morphology and survival in culture relative to
control iPSCs (Figure 3) [20]. Comprehensive evaluation of how different Cx isoforms
contribute to human PSC survival and potency will help resolve these discrepancies. Addi-
tional studies using precise genetic ablation of various connexin isoforms, rather than broad
pharmacological blockade, will clarify the role played by Cxs in regulating the self-renewal
and differentiation capacity of human pluripotent stem cells.

5. Conclusions

In conclusion, we present the differential transcript expression for 11 of the 21 Cx
isoforms in iPSCs and the three germ layers. Despite significant upregulation of several
Cx transcripts in various germ lineages, along with significant upregulation of Cx43 pro-
tein in mesoderm, we conclude that Cx43-mediated GJIC is dispensable during lineage
specification of human iPSCs.
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