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Connexin31.1 (Gjb5) Deficiency Blocks Trophoblast Stem
Cell Differentiation and Delays Placental Development

Mark Kibschull! Keith Colaco,” Elzbieta Matysiak-Zablocki,' Elke Winterhager? and Stephen J. Lye'34

The gap junction channel forming connexins (Cx) Cx31 (Gjb3) and Cx31.1 (Gjb5) are co-expressed in the
mouse trophoblast lineage. Inactivation of either gene results in partial embryonic loss at mid gestation (60%
and 30%, respectively, between embryonic days E10.5and E13.5) caused by placental phenotypes. Cx31
deficiency results in loss of stem cell potential and enhanced trophoblast giant cell (TGC) differentiation,
whereas the molecular role of the co-expressed Cx31.1 remained unclear. It was assumed that both isoforms
have overlapping functions and can compete for each loss in placentation as both knockout mice show similar
survival rates, reduced placental weights, and growth restricted embryos. Instead, here we show that Cx31.1 has
opposed functions in regulating trophoblast differentiation. Cx3/./ deficiency causes a shift in placental sub-
populations, reduced area of fetal blood spaces, and a reduced number of secondary TGC in the junctional zone,
as shown by stereology at E10.5. Cx31.1 is critical for terminal differentiation of trophoblast cells during
placentation resulting in a delayed induction of marker genes Tpbpa, Pri3b1/PI-2, and Ctsq in Cx31.1-deficient
placentas. Derivation and analysis of Cx31/.I-deficient trophoblast stem lines clearly indicates a delayed tro-
phoblast differentiation manifested by repression of marker genes for placental subpopulations and continued
expression of stem cell marker genes /d2 and Ascl2, which is correlated to enhanced proliferation capacity of
differentiating stem cells These findings clarify the disparate actions of Cx31.1 and Cx31 that act in opposition
to balance the fate of trophoblast cells during differentiation, with Cx31.1 promoting, and Cx31 delaying

terminal differentiation.

Introduction

THE PLACENTA IS THE FIRST fetal organ formed during
pregnancy and abnormalities in its development or
function can lead to gestational problems such as spontane-
ous abortion, intra-uterine growth restriction, preeclampsia
or preterm labor. Several studies have demonstrated the im-
pact of intercellular communication mediated by gap junc-
tion channels in trophoblast development and placental
function in mice and humans [1-3]. Gap junctions provide
direct cytoplasmatic communication between adjacent cells
by exchanging ions, second messengers; small metabolites
such as glucose or amino acids, and also small interfering
RNAs through the membrane spanning channel pore [4]. The
connexin multi-gene family comprises 20 members in the
mouse, and regulations in connexin expression levels and
pattern can change gap junctional communication, which
allows coordination of physiological processes like cell
proliferation, growth, homeostasis, differentiation, motility,
and signal transduction [5-7].

The mouse placenta shows a tightly regulated spatio-tem-
poral expression pattern of connexins during trophoblast
differentiation. Gene-deficient mice demonstrated a critical
role for Cx26 (Gjb2), Cx31 (Gjb3), Cx31.1 (GjbS5), and Cx45
(Gjcl) during placental development [1]. The diploid, pro-
liferating cells of the postimplantation trophoblast are char-
acterized by co-expression of the Cx31 and Cx31.1 isoforms.
Both genes cluster in distal mouse chromosome 4 and exhibit
65% amino acid sequence identity suggesting a close evo-
lutionary relationship between both isoforms [8]. Inactivation
of either the Cx3/ or the Cx31.1 gene results in a transient
placental phenotype causing death of 60% (Cx31) or 30%
(Cx31.1) of the concepti between embryonic days (E) E10.5
and E13.5. Both, Cx3] and Cx3].I-deficient placentas re-
vealed reduced weights over gestation and surviving Cx31/ or
Cx31.1-deficient embryos were born growth restricted com-
pared to litter mate controls [9-11]. The Cx3I-deficient pla-
centa revealed an excessive terminal differentiation into
secondary trophoblast giant cells (TGC) in the junctional
zone at the expense of the proliferating spongiotrophoblast
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(SPT) and labyrinthine trophoblast cell populations. The re-
sult is a transient phenotype; whereas 60% of the Cx31-
deficient placentas cannot support the growing embryo
leading to death between E10.5 and E13.5, 40% of placentas
are just developed enough to support the conceptus through
this critical phase. The surviving placentas and embryos,
however, remain growth-restricted throughout pregnancy
[9,10]. The analysis of Cx3I-deficient trophoblast stem cell
(TSC) lines in vitro further showed that the loss of Cx31
changes the temporal differentiation process of trophoblast
cells. Upon differentiation, Cx3I-deficient TSC show an
earlier temporal induction of the Ascl2 (Mash2) gene and
subsequently the SPT marker gene Tpbpa, the syncytio-
trophoblast marker Cx26 (Gjb2), and the TGC marker Prl3d1
(PI-1, placental lactogen 1), compared to wild-type controls,
which indicates an endogenous, enhanced differentiation of
TSC [12]. A recent study analyzing markers for the different
TGC populations, showed that Cx3/-deficient TSC, in par-
ticular, reveal an upregulation of secondary TGC markers
Pri2c2/Plf, PrI3b1/PI-2, and Ctsq [13].

In contrast to the Cx3/-deficient strain, placentas of the
Cx31.1-deficient mice did not show such dramatic structural
alterations. The weight of the Cx31./-deficient placenta was
15% reduced from E11.5 to E18.5, whereas embryonic
weight was significantly reduced about 7%—12% from E16.5
to E18.5, compared to wild-type littermates. In the first
evaluation of Cx31.1 placenta only mild effects on placental
morphology like a more compact SPT layer could be de-
tected, but based on morphology it was not possible to predict
which conceptus will lead to death of the embryos [11]. Due
to the co-expression of both genes, sequence identity, com-
parable survival curves, and reduced placental and embryonic
weight in the individual knockout mice it was assumed that
both connexins fulfill the same functions. Moreover, it was
hypothesized that the loss of either the Cx37 or Cx31.1 gene
can be compensated by the remaining isoform [1].

In the present study, we performed a deeper structural
analysis of the Cx31.I-deficient placenta using stereology,
in situ hybridization, and quantitative polymerase chain re-
action (qPCR). In addition, we generated and analyzed
Cx31.1-deficiecnt TSC lines. Our results counter the previ-
ous compensation hypothesis, by showing that Cx31.1-
deficiency delays placental development by blocking terminal
differentiation of TSC into placental subpopulations. Thus,
Cx31.1 reveals an opposite function to Cx31. These results
suggest a new implication for the co-existence of both con-
nexin isoforms in coordination and balance of trophoblast
differentiation to ensure proper placental development.

Materials and Methods
Animals

Animal experiments were performed at the Toronto Centre
for Phenogenomics, Canada, with ethical approval and
guidelines of the Animal Care Committee according to Ca-
nadian laws. Mice (Mus musculus) were maintained in a
pathogen-free environment with a fixed 12-h/12-h light/dark
cycle with food, and water, ad libitum. Mating was performed
overnight, and noon of the day of plug detection was con-
sidered as E0.5. Cx31.1-deficient mice were obtained from the
laboratory of Dr. K. Willecke, University of Bonn, Germany
[11] and twice crossed with the in-house C57BL/6 strain.
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TSC culture

Isolation of primary mouse embryonic fibroblasts (MEF) and
preparation of mitomycin C arrested feeder layers, and MEF-
conditioned TS medium (TS-CM), was performed as described
before [14]. TSC lines were derived from isolated E3.5 blas-
tocysts as described before [12]. Undifferentiated, feeder-free
TSC lines were cultured in 70% TS-CM, 30% TS medium
[RPMI-1640 (Life Technologies, Burlington, ON, Canada),
20% fetal bovine serum (Thermo Fisher Scientific, Waltham,
MA), 2mM glutamine (Life Technologies), | mM sodium py-
ruvate (Life Technologies), 100 M beta-mercaptoethanol
(Sigma-Aldrich, Oakville, ON, Canada), and 100 pg/mL
penicillin/streptomycin (Lonza, Mississauga, ON, Canada)],
supplemented with 25 ng/mL FGF4 (R&D systems, Minnea-
polis, MI) and 1 U/mL heparin (Sigma). Media were changed
every other day and cells were passaged using TrypLE-Express
(Life Technologies) dissociation reagent. Differentiation of
TSC was induced by culturing cells in TS medium alone
without any supplements.

Proliferation of TSC was measured by a colorimetric 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. TSC were seeded at 40,000 cells in 24 wells
and cultured over 6 days in the undifferentiated or differen-
tiating state. To measure relative cell numbers, MTT (Sigma)
was added at a concentration of 160 pg/mL to the cultures.
After 2 h of incubation at 37°C the medium was removed and
cells lysed by adding 0.5 mL of DMSO, releasing the MTT
reduction product formazan. The amount of fomazan, re-
presenting the relative number of TSC per well, was mea-
sured at a wave length of 570 nm using an InfinateM200ORD
plate reader (Teacan). Measurements were performed in four
technical replicates per day and clone, and data were nor-
malized the first day of measurement (day 0). The linear part
of the growth curves was fitted to assess doubling rates.

RNA isolation and qPCR

Total RNA from frozen tissues was isolated using TRIzol
reagent (Life Technologies). One hundred microgram of
total RNA was incubated with DNase I (Qiagen, Toronto,
ON, Canada) for 15min at room temperature (RT) and
further purified using the RNeasy MinElute Cleanup Kit
(Qiagen) according to the manufacturer’s protocol. Total
RNA from TSC was isolated using the RNeasy Plus Mini
Kit (Qiagen). For production of cDNA, 1pg of RNA was
reverse transcribed using the TagMan Reverse Transcription
Reagents (ABI, Cobourg, ON, Canada) or the iScript Re-
verse Transcription Supermix (Bio-Rad, Mississauga, ON,
Canada). Five nanogram of cDNA was used in a qPCR re-
action in triplicates as described [15] using an Eppendorf
(Mississauga, ON, Canada) realplex2-S mastercycler or a
CFX384 system (Bio-Rad). The relative expression of genes
was determined using the CFX manager 3.0 software (Bio-
Rad) based on the delta-delta-Ct method, with beta-actin,
hypoxanthine phosphoribosyl-transferase 1 (HPRT-1), and
TATA-binding protein (TBP) as reference genes. Specific
primers for PCR amplification (see Supplementary Table S1;
Supplementary Data are available online at www.liebertpub
.com/scd) of placental transcripts were generated using the
primer designing tool website (NCBI, NIH, USA). For qPCR,
primer efficiencies were assessed and specificity of the am-
plicon was assured by melting curve analysis. Statistical
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analysis of gestational profiles for specific marker genes was
performed using the regression method in SPSS 16.0 to ob-
serve significant changes between the wild-type and the
Cx31.1 knockout group; and in addition, a Student’s r-test
was performed to test for significant changes between wild-
type and knockout placentas at individual gestational days.

PCR genotyping and cloning

Isolation of genomic DNA from tail biopsies or TSC and
subsequent PCR reaction was performed using the RED-
Extract-N-Amp™ Tissue PCR Kit (Sigma). Specific primers
for the Gjb5/Cx31.1 locus were used as described recently [11].

To generate plasmids for RNA probe synthesis, fragments for
Tpbpa, Ctsq, and Hand 1, were amplified from placental cDNA
using specific primers (Supplementary Table S1) and the Tag
PCR Master Mix (Fermentas, Thermo Fisher Scientific). Fresh
PCR product was ligated into the pCRII-vector and transformed
into competent E. coli TOPO10 bacteria using the TA Cloning
Kit (Life Technologies). All vectors were verified for sequence
and fragment orientation by sequencing. To generate di-
goxigenin (DIG)-labeled RNA probes, the above con-
structed pCRII plasmids and plasmids pGEM2-PL-1 [16],
pGEM2-PL-2 [17], pGEMI-PIf [18], pBKS-Geml, and
pBSK-Ascl2/Mash2 [19] were linearized, phenol/chloro-
form purified, and in vitro transcribed with T3, T7, or SP6
polymerases following the protocol of the DIG RNA label-
ing Kit (Roche, Mississauga, ON, Canada), or the T7 High
Yield Transcription Kit (Thermo Fisher Scientific). Label-
ing efficiency was assessed by dot blot analysis and probes
were purified using the RNeasy Micro Kit (Qiagen), quan-
tified by spectrophotometry and stored at —80°C.

In situ hybridization

Paraffin sections were rehydrated and treated with 0.2 pg/
mL proteinase K (Roche) in 20 mM Tris-HCl pH 7.2 and 1 mM
EDTA for 30 min at 37°C. After a Smin wash in phosphate
buffered saline (PBS) specimen were postfixed with 4% PFA
for 20 min at RT, each twice washed in PBS and 2 X saline-
sodium citrate (SSC) and incubated in 0.1 M Tris-HCI pH 7.0
and 0.1 M glycine for 30 min at RT. Sections were then overlaid
with 100 pL hybridization buffer containing ~ 10ng of DIG-
labeled probe (optimal concentration was tested for each probe
preparation), 10mM Tris base, 10mM sodium phosphate,
200mM NaCl, 5mM EDTA, 50% formamide, 10% dextran
sulfate, 1 X Denhardt’s solution, 1 mg/mL yeast tRNA, 10 mM
DTT, and 1 mg/mL salmon sperm DNA, pH 7.4. Sections were
covered with Parafilm and incubated in a humidified chamber
at 60°C overnight. The next day specimen were twice washed
for 30 min in 2 X SSC, 50% formamide, and 0.1% Tween20 at
65°C, followed by two washes in MABT (100 mM maleic acid,
150 mM NaCl, and 0.1% Tween20, pH 7.4) for 30 min at RT.
Samples were equilibrated in NTE buffer (10 mM Tris-HCI pH
7.5 and 5mM EDTA) for 5 min at 37°C, followed by incuba-
tion with 20 pg/mL RNase A in NTE for 30 min at 37°C. After a
5 min wash in NTE at 37°C and a wash in MABT for 5 min at
RT specimen were then blocked with 2% blocking reagent
(Roche) in MABT, 0.1% Tween20 for 1 hatRT, followed by an
overnight incubation with a 1:2,000 dilution of the primary
anti-DIG/alkaline phosphatase-conjugated antibody (Roche) at
4°C. The next day, sections were washed four times for 15 min
atRTin MABT, equilibrated with NTMT buffer (100 mM Tris-
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HCI, pH 9.5, 100mM sodium chloride, 50 mM magnesium
chloride, and 0.1% Tween20) and incubated in NTMT plus
2 mM levamisole (Sigma-Aldrich) for 30 min. Color reaction
was performed in NTMT, 2 mM levamisole, 50 mg/mL BCIP,
and 50mg/mL NBT (Roche) for 3h to 2 days at RT. The re-
action was stopped by washes in PBS buffer, followed by
counterstaining with nuclear fast red.

Histology and immunohistochemistry

Samples were fixed in 4% PFA/PBS overnight, paraffin
embedded, sectioned at 7 um, and stained with hematoxylin
and eosin for routine histological analysis as described before
[12]. For Ki67 staining slides were rehydrated and boiled for
20min in 10mM sodium citrate for antigen retrieval. En-
dogenous peroxidase was blocked by 3% hydrogen peroxide
(Fisher) in methanol for 30 min. After blocking in serum-free
protein block solution (DAKO, Mississauga, ON, Canada), a
1:100 dilution of a rabbit anti Ki67 antibody (Thermo Fisher
Scientific) in PBS was applied to the sections and incubated
overnight at 4°C. For visualization a 1:200 dilution of a
biotinylated goat anti-rabbit antibody (Vector Labs, Bur-
lington, ON, Canada) in PBS was applied for 30 min at RT,
followed by a 1:50 dilution of the Avidin/Biotin/horseradish-
peroxidase complex (Vector Labs) for 30 min. Specific sig-
nals were visualized in a colorimetric DAB reaction (DAKO),
which was stopped by a short wash in water. Between all
steps slides were washed thrice for 5min in PBS/0.1%
Tween20. Sections were counterstained with hematoxylin.

For TUNEL staining sections were rehydrated, and incu-
bated in 10 pg/mL proteinase K in PBS for 10 min at RT. After
3 x5 min washes in water, endogenous peroxidase activity was
blocked by 3% hydrogen peroxide in methanol for 30 min,
followed by three washes in PBS. Slides were then blocked
with 2% bovine serum albumin (BSA), 20% newborn bovine
serum in PBS for 15 min, and then preincubated in 1x One-
Phor-All-Buffer (Trevigen, Gaithersburg, MD), 0.1% Triton
X-100 for 10 min at RT. The enzymatic labeling reaction was
performed by addition of terminal desoxynucleotidyl trans-
ferase (TdT) solution containing 10uM biotin-16-dUTP
(Roche), I mM dATP, 4,000 U/mL recombinant TdT enzyme
(Roche) in 1x One-Phor-All-Buffer (Trevigen), and 0.1%
Triton X-100. Slides were incubated for 2h at 37°C, then
washed in PBS and blocked with 2% BSA and 20% NBT in
PBS for 15min. A 1:50 dilution of an Avidin/Biotin/horse-
radish-peroxidase complex (Vector Labs) was added to the
sections and incubated for 90 min at 37°C. After 2 washes in
0.1% Triton X-100 in PBS, a colorimetric DAB reaction
(DAKO) was used to visualize signals. Sections were coun-
terstained with hematoxylin.

Stereology

Slides were scanned with a NanoZoomer digital scanner
(Hamamatsu, Middlesex, NJ) and imported to the Visio-
pharm newCAST™ software program (Horsholm, Den-
mark). Roughly, 25% of each placental section was
randomly counted at 40 X magnification with 30 points per
visual field, representing 2.7 pm> per point/count. A total of
seven sections per placenta were analyzed. Data were
transferred to Excel program and total areas for specific
structures were calculated for each section and averaged per
placenta. To quantify Ki67 staining, 10% of each placental
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section was counted for numbers of Ki67-positive nuclei
and total nuclei per randomly set counting frames. Data
were analyzed using a one-tailed Student’s #-test.

Results
Stereological and immunohistological analysis

To define the altered placental structural organization of
Cx31.1-deficient placentas more precisely, we performed
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stereological analysis using randomized sampling on the
E10.5 placenta. Three wild-type and three Cx31./-deficient
placentas were analyzed, measuring the total area of laby-
rinth, fetal blood space, maternal blood space, labyrinthine
trophoblast, junctional zone, SPT, and parietal TGC (Fig. 1).
In the Cx31.1-deficient mice, the total sizes of placenta (Fig.
1A), labyrinth layer (Fig. 1B), fetal blood spaces (Fig. 1D),
and parietal TGC were statistical significantly reduced.
Interestingly, one of the Cx31.I-deficient placentas (#1,
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Fig. 1I) takes an intermediate position regarding placental
structures between the control group and the two other
Cx31.1-deficient littermates (Fig. 1I) showing a gradual effect
of Cx31.1-deficiency on placental development. The reduc-
tion of individual structures is proportional to the reduction in
total size of placentas, though the knockout placentas are
affected to a different extent; whereas Cx31./-deficient pla-
centa #1 shows an average 96% of the structural dimensions
of the averaged wild-type controls, the value is 83% for
Cx31.1-deficient placenta #2 and 69% for placenta #3.

Altered marker gene expression
in the Cx31.1-deficient placenta

Previous studies demonstrated 30% loss of Cx31.1-
deficient embryos between E10.5 and E13.5 [11]. To eval-
uate whether these structural changes in placentas of
Cx31.1-deficient mice are associated to changes in tropho-
blast lineage differentiation, we performed in situ hybrid-
ization analysis for several trophoblast marker genes on
sections of placental arrays from littermates at E10.5. The
results showed that Cx31.1-deficient placentas exhibited two
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different marker gene expression phenotypes compared to
placentas from wild-type littermate controls (Fig. 2). Spe-
cifically, in one group of Cx31.I-deficient placentas, signals
for Tpbpa, which marks all SPT cells in the placenta from
E10.5 onward (Fig. 2A), was completely absent (Fig. 2B).
These placentas showed also absent signals for secondary
TGC markers Pri3b1/PIl-2 (Fig. 2J, K), and a reduction in
Ctsg-positive TGC in the junctional zone and within the lab-
yrinth layer (Fig. 2M, N). The primary TGC markers Pri3d1/
PI-1 (Fig. 2D, E), and Pri2¢/PIf (proliferin) (Fig. 2G, H) were
present in these placentas, but the TGC layers appeared thinner
compared to wild-type controls. In the second group of
Cx31.1-deficient placentas, there were reduced numbers of
Tpbpa-positive SPT cell clusters (Fig. 3C) within the junc-
tional zone. These placentas had also Pri3b1/PIl-2-positive
TGC (Fig. 2L), though to a lesser extent than the wild-type
littermates (Fig. 2J) and reduced numbers of Ctsg-positive
TGC (Fig. 20). These results may indicate a defect in transi-
tion of trophoblast cells of the ectoplacental cone (EPC) to-
ward SPT cells and subsequently an altered differentiation of
secondary (Prl3b1/PI-2 and/or Ctsq positive) TGC from the
Tpbpa-positive trophoblast cells of this population.
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FIG. 3. Insitu hybridization
for placental transcription fac-
tors. There are no obvious dif-
ferences in the amount or
localization of Handl (A-C),
Ascl2 (D-F), or Geml (G-I)-
positive trophoblast cells in
Cx31.17"" placentas compared
to controls. Ki67 staining (J,
K) and quantification of
Ki67-positive cells (L) reveal
no differences in the number of
proliferating cellsin Cx31.1 ™/~
placentas. TUNEL assay re-
veals only basal apoptosis lev-
els (arrows) in Cx31.17"~ (N,
0), and control placentas (M).
Scale bars represent 100 pm in
A-I; 200pum in J-O. Insets
show higher magnification of
stained areas. D, decidua; L,
labyrinth; S, SPT; arrowheads,
TGC.

There were no obvious changes in expression or locali-
zation of Handl (Fig. 3A-C), Ascl2 (Fig. 3D-F), or Geml
(Fig. 3I)-positive cells in Cx31.1-deficient placentas. There
was no difference in the percentage of Ki67-positive, pro-
liferating cells in the placentas (Fig. 3J-L) and TUNEL
assay showed no signs of apoptosis (Fig. 3M-O) in the
E10.5 placenta.

Next, we performed hybridizations on placental arrays of
surviving concepti at E12.5 and found no obvious changes
in spatial distribution of marker genes. In particular, Tpbpa,
Pri3b1/PI-2, and Ctsg-positive cells were present in the
Cx31.1-deficient placentas of surviving embryos (Supple-
mentary Fig. S1).

Using qPCR we screened expression profiles for tropho-
blast marker genes between gestational days E9.5 and E17.5
(Fig. 4), on randomly picked placentas from several
Cx31.1""~ crossing. The marker gene Tpbpa was down-
regulated over gestation. Statistical analysis of the data us-
ing regression method reveals a significant influence
(P<0.01) of the genotype on Tpbpa expression over the
observed time course (Fig. 4A). As sizes of labyrinth,
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junctional zone, and SPT layers are reduced proportionally
(Fig. 1); the downregulation of markers Tpbpa and Cx31
must be due to a repression/delay on a cellular base rather
than on a shift in placental subpopulations. Cx31/ that is co-
expressed with Tpbpa not only in the SPT, but also in the
labyrinthine trophoblast cells, showed decreased expression
levels over gestation (statistical regression: P <0.001). Ascl2
expression was significantly reduced only at E9.5 (Fig. 4C).
Interestingly, both Cx31 and Ascl2 appear to recover by
E11.5 or E12.5. The secondary TGC marker Pri3bi/PI-2
was significantly reduced at E10.5 (Fig. 4F) and Ctsq at
E9.5 and E10.5 (Fig. 4G), whereas expression levels of both
markers recover afterward comparable to the profiles of
Cx31 and Ascl2. The marker Gjb2 encoding for gap junction
channels protein Cx26, connecting the two syncytiotropho-
blast layers, indicates a reduced functional barrier over
gestation (Fig. 4I). The parietal TGC markers Pri3d1/PI-1
(Fig. 4D) and Pri2¢/PIf (Fig. 4E) are unchanged in the E9.5
or E10.5 placenta but reveal a trend to upregulation
from mid-gestation to the end of pregnancy in surviv-
ing Cx31.17"" placentas. Similarly, the endo-reduplication
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Asterisks indicate statistically significant differences: *P <0.05; **P <0.01; ***P <0.001. PCR, polymerase chain reaction.

marker Cdknlc is persistent at the same time (Fig. 4H),
indicating a right shift in expression patterns of TGC
markers. Altogether, Cx31.I-deficient placentas show a de-
layed and/or reduced expression of marker genes Tpbpa,
Cx31, Ascl2, Pri3bl/Pl-2, Ctsq, and Gjb2/Cx26 during the
early stages of formation of the chorio-allantoic placenta
(E9.5 to E11.5).

Delayed differentiation of Cx31.1-deficient TSC

To perform trophoblast cell lineage analysis, we gener-
ated TSC lines from blastocysts of the Cx31.I-deficient
mouse strain. TSC allow the analysis of trophoblast marker
genes without the influence of fetal (ie, mesenchyme, yolk
sac) or maternal factors (decidua, immune cells). Two
Cx31.1"~ and two Cx31.17'~ TSC lines from the same
preparation were analyzed in parallel using identical batches
of conditioned medium and growth factors. Quantitative
analysis revealed a delayed induction and/or a repression of

expression levels of most analyzed marker genes. Tpbpa
expression in Cx31.1~"~ TSC could first be detected at day
4 of differentiation compared with day 2 in controls (Fig.
5A). Subsequently, induction of the secondary TGC markers
Pri3b1/PI-2 and Ctsq were also delayed and never reached
expression levels of Cx31.17/~ TSC (Fig. 5D, E). Inter-
estingly, Pri3d1/PI-1 and Pri2¢/PIf (Fig. 5B, C) also showed
a delayed induction time and lower expression levels in
Cx31.17"~ TSC compared with controls indicating that
primary TGC derived from TSC are also delayed in differ-
entiation. The syncytiotrophoblast marker Gjb2/Cx26
showed lower expression levels in Cx31.17"~ compared to
Cx31.1™"~ TSC (Fig. 5G) in accordance to results found with
qPCR on placentas (Fig. 4I). Cdknlc showed only a slight}y
shifted profile in Cx31.17'~ compared to Cx31.17"~
TSC (Fig. 5F). The correlation of low level Cdknlc and
Tpbpa expression with low levels of TGC markers is ob-
vious in both Cx31.17/~ TSC lines. Syna (syncytin a), a
regulator for syncytiotrophoblast fusion showed a similar
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TSC lines. Syncytiotrophoblast marker genes Gjb2/Cx26 (G) and Syna

(H) are reduced in Cx31.1~"~ TSC, indicating inhibition in of labyrinthine trophoblast differentiation.

right shift profile (Fig. 5H) compared to Gjb2/Cx26 (Fig.
5G) and Cdknlc (Fig. 5F) though expression levels were not
as strongly repressed. This again indicates a delayed ter-
minal differentiation of Cx37.1~"~ TSC into placental tro-
phoblast populations.

To further define at which point Cx31.7 deficiency affects
TSC differentiation, we analyzed expression patterns of
stem cell marker genes. The early marker Cdx2 (Fig. 6A)
was slightly higher expressed in undifferentiated Cx37.1 /'~
TSC and showed a slower repression pattern during differ-
entiation. /d2 (Fig. 6B) showed a similar pattern, indicating
that the undifferentiated TSC state is only weakly affected
by Cx31.1 deficiency. A strong influence of Cx31.1 defi-
ciency was observed on Cx3/ and Ascl2 expression patterns
(Fig. 6C, D). Both markers showed higher expression levels
and slower repression during differentiation of Cx31.1~/~
compared with Cx37.1*/~ TSC indicating a role of Cx31.1
in transition of the EPC to trophoblast populations in the
chorio-allantoic placenta. Proliferation analysis over a 6-day
time course indicated that during differentiation Cx37.1~'~
TSC remain longer in a proliferative state compared with

Cx31.1"~ controls (Fig. 6E, F), as shown by lower dou-
bling times compared with controls during TSC differenti-
ation (Fig. 6G).

Discussion

In this study, we show that Cx31.1 is critical for terminal
differentiation of trophoblast cells during mouse placental
development. Cx31.1 deficiency delays TSC differentiation
into placental trophoblast subpopulations. As a conse-
quence, formation of the chorio-allantoic placenta is dis-
turbed leading to reduced placental size, and subsequently to
fetal death after E10.5. This is the time frame when the
placenta’s circulation is fully established serving the higher
metabolic demand of the conceptus [20]. The more precise
stereological analysis revealed that the Cx31.1 phenotype is
not a milder phenotype of the Cx3/-deficient placenta as
hypothesized before [1,11]. Cx3/ deficiency enhances ter-
minal differentiation into placental trophoblast subpopula-
tions, whereas Cx31.1 deficiency blocks this process. The
delayed expression of Tpbpa and subsequently the delayed
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onset of Pri3b1/PI-2 and Ctsq at early stages of placentation
(E9.5-E10.5) indicate a delay in the transition of the EPC
into the SPT layer combined with a delayed differentiation
of secondary TGC from this cell population.

Hu and Cross showed that eliminating Tpbpa-positive
precursors, by using an inducible diphtheria toxin A, lead to
dramatically reduced numbers of Tpbpa-expressing cells in
the SPT, reduced placental sizes, and to embryonic death
between E10.5 and E11.5 [21]. The numbers of TGC lining
the spiral artery and canal, but not parietal TGC, were re-
duced. This is in accordance with our results showing that

Pri2¢/Plf and Pri3d1/PI-1-positive parietal TGC are always
present in Cx31.17'~ placentas, but Pri3b1/PI-2-positive
cells, which differentiate later in gestation, are reduced.
Pri3b1/PI-2 replaces Pri3d1/PI-1 around mid-gestation and
it has been shown that the same TGC express first Pri3d1/
PI-1 followed by Pri3bl/PI-2 in the junctional zone [22].
However, newer investigations showed that sinusoidal TGC
within the labyrinth are also Pri3b1/PI-2 and Ctsq-positive
[23]. As Pri3bl/PI-2 and Ctsg-positive TGC appear later in
Cx31.17'~ placentas it appears that differentiation from the
chorionic plate is also inhibited or delayed in the absence of
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Cx31.1. This is supported by the reduced size of the labyrinth
and by the reduced expression of Gjb2/Cx26 and delay of syna
in TSC. A developmental delay in all the placental structures
might indicate that trophoblast cells in Cx31.1’~ placentas
are generally late in differentiation and not yet ready for pla-
cental formation. This mechanism fits the expression pattern of
Cx31.1, which is expressed last at E8.5 in the extra-embryonic
ectoderm and the EPC, but not in the syncytiotrophoblast of
the developing labyrinth. In the SPT, it is repressed after E10.5
[11]. Thus, it seems to have a short effect in placental devel-
opment in promoting the transition of the EPC to SPT and
chorionic ectoderm to labyrinthine trophoblast.

The clearest sign of this changed differentiation in Cx31.1
knockouts is the upregulation of Ascl2 in differentiating
TSC lines. According to current lineage differentiation
models, the delay of Tpbpa induction is caused by an en-
hanced Ascl2 expression [23]. Ascl2 is absent from undif-
ferentiated TSC and expression peaks around day 3 during
differentiation followed by a rapid decline in expression
levels [12]. It has been shown that transiently Asc/2 trans-
fected TSC divide longer during differentiation [24] similar
to Cx31.17'~ TSC. Cx31~'~ TSC instead showed an earlier
induction of Ascl2 and faster repression followed by earlier
induction of Tpbpa and Pri3d1/Pl-1 [12]. Thus, in both
connexin-deficient TSC the induction of TGC markers and
Tpbpa are associated to the expression profile of Asc/2. The
fact that both Cx31~/~ and Cx31.17'~ TSC can be estab-
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lished and that they only revealed their obvious phenotypes
under differentiation shows that both connexins, like Ascl2,
play a role only in the transition of the EPC to SPT after
chorio-allantoic fusion [25]. In fact, the Ascl2™’~ mouse
dies at E10.5 [19]. However, the placental Ascl2™’~ phe-
notype highly resembles the Cx3/ '~ mouse with absence
of a labyrinth and SPT layers [10]. Cx31.1 had only a mild
effect on proliferation associated with increased Cx3/ ex-
pression in the intermediate Ascl2- positive state. In the
placenta itself, no overgrowth could be detected. Thus, the
proliferation might be associated with the changed dif-
ferentiation process rather than a separate effect of gap
junctional communication. Gap junctions are somehow
influencing the Ascl2-positive state during TSC differenti-
ation. However, in the placenta at E10.5 itself no obvious
changes in Ascl2 expression could be observed. This might
be due to the fact that TSC cultures represent a 100% en-
riched population of stem cells, whereas in vivo only indi-
vidual cells in the extra-embryonic ectoderm are true stem
cells. In fact, the markers to identify *‘true”” TSC in vivo are
still unknown. The changed differentiation of individual
TSC in the trophoblast populations might explain the tran-
sient, gradually affected phenotypes of both knockout mice.
We also observed a mild effect on downregulation of TSC
marker /d2 and Cdx2, indicating that delayed differentiation
has already started at the beginning of TSC differentiation
and then ‘“‘arrests’” in the Ascl/2- positive state.
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The major finding of our study is that Cx31.1 has a di-
rectly opposed function to Cx31 on TSC differentiation and
placental development. Cx31 deficiency enhances TSC dif-
ferentiation into placental subpopulations [10,12,13],
whereas the absence of Cx31.1 delays this process. Thus,
both connexins are rather collectively balancing TSC fate by
having opposite regulatory effects on differentiation pro-
cesses than serving the same molecular functions by just
having redundant properties. In this context, it needs to be
considered that the specific phenotypes of the Cx31 or
Cx31.1-deficient mouse are not only caused by a “‘loss of
function” of the particular connexin but also by a “‘gain of
function” of the remaining co-expressed isoform (Fig. 7). It
is plausible that the downregulation of Cx3/ in the
Cx31.17'~ placenta is part of a compensatory effect to re-
duce the “‘over-function’ of Cx31. It would be interesting to
see the impact of a Cx31/Cx31.1 double inactivation on
trophoblast differentiation, placental development, and
physiology of other organs.

Beside the trophoblast lineage, Cx31 and Cx31.1 are also co-
expressed in the epidermal layer of the skin, and in humans,
mutations in the Cx31 gene cause the skin disease erythroker-
atodermia variabilis (EKV) associated with keratinization
disorders of the epidermis [26]. Most of these mutations have
dominant negative effects, which can also negatively influence
properties of the Cx31.1 channels, leading to cell death [27].
Transgenic mice carrying the homoz;;gous human EKV mu-
tation F137L in the Cx31 gene (Cx31""7"#137Ly die in utero
after E7.5, whereas mice heterozygous for this mutation
(Cx31*71371) are viable and fertile [28]. Though the lethal
gestational phenotype of this mouse strain has not been further
investigated yet it points to an early failure in trophoblast lin-
eage differentiation. Also, the gene-dose effect of this mutation
on embryo survival may suggest that the relative amount of
functional Cx31 and Cx31.1 protein is responsible for the
balance in trophoblast differentiation.

There are a few examples that two connexin isoforms
coordinately regulate and balance physiological processes
by potentially having opposite physiological functions. For
instance, in endothelial cells, Cx37 and Cx40 are collec-
tively essential for vascular development [29]. Recently, it
was shown that Cx40 and Cx37 have opposite effects on
postischemic limb perfusion, recovery, and tissue survival in
the same mouse model [30]. Another example is the ex-
pression of Cx31 and Cx43 during preimplantation devel-
opment. Cx31 and Cx43 are the main isoforms expressed in
embryos of several species and it was also thought that these
isoforms might compensate for the loss of each other
[10,31]. In contrast, the Cx31~"~/Cx43~/~ mouse shows
both the known placental Cx3/ ™/~ and the heart Cx43 ™/~
phenotype, but no new or synergistic effects demonstrating
that there are no rescue or compensatory effects of both
connexins [9]. This is another example showing that the
replacement theory for the co-expression of different con-
nexins has to be viewed carefully. It remains to be shown
why the expression of connexins is so strongly regulated in
the embryonic and maternal uterine tissues. Gap junctions
could mediate positional effects for maintenance of stem
cells in the trophoblast lineage by transmitting signals from
the embryo and the decidua. This could be addressed that is,
by micro-dissecting individual cells of the extra-embryonic
or chorionic ectoderm and analyzing its gene expression.

2659

Taken together, our study showed that Cx31.1 is critical for
terminal differentiation of TSC into placental trophoblast
populations and thus, Cx31 and Cx31.1 have opposite func-
tions in regulating mouse trophoblast differentiation and
placental development. This suggests that besides unique and
shared functions co-expressed connexins might also have
antagonistic effects, and thereby collectively balance physi-
ological processes.
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