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Abstract The present study was set up to investigate the
fate of connexin32 and its channels in hepatocellular
apoptosis. Primary hepatocyte cultures were exposed to Fas
ligand and cycloheximide, and modifications in connex-
in32 expression and localization, and gap junction
functionality were studied. We found that gap junction
functionality rapidly declined upon progression of cell
death, which was associated with a decay of the gap
junctional connexin32 protein pool. Simultaneously, levels
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of newly synthesized connexin32 protein increased and
gathered in a hemichannel configuration. This became
particularly evident towards the end stages of the cell death
process and was not reflected at the transcriptional level.
We next either silenced connexin32 expression or inhibited
connexin32 hemichannel activity prior to cell death
induction. Both approaches resulted in a delayed termina-
tion of the cell death response. We conclude that
connexin32 hemichannels facilitate the apoptotic-to-
necrotic transition, which typically occurs in the final stage
of hepatocellular apoptosis.
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Abbreviations

Ac-DEVD-AFC  Acetyl-Asp-Glu-Val-Asp-7-amino-4-
trifluoromethylcoumarin

ATP Adenosine triphosphate

CHX Cycloheximide

Cx Connexin

FasLL Fas ligand

FRAP Fluorescence recovery after
photobleaching

GAPDH Glyceraldehyde-3-phosphate
dehydrogenase

GJIC Gap junctional intercellular
communication

HBSS-Hepes Hank’s balanced salt solution
supplemented with Hepes

LDH Lactate dehydrogenase

PbAEL1 1,4-Butanediol diacrylate-based
poly-beta-aminoester

PBS Phosphate-buffered saline solution
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PBSD™ Divalent ion-supplemented PBS

gRT-PCR Quantitative real-time reverse
transcriptase-polymerase chain reaction

siRNA Small interfering RNA

TBS Tris-buffered saline solution

Introduction

Liver homeostasis basically relies on the critical balance
between cell growth, cellular differentiation and cell death.
The latter mainly occurs through apoptosis, a well-
orchestrated process that depends on the molecular actions
of caspase proteins [1]. One of the most prominent sig-
naling pathways that drives apoptosis in liver is initiated by
binding of a specific subset of ligands, such as the Fas
ligand (FasL), to their corresponding receptors at the cell
membrane surface. Hepatocytes strongly express the Fas
receptor, and its ligand binding results in the induction of
caspase 8. Activated caspase 8 then triggers caspase 3,
which subsequently cleaves a broad spectrum of cellular
proteins, giving rise to the apoptotic phenotype [2, 3]. In
normal liver, the prevalence of apoptosis is very low,
affecting 0.05-0.1% of all liver cells in rodents [4]. During
a variety of liver pathologies as well as upon exposure to
hepatotoxicants, however, apoptotic activity drastically
increases, which is frequently associated with elevated
FasL levels [2, 3].

Gap junctions are indispensable gatekeepers of liver
homeostasis. These communicating cell junctions mediate
the direct intercellular exchange of small and hydrophilic
molecules (e.g., second messengers), a flux called gap
junctional intercellular communication (GJIC). Gap junc-
tions are composed of two hemichannels, so-called
connexons, of neighboring cells, which in turn are built up
by six connexin (Cx) subunits. More than 20 mammalian
connexins have so far been characterized and they are
named according to their molecular weight. Connexin
species known to be expressed in human and rodent liver
include Cx32, Cx26, Cx43, Cx40, Cx37, Cx39, and
Cx31.9/Cx30.2. Among these, Cx32 constitutes about 90%
of the total hepatic connexin amount and is abundantly
expressed by hepatocytes. Cx32-based gap junctions have
been repeatedly found to act as key players in charge of
hepatocyte proliferation and functioning [5, 6]. Their
contribution in the occurrence of hepatocyte cell death,
however, has so far been poorly documented [6, 7].

Overall, conflicting results have been published with
respect to the role of gap junctions in apoptosis, as some
groups observed a positive correlation between GJIC and
apoptotic activity, whereas others showed that gap junctions
rather counteract this process [5, 8, 9]. To make the picture

even more complicated, accumulating evidence points to
the participation of hemichannels in apoptotic cell death.
Hemichannels have long been considered as merely struc-
tural precursors for gap junctions, but a large body of
compelling evidence now clearly demonstrates that
connexons themselves also provide a pathway for com-
munication, albeit between the intracellular compartment
and the extracellular environment [5, 9-11]. Although a
limited number of reports have described cytoprotective
functions for hemichannels [11, 12], the vast majority of
currently available data indicate that connexons are actively
involved in the spread of apoptosis [9-11, 13-17].

The present study was set up to investigate the role of
Cx32 and its channels in Fas-mediated hepatocyte cell
death. We addressed primary hepatocyte cultures as an
experimental setting, as this system allows the monitoring
of the entire time course of apoptosis. Indeed, apoptotic
hepatocytes are barely detectable in vivo, as they are too
rapidly engulfed by neighboring phagocytes [18-20]. We
provide an in-depth scenario of the FasL-induced changes
in hepatocellular Cx32 expression, localization, and func-
tion. We demonstrate for the first time the presence of
Cx32 hemichannels in hepatocytes, and we concomitantly
show that they are actively involved in the late phases of
Fas-mediated cell death.

Materials and methods
Chemicals and reagents

FasL (produced in HEK293 cells and similar to natural
human FasL) and cycloheximide (CHX) came from Alexis
(Switzerland) and Sigma (Belgium), respectively. Acetyl-
Asp-Glu-Val-Asp-7-amino-4-trifluoromethylcoumarin
(Ac-DEVD-AFC) was purchased from Merck (Belgium).
Propidium iodide, Hoechst 33342 and calcein—acetoxy-
methyl ester were from Invitrogen (Belgium), whereas
Annexin V Fluos and Annexin V Alexa 568 were obtained
from Roche (Germany). The *?Gap27 peptide
(SRPTEKTVFT) was synthesized by Thermo Fisher Sci-
entific (Germany). The 1,4-butanediol diacrylate-based
poly-beta-aminoester (PbAE1) was synthesized as descri-
bed elsewhere [21]. All other chemicals were commercially
available products of analytical grade and were supplied by
Sigma, unless specified otherwise.

Hepatocyte cultivation and cell death induction

Procedures for the housing of rats, and isolation and cul-
tivation of hepatocytes were approved by the local ethical
committee of the Vrije Universiteit Brussel (Belgium).
Male outbred Sprague-Dawley rats (Charles River
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Laboratories, Belgium) were kept under controlled envi-
ronmental conditions with free access to food and water.
Hepatocytes were isolated by use of a two-step collagenase
method, and cell viability was assessed by trypan blue
exclusion [22]. Viable (>85%) hepatocytes were plated at
a density of 0.56 x 10° cells/cm? in William’s medium E
(Invitrogen, Belgium) supplemented with 7 ng/ml gluca-
gon, 292 mg/ml L-glutamine, antibiotics (7.33 L.LE./ml
sodium benzyl penicillin, 50 pg/ml kanamycin monosul-
fate, 10 pg/ml sodium ampicillin, 50 pg/ml streptomycin
sulfate) and 10% v/v fetal bovine serum. After 4 and 24 h,
the cell culture medium was removed and replaced by
serum-free medium supplemented with 25 pg/ml hydro-
cortisone sodium hemisuccinate and 0.5 pg/ml insulin
(hepatocyte culture medium). Cell death was induced 44 h
post-plating by renewal with hepatocyte culture medium
containing 200 ng/ml FasL and 2 pg/ml CHX. Sampling
was performed at the start of cell death induction, and at 2,
4, and 6 h thereafter.

Gene silencing by small interfering RNA (siRNA)

Cx32 expression was suppressed by siRNA treatment with
On-target plus smart pool siRNA (accession number
NM_017251) from Dharmacon (Belgium) containing a
mixture of four siRNA duplexes directed against rat gjbl.
Preparation of PbAE1/siRNA complexes (N:P ratio 50:1)
was carried out as previously described [21]. The siRNA
transfection was started 4 h after cell seeding by replacing
the initial culture medium by hepatocyte culture medium
containing the PbAE1/siRNA complexes (final siRNA
concentration 100 nM). After 4 h, the culture medium was
removed and replaced by regular hepatocyte culture med-
ium. The hepatocyte culture medium was renewed once
more (16 h post-transfection) prior to cell death induction
(44 h post-plating). Experiments using non-targeting
siRNA (Dharmacon, Belgium) were performed in parallel.

Determination of the apoptotic and necrotic indices

Hepatocyte cultures were washed twice with phosphate-
buffered saline solution (PBS) containing 1.2 mM CaCl,
and 340 uM MgCl,.6H,O (PBSD™). Subsequently, cells
were stained with 2% v/v Annexin V Fluos, 3 ng/ml
Hoechst 33342 and 1 pg/ml Propidium iodide in Annexin
V buffer (140 mM NaCl, 5 mM CaCl,, 10 mM Hepes) for
15 min at room temperature. Culture dishes were thereafter
rinsed with PBSD™ and subjected to fluorescence micros-
copy (Nikon, Japan). At least five images per culture dish
were taken. The number of cells, positive for the concerned
marker, was counted in each image and expressed relative
to the total number of nuclei present.

Measurement of caspase 3-like activity

Caspase 3-like activity in primary hepatocyte cultures was
measured fluorometrically by using the Ac-DEVD-AFC
substrate as described elsewhere [23]. The enzyme activity
was expressed as nmol AFC/min x pg protein.

Measurement of lactate dehydrogenase (LDH) leakage

Hepatocyte membrane damage was evaluated by determi-
nation of the LDH index [24], using a commercially
available kit (Merck, Germany). The LDH index was cal-
culated by the following equation: (100 x LDH activity in
supernatant)/[LDH activity in (supernatant + cells)].

Fluorescence recovery after photobleaching (FRAP)

For FRAP analysis, cultured hepatocytes were loaded
with 10 pM calcein—acetoxymethyl ester in Hank’s bal-
anced salt solution buffered with Hepes (HBSS—Hepes;
0.81 mM MgS0,.7H,0, 0.95 mM CaCl,.2H,0, 137 mM
NaCl, 0.18 mM Na,HPO,.2H,0, 5.36 mM KCl,
0.44 mM KH,PO,, 5.55 mM bp-glucose, 25 mM Hepes)
for 30 min at room temperature. In order to detect and
thus to specifically study apoptotic cells, hepatocytes
were stained with 2% v/v Annexin V Alexa 568 in
Annexin V buffer for 15 min at room temperature. After
extensive rinsing, cultures were kept for 10 min in
HBSS-Hepes. Fluorescence within a single cell was
photobleached by 1 s spot exposure to 488 nm Argon
laser light, and dye influx from neighboring cells was
recorded over the next 5 min with a x40 water immer-
sion objective (Nikon, Japan). Fluorescence in the
bleached cell was expressed as the percentage recovery
relative to the prebleach level. At least six cells per
culture dish were examined.

Measurement of extracellular adenosine triphosphate
(ATP)

ATP was measured using a commercial luciferin/luciferase
assay kit (Sigma). Briefly, cultured hepatocytes were
washed with divalent-free buffer (137 mM NaCl, 0.18 mM
Na,HPO,.2H,0, 5.36 mM KCl, 0.44 mM KH,PO,, 4 mM
ethylene glycol tetra-acetic acid, 5.55 mM b-glucose,
25 mM Hepes) and incubated for 2.5 min with divalent-
free buffer at room temperature. For baseline measure-
ments, divalent-free buffer was replaced by HBSS—Hepes.
After 2.5 min, ATP assay mix in HBSS—-Hepes was added
and luminescence was measured. ATP release was
expressed as the percentage of ATP release triggered by
divalent-free medium.
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Cell surface biotinylation assay

Cell surface connexins in cultured hepatocytes were bio-
tinylated and isolated using a commercially available kit,
according to the manufacturer’s instructions (Pierce, USA).
Protein concentrations were determined according to the
Bradford procedure [25], using a Bio-Rad protein assay kit
(Bio-Rad, Germany) and Cx32 immunoblot analyses were
performed as described hereafter.

Western blotting

For preparation of total protein lysates, cultured hepato-
cytes were washed with ice-cold PBS, scraped with
Laemmli buffer (125 mM Tris, 80 mM sodium dodecyl
sulfate, 10% v/v glycerol) and sonicated on ice for 30 s.
For separation of Triton X-100 soluble and Triton X-100
insoluble fractions, cultured hepatocytes were washed with
ice-cold PBS, and were harvested in cold 1% v/v Triton
X-100 in PBS supplemented with 50 mM sodium fluoride,
1 mM sodium orthovanadate, 1% v/v protease inhibitor
cocktail (Sigma), 1% v/v phosphatase inhibitor cocktail
(Sigma), and ethylenediamine tetra-acetic acid-free pro-
tease inhibitor cocktail (Roche, Germany). Separation into
Triton X-100 soluble and Triton X-100 insoluble fractions
was performed by centrifugation at 16,060g at 4°C for
10 min. Triton X-100 insoluble fractions were resus-
pended in Laemmli sample buffer and sonicated on ice for
30 s. Protein concentrations were determined according to
the Bradford procedure [25], using a Bio-Rad protein
assay kit (Bio-Rad). Proteins were fractionated on sodium
dodecyl sulfate polyacrylamide and blotted afterwards
onto nitrocellulose membranes (Amersham, UK). Block-
ing of the membranes was performed with 5% w/v non-
fatty milk in Tris-buffered saline solution (TBS; 20 mM
Tris, 135 mM NaCl) containing 0.1% v/v Tween 20.
Membranes were incubated overnight at 4°C with a
polyclonal anti-rat Cx32 antibody (Sigma) followed by
incubation for 1 h at room temperature with a horseradish
peroxidase-conjugated goat anti-rabbit IgG (Dako, Den-
mark). Excessive antibody was removed by washing the
membranes in Tween-supplemented TBS. Detection of the
proteins was carried out by means of an enhanced
chemiluminescence western blotting system (Amersham).
For semi-quantification of the results of the Cx32 locali-
zation experiments (Triton X-100 insoluble fraction and
biotinylated cell surface fraction), Cx32 blots were scan-
ned and analyzed using the Quantity One software (Bio-
Rad), and signals at indicated time points were expressed
as fold change of the Cx32 signal at the start of cell death
induction. For semi-quantification of the results of the
Cx32 expression experiments, Cx32 blots were further

incubated with a monoclonal anti-mouse glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) antibody (Abcam,
UK), whereby Cx32 signals of treated (cell death) cultures
were normalized to the corresponding GAPDH signals and
were expressed as fold change of the normalized Cx32
signals in untreated (control) cultures.

Immunocytochemistry

Hepatocytes, grown on glass coverslips, were fixed for
10 min with ice-cold ethanol (70% v/v). Following rehy-
dration with PBS, cells were permeabilized with 0.1% v/v
Triton X-100 and blocked with 0.1% w/v non-fatty milk,
each for 30 min. Cells were then incubated with a poly-
clonal anti-rat Cx32 antibody (Sigma) for 2 h, washed with
PBS, and exposed to a fluorescein isothiocyanate-
conjugated donkey anti-rabbit antibody (Jackson Immu-
noresearch Laboratories, USA) for 45 min. After extensive
rinsing with PBS, samples were mounted with Vectashield
containing diamidinophenylindole (Vector Laboratories,
USA). Detection was performed by fluorescence micros-
copy (Leica DMR/XA, Germany) at x630 magnification.
For negative controls, an identical procedure was followed,
but the primary antibody was omitted (data not shown).

Quantitative real-time reverse transcriptase-polymerase
chain reaction (qQRT-PCR)

Total RNA extraction from primary cultured hepatocytes,
cDNA synthesis and qRT-PCR analysis were performed as
previously described [26]. Gene expression mixes for Cx32
(accession number NM_017251.2), GAPDH (accession
number NM_017008.3), beta-actin (accession number
NM_031144.2) and 18S rRNA (accession number
X03205.1) were from Applied Biosystems (USA) with assay
ID Rn01641031_s1, Rn99999916_s1, Rn00667869_m1 and
Hs99999901_s1, respectively. At indicated time points,
Ct-values of Cx32 were normalized to those of GAPDH,
beta-actin and 18S rRNA for both the test samples (treated
cultures) and the calibrator samples (untreated cultures).
The resulting ACt-values of the test samples were then
normalized to those of the calibrator samples, yielding
AACt. Relative alterations (fold change) in mRNA levels
were calculated according to the formula 2~ A4V,

Statistical analysis

Data were expressed as mean =+ standard deviation of at
least three independent experiments (n > 3). Results were
evaluated by one-way ANOVA (repeated measures when
appropriate), followed by post hoc Bonferroni tests.
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Results

Characterization of the cell death response induced
by FasL/CHX

To induce cell death, cultures of hepatocytes were exposed
for 6 h to FasL (200 ng/ml) and CHX (2 pg/ml), a potent
inhibitor of protein synthesis which has been shown to
potentiate Fas-mediated cellular responses [27, 28]. Char-
acterization of the cell death response was carried out by
combined in situ stainings with Annexin V, Hoechst 33342
and Propidium iodide (Fig. la—c). An early event during
the commitment of cells to apoptosis is the externalization
of phosphatidyl serine in the cell plasma membrane, a
process that can be monitored by the phospholipid binding
protein Annexin V [29]. In the current experimental

B
S O
i

Annexin V positive cells (%) >
w
<<

time (h)

Hoechst 33342 positive cells (%) =

Propidium iodide positive cells (%) ()

time (h)

Fig. 1 Characterization of the cell death response induced by FasL/
CHX in hepatocytes. Primary hepatocytes were cultivated and cell
death was induced as specified in “Materials and methods”. In a
parallel set of experiments, cells were treated with Cx32 siRNA or
*2Gap27 prior to cell death induction. At indicated time points, cells
were stained with Annexin V, Hoechst 33342, and Propidium iodide,
and subjected to light microscopy and fluorescence microscopy. At
least five images per culture dish were taken. The number of cells
positive for a Annexin V b Hoechst 33342 and ¢ Propidium iodide
was counted in each image and expressed relative to the total number

setting, however, the number of Annexin V-positive
hepatocytes only significantly (p < 0.05) increased after
6 h of exposure to FasL/CHX (Fig. la). In a subsequent
stage of apoptosis, cells display chromatin fragmentation
and condensation, which can be detected by the DNA
intercalating dye Hoechst 33342 [19, 29]. These hallmarks
progressively appeared in our experimental setting, thus
demonstrating the deleterious outcome of FasL/CHX
(Fig. 1b). Late apoptotic cells typically switch to a rather
necrotic appearance, which is associated with disruption of
the cell plasma membrane. Propidium iodide only enters
cells that have lost cell plasma membrane integrity and
thus specifically stains cells undergoing the apoptotic-to-
necrotic transition [29]. In line with this, Propidium iodide-
positive counts significantly (p < 0.001) peaked after 6 h
of exposure of hepatocytes to FasL/CHX (Fig. 1c).

[] control

I 200 ng/ml FasL + 2 pg/ml CHX

[] Cx32 siRNA + 200 ng/ml FasL + 2 ug/ml CHX
32Gap27 + 200 ng/ml FasL + 2 pug/ml CHX

[] control

Il 200 ng/ml FasL + 2 pg/ml CHX

[ ] Cx32 siRNA + 200 ng/ml FasL + 2 pg/ml CHX
B 2Gap27 + 200 ng/ml FasL + 2 pg/ml CHX

[] control

Il 200 ng/ml FasL + 2 pg/ml CHX

[7] Cx32 siRNA + 200 ng/ml FasL + 2 pg/ml CHX
B 32Gap27 + 200 ng/ml FasL + 2 ug/ml CHX

of nuclei present. Data are expressed as mean =+ standard deviation of
six independent experiments. Results were evaluated by one-way
ANOVA followed by post hoc Bonferroni tests. Asterisks indicate
significant differences compared with the corresponding “control”
(untreated) condition per indicated time point (¥p < 0.05,
**p < 0.01, ***¥p < 0.001). Number signs indicate significant differ-
ences compared with the corresponding “200 ng/ml FasL + 2 pg/ml
CHX” (cell death) condition per indicated time point (##p < 0.01,
##p < 0.001)
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To further quantify the cell death response, both apop-
tosis and necrosis were recorded at the activity level.
Apoptosis was measured by using Ac-DEVD-AFC, a pro-
totypical, though not exclusive, caspase 3 substrate [19],
whereas necrotic activity was assessed by determination of
the LDH index, a cytosolic enzyme that leaks into the cell
culture medium upon disrupture of the cell plasma mem-
brane [24] (Fig. 2a-b). Caspase 3 activation was previously
reported to be a reliable and sensitive marker of apoptosis
in primary hepatocytes [18]. Indeed, this parameter already
significantly (p < 0.05) increased after 2 h and reached a
maximum after 4 h (Fig. 2a). By contrast, the LDH index
only significantly (p < 0.001) increased 6 h after cell death
induction (Fig. 2b).

Effects of FasL/CHX on Cx32 expression,
localization and function

We used FRAP analysis to analyze the functional state of
the gap junctions between the hepatocytes following the
induction of Fas-mediated cell death (Fig. 3a—b). Photo-
bleaching was directed in these experiments to Annexin
V-positive hepatocytes. We found a continuous decrease in
cell—cell dye coupling during the 6 h observation period,

500 -

nmol AFC/min x pg protein >

time (h)

=

LDH index (%)

time (h)

Fig. 2 Modulation of apoptotic and necrotic activities during cell
death induced by FasL/CHX in hepatocytes. Primary hepatocytes
were cultivated and cell death was induced as specified in “Materials
and methods”. In a parallel set of experiments, cells were treated with
Cx32 siRNA or *?Gap27 prior to cell death induction. At indicated
time points, a caspase 3-like activity and b LDH leakage were
measured. Caspase 3-like activity is expressed as nmol AFC/
min x pg protein. The LDH index was calculated by the equation
(100 x LDH activity in supernatant)/[LDH activity in (supernatant +

becoming statistically significant (p < 0.01) after 4 h
(Fig. 3b).

Since alterations in GJIC are frequently accompanied by
similar changes in connexin expression [6], we next mon-
itored hepatocellular Cx32 protein levels during the time
course of FasL/CHX-induced cell death. To this end,
immunoblotting and subsequent densitometric analyses
were performed (Fig. 4a—b). Unexpectedly, the Cx32 pro-
tein amount progressively increased, reaching a maximum
level after 6 h of cell death induction (Fig. 4b).

We then investigated whether the increased Cx32 pro-
tein levels were associated with alterations in its cellular
localization. For this purpose, we prepared Triton X-100
insoluble protein fractions and biotinylated cell surface
protein fractions prior to Cx32 immunoblot analyses
(Fig. 5a-b). The former is known to contain gap junctional
Cx32 whereas the latter indicates Cx32 present in non-
junctional plasma membrane regions, i.e., in a hemichannel
configuration [30]. As depicted in Fig. 5b, gap junctional
Cx32 gradually decreases upon exposure of hepatocytes to
FasL/CHX, a finding that could explain the deterioration of
GJIC under these conditions (Fig. 3a-b). By contrast, the
Cx32 amount in the biotinylated cell surface protein frac-
tion was elevated during cell death, reaching a peak level

[] control

I 200 ng/ml FasL + 2 pg/ml CHX

[] Cx32 siRNA + 200 ng/ml FasL + 2 pg/ml CHX
i 32Gap27 + 200 ng/ml FasL + 2 pug/ml CHX

(] control

[l 200 ng/ml FasL + 2 pg/ml CHX

[[] Cx32 siRNA + 200 ng/ml FasL + 2 pg/ml CHX
2Gap27 + 200 ng/ml FasL + 2 pg/ml CHX

cells)]. Data are expressed as mean =+ standard deviation of six
independent experiments. Results were evaluated by one-way
ANOVA followed by post hoc Bonferroni tests. Asterisks indicate
significant differences compared with the corresponding “control”
(untreated) condition per indicated time point (*p < 0.05,
*#%p < 0.001). Number signs indicate significant differences com-
pared with the corresponding “200 ng/ml FasL + 2 pg/ml CHX”
(cell death) condition per indicated time point (##p < 0.01,
##p < 0.001)
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Fig. 3 Effects of FasL/CHX on GJIC between hepatocytes. Primary
hepatocytes were cultivated and cell death was induced as specified in
“Materials and methods”. At indicated time points, cells were
subjected to FRAP analysis, whereby a total of 72 pictures were
taken, starting 1 min before photobleaching and ending 5 min after
photobleaching. a Example pictures (magnification x400) taken at
the start of procedure (prebleach), just after photobleaching (0 s) and
at the end of the registration period (300 s) are shown. Bleached cells
are delineated by dashed lines. b At least six cells per culture dish
were examined. Fluorescence in the bleached cells is expressed as the
percentage recovery relative to the prebleach level. Data are
expressed as mean =+ standard deviation of four independent exper-
iments. Results were evaluated by one-way ANOVA followed by post
hoc Bonferroni tests. Asterisks indicate significant differences com-
pared with the corresponding “control” (untreated) condition per
indicated time point (**p < 0.01, **¥p < 0.001)

after 6 h (Fig. 5b). Immunocytochemistry analysis further
confirmed the increased presence of Cx32 at unapposed
cell plasma membrane regions at the end of the cell death
process (Fig. 5¢). This observation may underlie the
overall augmentation in de novo synthesized Cx32 protein
in our experimental setting (Fig. 4a-b).

To examine whether the elevated hepatocellular Cx32
production during Fas-mediated cell death is also reflected
at the transcriptional level, we performed qRT-PCR anal-
yses, using three housekeeping genes (GAPDH, 18S rRNA,

A Oh 2h 4h 6h
- + - + - + = -

Cx32 — 27 kDa
GAPDH 40 kDa
B 251

$k
2
&
E 15
st
= i
&
0.5
0 -
o 2 4 o
time (h)

Fig. 4 Effects of FasL/CHX on Cx32 protein levels in hepatocytes.
Primary hepatocytes were cultivated and cell death was induced as
specified in “Materials and methods”. a At indicated time points,
western blot analysis of Cx32 was performed. b For semi-quantifi-
cation of the results, densitometric analysis was performed. Cx32
signals of cell death-induced cultures (4) were normalized to the
corresponding GAPDH signals and are expressed as fold change of
the normalized Cx32 signals in control (—) cultures. Data are
expressed as mean =+ standard deviation of four independent exper-
iments. Results were evaluated by one-way ANOVA followed by post
hoc Bonferroni tests. Asterisks indicate significant differences com-
pared with the corresponding control (untreated) condition per
indicated time point (**p < 0.01)

and beta-actin) (Fig. 6a—c). We consistently observed
strongly decreased Cx32 gene transcription, whereby Cx32
mRNA levels drastically declined after 2 h of exposure of
the hepatocytes to FasL/CHX and remained low until the
end of the cell death process (Fig. 6a—c).

Effects of Cx32 siRNA on cell death induced
by FasL/CHX

To unravel the relevance of the augmentation in hepato-
cellular Cx32 protein production, especially towards the
late phases of Fas-mediated cell death, we used a mixture
of four Cx32 siRNA duplexes (100 nM). Following siRNA
treatment, the Cx32 protein amount declined to
30.9 £ 7.5% of the control (untreated) level (Fig. 7a-b).
The Cx32 siRNA-treated hepatocytes displayed signifi-
cantly (p < 0.05) decreased FRAP recovery (21.6 + 6.9%
vs 58.2 £ 14.4%) (Fig. 7c), thus confirming that gap
junctions composed of Cx32 account for the vast majority
of GJIC between hepatocytes. The Cx32 siRNA duplexes
also significantly (p < 0.05) lowered extracellular ATP
release by hepatocytes to 65.1 = 7.5% of the control level
following withdrawal of divalent ions from the cell culture
medium (Fig. 7d), which is a well-known protocol to
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Fig. 5 Effects of FasL/CHX on the localization of Cx32 in hepato-
cytes. Primary hepatocytes were cultivated and cell death was induced
as specified in “Materials and methods”. a At indicated time points,
Triton X-100 insoluble Cx32 fractions and biotinylated Cx32 cell
surface fractions were prepared, and were subsequently subjected to
Cx32 Western blot analysis. b For semi-quantification of the results,
densitometric analysis was performed. Data are expressed as
mean =+ standard deviation of three independent experiments and
represent fold change of the Cx32 signals at the start of cell death
induction. Results were evaluated by one-way ANOVA followed by
post hoc Bonferroni tests. Asterisks indicate significant differences
compared with the corresponding Cx32 signal at the start of cell death
induction (**p < 0.01). ¢ After 6 h of cell death induction, hepato-
cyte cultures were subjected to immunocytochemistry analysis, using
a primary antibody directed against Cx32 and a fluorescein
isothiocyanate-conjugated secondary antibody (green; white arrows),
as specified in “Materials and methods”. Nuclear counterstaining was
performed with diamidinophenylindole (blue). Samples were ana-
lyzed by fluorescence microscopy at x630 magnification. Untreated
(control) cultures and treated (cell death) cultures are shown in the left
panel and right panel, respectively, and are representative of three
independent experiments

trigger hemichannel opening and thus to measure their
functionality [30-32].

When Cx32 gene silencing was performed prior to cell
death induction, no changes in the Annexin V-based
apoptotic index and its Hoechst 33342-based counterpart
were observed (Fig. la-b). Caspase 3-like activity also
remained unchanged under these conditions (Fig. 2a).
However, both the number of Propidium iodide-positive
counts (Fig. Ic) and the LDH index (Fig. 2b) were sig-
nificantly (p < 0.001) reduced after 6 h. Experiments using
non-targeting siRNA were performed in parallel, whereby
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Fig. 6 Effects of FasL/CHX on Cx32 mRNA levels in hepatocytes.
Primary hepatocytes were cultivated and cell death was induced as
specified in “Materials and methods”. At indicated time points, qRT-
PCR analysis was performed, using a GAPDH, b 18S rRNA, and
¢ beta-actin as housekeeping genes. Relative alterations (fold change)
in Cx32 mRNA levels were calculated according to the 2744V
method. Data are expressed as mean =+ standard deviation of four
independent experiments. Results were evaluated by one-way
ANOVA followed by post hoc Bonferroni tests. Asterisks indicate
significant differences compared with the corresponding control
(untreated) condition per indicated time point (*p < 0.05,
*¥p < 0.01, #*p < 0.001)

no effects on all parameters measured were observed (data
not shown). These results indicate that Cx32 plays a role in
the late phases of Fas-mediated hepatocellular cell death.

Effects of Cx32 mimetic peptide on cell death induced
by FasL/CHX

The increased presence of Cx32 in non-junctional cell
plasma membrane regions after 6 h of cell death induc-
tion in primary hepatocytes (Fig. Sa—c) as well as the
strongly decreased gap junction activity at this time point
(Fig. 3a-b), combined with the results obtained by the
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Fig. 7 Efficiency of Cx32 siRNA duplexes in hepatocytes. Primary
hepatocytes were cultivated and siRNA-mediated Cx32 gene silenc-
ing was performed as outlined in “Materials and methods” section.
a Cx32 western blot analysis was carried out, followed by densito-
metric analysis. b Cx32 signals of Cx32 siRNA-treated cells and non-
targeting siRNA-treated cells were normalized to the corresponding
GAPDH signals and are expressed as fold change of the normalized
Cx32 signals in control (untreated) cultures. Data are expressed as
mean =+ standard deviation of four independent experiments. Results
were evaluated by one-way ANOVA followed by post hoc Bonferroni
tests. Asterisks indicate significant differences compared with the
control (untreated) condition (***p < 0.001). ¢ FRAP analysis was
performed. At least six cells per culture dish were examined.
Fluorescence in the bleached cells is expressed as the percentage
recovery relative to the prebleach level. Data are expressed as

Cx32 siRNA experiments (Figs. la—c and 2a-b), suggest
that Cx32-based hemichannels, but not their full channel
counterparts, are involved in the control of the terminal
stages of Fas-mediated hepatocellular cell death. To
substantiate this anticipated role for hepatocellular Cx32-
originating connexons, we used >?Gap27, a short peptide
that mimics a sequence in the second extracellular loop of
the Cx32 subunit. Previous research showed that short-
term incubations (0.5-6.5 h) with connexin mimetic
peptides are sufficient to inhibit hemichannel-related
responses, i.e., low extracellular divalent ion-triggered
cellular ATP release, in a connexin-specific way, whereas
longer exposure regimes (24 h) also result in the reduc-
tion of corresponding GJIC [31, 32]. In agreement with
this finding, 6.5 h exposure (i.e., 0.5 h pre-incubation
followed by 6 h exposure, as required to complete the cell
death response) of the hepatocytes to *>Gap27 (0.25 mg/
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mean =+ standard deviation of four independent experiments. Results
were evaluated by one-way ANOVA followed by post hoc Bonferroni
tests. Asterisks indicate significant differences compared with the
control (untreated) condition (*p < 0.05). d The release of ATP was
measured under basal (baseline) and induced (divalent-free medium)
conditions, and is expressed as the percentage of ATP release
triggered by divalent-free medium in untreated cultures (control).
Data are expressed as mean + standard deviation of three indepen-
dent experiments. Results were evaluated by one-way ANOVA
followed by post hoc Bonferroni tests. Asterisks indicate significant
differences between the “divalent-free medium” condition and the
corresponding “baseline” condition (**p < 0.01, ***p < 0.001).
Number signs indicate significant differences between the “diva-
lent-free medium” condition of “Cx32 siRNA” cultures and the
“divalent-free medium” condition of “control” cultures (#p < 0.05)

ml) significantly (p < 0.05) reduced the ATP release
triggered by divalent ion depletion to 62.4 £+ 4.8% of the
initial level (Fig. 8a). FRAP recovery, reflecting GJIC,
remained unchanged under these conditions (Fig. 8b).

At all time points measured, the apoptotic markers
Annexin V and Hoechst 33342 were left unaffected when
*Gap27 treatment was initiated 30 min before inducing
cell death in primary hepatocytes (Fig. 1a-b). This also
held true for the caspase 3-like activity (Fig. 2a). Upon
counteracting Cx32 hemichannel-related functioning,
however, the peaks in both the Propidium iodide-based
necrotic index (Fig. Ic) and the LDH index (Fig. 2b),
typically culminating after 6 h of cell death induction, were
abolished. These findings are identical to the outcome of
the Cx32 siRNA experiments and point to an active role for
Cx32 hemichannels in the termination of Fas-mediated
hepatocellular cell death.
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Fig. 8 Efficiency of 32G::1p27 in hepatocytes. Primary hepatocytes
were cultivated and cells were treated with *2Gap27 (30 min pre-
incubation followed by 6 h of exposure) as outlined in “Materials and
methods”. a The release of ATP was measured under basal (baseline)
and induced (divalent-free medium) conditions, and is expressed as
the percentage of ATP release triggered by divalent-free medium in
untreated cultures (control) at 30 min. Data are expressed as
mean =+ standard deviation of three independent experiments. Results
were evaluated by one-way ANOVA followed by post hoc Bonferroni
tests. Asterisks indicate significant differences between the “divalent-
free medium” condition and the corresponding “baseline” condition
(***p < 0.001). Number signs indicate significant differences
between the “divalent-free medium” condition of “**Gap27” cultures
after 6.5 h and the “divalent-free medium” condition of “control”
cultures after 30 min (*p < 0.05). b FRAP analysis was performed.
At least six cells per culture dish were examined. Fluorescence in the
bleached cells is expressed as the percentage recovery relative to the
prebleach level. Data are expressed as mean =+ standard deviation of
three independent experiments. Results were evaluated by one-way
ANOVA followed by post hoc Bonferroni tests

Discussion

The aim of this study was to examine the fate of gap
junctions in hepatocyte apoptosis. We found that GJIC
between cultured hepatocytes drastically decreases upon
progression of the FasL/CHX-induced cell death response.
This outcome is in line with the recent study of Theiss et al.
[33], showing strongly reduced cell—cell coupling between
primary lens epithelial cells upon exposure to a number of
apoptosis-inducing chemicals, including CHX. Kalvelyte
et al. [17] reported that abrogation of GJIC during apop-
tosis results from the removal of gap junctions and not
from their functional closure. Our results can be reconciled

with this finding, as we observed a progressive diminution
of the gap junctional Cx32 protein pool. Simultaneously,
de novo synthesized Cx32 gathered at non-junctional areas
of the cell plasma membrane surface, particularly towards
the final stages of the cell death process. This modification
was not reflected at the transcriptional level. In fact, Cx32
protein and mRNA levels behaved in opposite ways, as the
latter rapidly declined during progression of apoptosis.
Such disconnection between connexin gene transcription
and translation was also observed in apoptosis-primed
human osteoblasts and was thought to represent a reflexive
adaptation of the connexin mRNA machinery to changes
occurring at the downstream protein level [34].

While Cx32 gap junctions seem to play only a minor
role in hepatocellular cell death, our data suggest that Cx32
hemichannels could fulfill an important function, especially
during the final stage of this process. Such distinctive roles
for these Cx32-based channels may suggest differential and
even opposite regulation, a feature that has previously been
reported for gap junctions and hemichannels composed of
Cx43 [35, 36]. The involvement of Cx32 hemichannels in
our experimental setting was investigated via four different
strategies. Indeed, we applied siRNA technology to silence
Cx32 protein synthesis, we performed cell surface biotin-
ylation studies, we used a mimetic peptide to interfere with
Cx32 hemichannel functioning and we applied low extra-
cellular divalent ion-triggered cellular ATP release. With
respect to that latter, we cannot rule out the participation of
alternative ATP release pathways known to be present in
hepatocytes, including P,X; receptors [37] and pannexin-
containing hemichannels [38], which may explain the
incomplete inhibition of ATP release by **Gap27 in our
experiments. Both the inhibition of Cx32 hemichannel-
related cellular responses by *Gap27 and the siRNA-
mediated silencing of Cx32 expression had an identical
outcome, namely a drop in the LDH index and a reduction
of the number of Propidium iodide-positive cells at the end
of the cell death process, whereas early apoptotic markers
were not affected. Our data are thus consistent with the
scenario that Cx32 hemichannels mediate the late phases of
FasL/CHX-induced cell death in hepatocytes, by promot-
ing the transition from an apoptotic to a necrotic
phenotype. This finding supports the research of Kalvelyte
and his group, performed on Cx32-transfected HeLa cells,
showing that Cx32 accelerates the transformation of
apoptotic cells into a necrotic state, partly depending on the
ability to form functional hemichannels [17]. In the same
experimental setting, metabolic inhibition, an ischemia-like
condition leading to cell death, was recently reported to be
associated with the increased formation and activity of
Cx32 hemichannels [39]. In a similar way, connexons
composed of Cx43 [13, 14, 16, 17] have been reported to
propagate apoptotic cell death in a number of cell types.
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In conclusion, the current study is the first to demon-
strate the presence of functional Cx32 hemichannels in
hepatocytes. We showed that these particular cell plasma
membrane channels are actively involved in the termina-
tion of Fas-mediated cell death in primary hepatocyte
cultures. Further research is required to investigate the
relevance of these findings in vivo and to examine the
involvement of Cx32 hemichannels in other cellular events
that constitute the hepatocyte’s life cycle known to be
governed by Cx32-based gap junctions, including prolif-
eration and differentiation [6].
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