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ABSTRACT

Connexin proteins can form hexameric hemichannels and gap junctions that mediate paracrine and direct intercel-
lular communication, respectively. Gap junction activity is crucial for the maintenance of hepatic homeostasis,
while connexin hemichannels become particularly active in liver disease, such as hepatitis, fibrosis, cholestasis or
even hepatocellular carcinoma. Channels consisting of connexin-like proteins named pannexins have been directly
linked to liver inflammation and cell death. The goal of the present study was to characterize the expression and
subcellular localization of connexins and pannexins in liver of patients suffering from various chronic and neo-
plastic liver diseases. Specifically, real-time quantitative reverse transcription polymerase chain reaction, im-
munoblotting and immunohistochemistry analyses were performed on human liver biopsies. It was found that
pannexinl and pannexin2 gene expression are correlated to a certain degree, as is pannexinl protein expression
with connexin32 and connexin43 protein expression. Furthermore, this study is the first to detect pannexin3 in
human patient liver biopsies via both immunoblot and immunohistochemistry.
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List of abbreviations

ACTB Actin beta

ANOVA Analysis of variance

B2M Beta-2-microglobulin

CRLM Colorectal metastasis

Cx Connexin

DAPI 4’ 6-diamidino-2-phenylindole

F Female

Glor G2 Glycosylated isoforms of
Panx3

GAPDH Glyceraldehyde-3-phosphate
dehydrogenase

GJA1L (Cx43) Gap junction protein alpha 1
GJB1 (Cx32) Gap junction beta 1
GJB2 (Cx26) Gap junction beta 2

GJIC Gap junction intercellular
communication

HCC Hepatocellular carcinoma

HMBS Hydroxymethylbilane synthase

M Male

NG Non-glycosylated

NP Non-phosphorylated

p Probability

P1 or P2 Phosphorylated isoforms of
Cx43

Panx Pannexin

PBS Phosphate buffered saline

PBS/T 1 % Triton X-100 dissolved in
phosphate buffered saline

RT-gPCR Real-time quantitative re-
verse transcription polymer-
ase chain reaction

SD Standard deviation

UBC Ubiquitin C

INTRODUCTION

The liver is responsible for the production
of bile, synthesis of plasma proteins and xe-
nobiotic detoxification amongst many other
vital functions (Kalra et al., 2022). One of the
protein families involved in several of these
critical functions is the group of connexins
(Cx) (Maes et al., 2014). These proteins con-
sist of 4 transmembrane regions, 2 extracellu-
lar loops, and an intracellular N-terminus and
C-terminus (Aasen et al., 2018; Goodenough

etal., 1996; Nielsen et al., 2012). Six Cx pro-
teins can form a hexameric channel, called a
Cx hemichannel, which allows the passage of
small hydrophilic substances, such as ions
and adenosine triphosphate, between the in-
tracellular compartment and the extracellular
space (Maes et al., 2014; Nielsen et al., 2012).
When 2 hemichannels from neighboring cells
dock, the resulting channel is called a gap
junction and the flux of messenger molecules
through these channels is denoted as gap junc-
tion intercellular communication (GJIC)
(Nielsen et al., 2012). Human liver harbors 3
main Cx isoforms, namely Cx26, Cx32 and
Cx43 (Neveu et al., 1995). Cx32 is the pri-
mary Cx variant being expressed by hepato-
cytes, while Cx43 is produced by non-paren-
chymal cells, such as stellate cells and Kup-
ffer cells (Eugenin et al., 2007; Fischer et al.,
2005; Neveu et al., 1995). Cx26 is also ex-
pressed by hepatocytes and is mainly found in
the periportal zone (Neveu et al., 1995). Func-
tional GJIC is necessary for hepatic homeo-
stasis, yet many studies have shown the in-
volvement of Cx proteins in liver disease,
such as cholestasis (Fallon et al., 1995;
Gonzalez et al., 2002), liver inflammation
(Correa et al., 2004; Nakashima et al., 2004),
fibrosis (Cogliati et al., 2016; Nakata et al.,
1996) and even hepatocellular carcinoma
(HCC) (Krutovskikh et al., 1994; Ogawa et
al., 2012). Generally, Cx32 and Cx26 protein
levels become downregulated, while Cx43 is
upregulated upon liver pathology
(Hernandez-Guerra et al., 2019). Pannexin
(Panx) proteins are also involved in liver
physiopathology (Ganz et al., 2011; Wille-
brords et al., 2018). Panx proteins have been
discovered about 2 decades ago and topologi-
cally resemble Cx proteins (Michalski et al.,
2020; Panchin et al., 2000). However, they do
not form gap junctions. Rather, they only
form heptameric channels connecting the in-
tracellular and extracellular microenviron-
ments, reminiscent of Cx hemichannels
(Michalski et al., 2020; Qu et al., 2020). Three
different Panx isoforms have been described
so far in humans, namely Panx1-3 (Cooreman
et al., 2019). Panx1-3 have been reported in
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liver (Bruzzone et al., 2003; Le Vasseur et al.,
2014; Li et al., 2008; Penuela et al., 2007;
Willebrords et al., 2018). Panx1 is expressed
by both parenchymal and non-parenchymal
cells (Willebrords et al., 2018). Panx3 protein
might have been detected in low amounts in
mouse liver (Penuela et al., 2007), while
Panx2 protein expression has only been de-
tected in rat hepatocytes and cultured human
HCC cells, so far (Bruzzone et al., 2003; Li et
al., 2008; Xie et al., 2015). In order to gain
further insight into the involvement of Cx-
based and Panx-based (hemi)channels in liver
disease, identification of their expression, lo-
calization and potential correlation with any
pathology is warranted. The aim of the current
study was therefore to characterize Cx and
Panx expression in liver samples of clinical
patients suffering from various diseases both
at the transcriptional and the translational
level and to correlate those findings with dis-
ease status.

METHODS AND MATERIALS

Sample collection

From 2014 until 2019, human liver tissue
samples from 71 patients were collected at the
Algemeen Stedelijk Ziekenhuis in Aalst-Bel-
gium (Table 1). Three liver samples were sur-
gically removed per patient, namely for RNA
extraction, protein extraction and immuno-
histochemistry analysis, respectively. Sam-
ples from patients with neoplastic diseases or
cysts were derived from surrounding (non-tu-
moral) liver tissue. Clinical data were pro-
vided for each patient. Histopathological ex-
amination was performed for disease diagno-
sis and staging. Samples for protein extraction
were snap-frozen in liquid nitrogen and stored
at -80 °C. Samples for total RNA extraction
were submerged in RNALater (Thermo
Fisher Scientific, USA), snap-frozen in liquid
nitrogen and stored at -80 °C. Samples for in
situ immunostaining were fixed in 10 % for-
maldehyde or methacarn solution and paraf-
fin-embedded to be stored at room tempera-
ture (15-25 °C). Samples were collected with-
out age-related or gender-related restrictions
and represent a variety of liver diseases, such

as cysts, chronic hepatitis, HCC and liver me-
tastasis of colorectal adenocarcinoma
(CRLM). This study was approved by the
“Commissie Medische Ethiek™ of the Univer-
sitair Ziekenhuis Brussel, the Vrije Universi-
teit Brussel and the ethics committee of the
Algemeen Stedelijk Ziekenhuis Aalst (ap-
proval number B.U.N. 143201421250; regis-
tration number Aalst 052). Written informed
consent was obtained from all the donors.

Real-time quantitative reverse transcription
polymerase chain reaction analysis

Extraction of total RNA, including the de-
termination of its yield, was performed as de-
scribed previously (Maes et al., 2016b). As
such, 1 ug of total RNA was converted to
cDNA with an iScript™ cDNA Synthesis Kit
(Bio-Rad, USA) on a MiniAmp Plus Thermal
Cycler (Thermo Fisher Scientific, USA). Re-
sulting cDNA was purified using a GenE-
lute™ PCR Clean-Up Kit (Sigma, USA).
Real-time reverse transcription polymerase
chain reaction analysis (RT-gPCR) was per-
formed as described elsewhere (Maes et al.,
2016b). An overview of the target and house-
keeping genes can be found in Table 2. All
samples were tested in duplicate. Efficiency
was calculated based ona 1 in 5 serial dilution
of pooled cDNA. A non-template control was
included as negative control. Results were an-
alyzed according to the Pfaffl method, which
accounts for differences in primer efficiencies
(Pfaffl, 2001). Data were normalized to a
pooled control sample that was loaded onto
every RT-gPCR plate to account for plate-to-
plate variation.

Immunoblot analysis

Immunoblot analysis was performed as
described previously (Willebrords et al.,
2016) with some modifications in the separa-
tion of the proteins. A total of 10 pl per mg of
liver tissue of radio-immunoprecipitation as-
say buffer (Thermo Fisher Scientific, USA)
supplemented with 1 % ethylenediaminetet-
raacetic acid (Thermo Fisher Scientific, USA)
and 1 % protease/phosphatase inhibitor cock-
tail (Thermo Fisher Scientific, USA) was add-
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Table 1: Overview of the human liver samples analyzed in this study. An overview of the sex, age,
disease and fibrosis score of the donors is provided (M, male; F, female; CRLM, colorectal metastasis;

HCC, hepatocellular carcinoma; NE, not evaluated).

r?jmg(laer Sex Age Disease Fibrosis score
1 M 72 CRLM NE
2 M 69 CRLM Pericellular fibrosis
3 F 43 Echinococcus cyst NE
4 M 47 HCC NE
5 M 69 CRLM NE
6 M 59 HCC Cirrhosis
7 M 52 CRLM Clear pericellular fibrosis
8 M 60 CRLM NE
9 F 31 Focal nodular hyperplasia NE
10 M 59 CRLM NE
11 M 60 CRLM Clear pericellular fibrosis
12 M 77 CRLM Cirrhosis
13 M 70 CRLM Pericellular fibrosis
14 M 62 CRLM Clear pericellular fibrosis
15 M 42 Focal nodular hyperplasia Minimal pericellular fibrosis
16 M 76 CRLM Pericellular fibrosis
17 M 60 HCC Pericellular fibrosis
18 M 61 CRLM NE
19 M 65 CRLM Pericellular fibrosis
20 M 68 CRLM Beginning septal fibrosis
21 M 67 HCC Cirrhosis
22 M 77 CRLM Pericellular fibrosis
23 M 71 CRLM No fibrosis
24 M 54 CRLM NE
25 F 65 CRLM Septal fibrosis
26 M 75 CRLM Minimal pericellular fibrosis
27 M 67 Primary cholangiocarcinoma Cirrhosis
28 M 62 Primary cholangiocarcinoma NE
29 F 60 CRLM No fibrosis
30 M 63 CRLM Beginning septal fibrosis
31 F 76 CRLM No to minimal fibrosis
32 M 79 CRLM Cirrhosis
33 M 76 CRLM Beginning septal fibrosis
34 M 66 CRLM No fibrosis
35 M 21 Echinococcus cyst No fibrosis
36 M 64 CRLM Minimal pericellular fibrosis
37 M 73 Granuloma No fibrosis
38 M 68 HCC Beginning septal fibrosis
39 F 73 CRLM Clear pericellular fibrosis
40 F 74 CRLM Clear pericellular fibrosis
41 M 53 HCC Clear pericellular fibrosis
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Sample

number Sex Age Disease Fibrosis score
42 M 63 CRLM Pericellular fibrosis
43 M 76 CRLM Minimal to no gie;ricellular fibro-
44 F 78 CRLM Clear pericellular fibrosis
45 M 73 CRLM Clear pericellular fibrosis
46 M 58 CRLM Pericellular fibrosis
47 M 51 Primary cholangiocarcinoma Cirrhosis
48 F 35 Hepatocellular adenoma NE
49 M 70 CRLM No fibrosis
50 F 62 CRLM Pericellular fibrosis
51 M 72 HCC Cirrhosis
52 = 65 CRLM Minimal to no Egricellular fibro-
53 F 69 HCC Cirrhosis
54 M 81 CRLM Clear pericellular fibrosis
55 F 64 Granulomatous inflammation No fibrosis
56 M 72 HCC Cirrhosis
57 M 63 Non-alcoholic steatohepatitis No fibrosis
58 M 64 CRLM NE
59 M 74 CRLM Clear pericellular fibrosis
60 F 67 CRLM Beginning septal fibrosis
61 M 68 Liver metastasis o_f pancreatic ade- Minimal pericellular fibrosis

nocarcinoma

62 M 75 Invasive cholangiocarcinoma Clear pericellular fibrosis
63 M 74 HCC Cirrhosis
64 M 71 CRLM Minimal pericellular fibrosis
65 F 63 Angiomyolipoma Clear pericellular fibrosis
66 F 86 CRLM Minimal pericellular fibrosis
67 M 68 HCC Clear pericellular fibrosis
68 M 56 CRLM Clear pericellular fibrosis
69 M 83 HCC Minimal pericellular fibrosis
70 M 58 Large cell dysplasia Cirrhosis
71 M 75 CRLM Pericellular fibrosis

ed to 20-50 mg of liver tissue. The lysate was
homogenized by an electric homogenizer
(ULTRA-TURRAX T25, IKA, Germany)
and incubated on ice for 10 minutes. Superna-
tants were collected by centrifugation at
14000 x g for 15 minutes at 4 °C. The
Pierce™ BCA protein assay kit (Thermo
Fisher Scientific, USA) was used to deter-
mine protein concentrations. Next, 25 pg of
each sample were pooled to function as a
mixed control sample on every gel. For im-
munoblotting, 50 pg of each sample and the

pooled control sample, identified as P in the
blots, were separated on a 12 % Mini-PRO-
TEAN TGX Stain-Free™ precast gel (Bio-
Rad, USA). Proteins were transferred onto ni-
trocellulose membranes (Bio-Rad, USA) with
the Trans-Blot Turbo™ Transfer System
(Bio-Rad, USA) after which total protein
loading (Supplementary Figure 1) was visual-
ized on a ChemiDoc™ MP imaging system
(Bio-Rad, USA). Subsequently, membranes
were blocked for 1 hour at room temperature
(15-25 °C) in Tris-buffered saline solution
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Table 2: Primers and probes used in the RT-qPCR analysis. Assay identification, accession num-
ber, assay location, amplicon size and exon boundaries are listed (GJB2, Cx26; GJB1, Cx32; GJA1,

Cx43; ACTB, actin beta; B2M, beta-2-microglobulin; GAPDH, glyceraldehyde-3-phosphate dehydro-

genase; HMBS, hydroxymethylbilane synthase; UBC, ubiquitin C).

Gene Assay Accession Assay /-\_mpllcon Exon
: Y . size (base
symbol identification number location pairs) boundary
GJB2 Hs00269615-s1 NM_004004.5 715 123 2
NM_000166.5 1547
GJB1 Hs00939759-s1 NM_001097642.2 1496 63 2
GJAl Hs00748445-s1 NM_000165.4 1031 142 2
Panx1 Hs00209791_m1 NM_015368.3 929 90 3-4
NM_001160300.1
Panx2 Hs00364525 m1 NM_052839.3 226 79 1-2
Panx3 Hs00364808_m1 NM_052959.2 323 61 2-3
ACTB Hs01060665-g1 NM_001101.3 208 63 2-3
B2M Hs00187842-m1 NM_004048.2 134 64 1-2
NM_001256799.2 870 7
NM_001289745.1 928 8
GAPDH Hs02786624-g1 NM_001289746.1 822 157 7
NM_002046.5 836 8
NM_000190.3 1070 13-14
NM_001024382.1 972 13-14
HMBS Hs00609296-91  \\1~001258208.1 950 69 12-13
NM_001258209.1 1041 12-13
UBC Hs01871556-s1 M26880.1 2173 135 -

(20 mM Tris and 135 mM sodium chloride)
with 5% skimmed milk (Régilait, France)
and 0.1 % Tween-20 (Sigma, USA). Mem-
branes were incubated overnight at 4 °C with
a primary antibody targeted against Cx26,
Cx32, Cx43, Panx1, Panx2 or Panx3 diluted
in blocking buffer (Table 3). Membranes
were washed 3 times for 10 minutes and incu-
bated with a secondary antibody diluted
1:1000 for Cx43 and 1:500 for all other pro-
teins (P0448 Dako, Denmark) in blocking
buffer for 1 hour at room temperature (15-
25 °C). Membranes were washed and visual-
ized with the Pierce™ ECL Western Blotting
Substrate kit (Thermo Fisher Scientific, USA)
on a ChemiDoc™ MP imaging system (Bio-
Rad, USA). Signals were analyzed with Im-
age Lab 6.0.1 software (Bio-Rad, USA). Data
were normalized to the total protein loading
instead of a housekeeping protein (Aldridge
etal., 2008), and expressed as fold change rel-
ative to the corresponding signals in the
pooled control sample. This pooled sample
was added to every gel to account for the gel-
to-gel variation.

Immunohistochemistry analysis

Liver tissue samples were fixed in 10 %
formaldehyde or methacarn (Thermo Fisher
Scientific, USA) and embedded in paraffin
(Thermo Fisher Scientific, USA). As such, 5
um thick liver slices were first deparaffinized
in xylene (Thermo Fisher Scientific, USA)
and subsequently rehydrated in 100 % ethanol
(Thermo Fisher Scientific, USA), 90 % etha-
nol and 70 % ethanol. Next, slices were rinsed
with running tap water. Antigen retrieval was
performed by heating the slices in the micro-
wave for 10 minutes in citrate buffer (pH 6.0)
(Thermo Fisher Scientific, USA). Slices were
washed extensively with PBS and permea-
bilized with 1 % Triton X-100 (Sigma, USA)
dissolved in PBS (PBS/T). Subsequently,
slices were thoroughly washed in PBS again.
Samples were blocked at room temperature
(15-25 °C) with 1 % bovine serum albumin
and 5% donkey serum (blocking buffer)
(Sigma, USA) for 45 minutes and incubated
overnight at 4 °C with primary antibody di-
luted in blocking buffer (Table 3). Slices were
then washed in PBS/T and incubated with
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Table 3: Primary antibodies used in immunoblotting and immunohistochemistry analysis. Dilu-

tion and reference of each antibody are presented.

i Immunoblot Immunohistochemistry
Dilution Reference Dilution Reference

Cx26 1:250 51-2800 Invitrogen, USA 1:100 51-2800 Invitrogen, USA
Cx32 1:600 C3470 Sigma, USA 1:100 C3470 Sigma, USA
Cx43 1:1000 C6219 Sigma, USA 1:50 71-0700 Invitrogen, USA
Panx1 1:500 ABN242 Merck, USA 1:250 ABN242 Merck, USA
Panx2 1:250 42-2900 Invitrogen, USA 1:20 42-2900 Invitrogen, USA
Panx3 1:100 433270 Invitrogen, USA 1:200 ab237055 Abcam, UK

Alexa Fluor 594 - AffiniPure Donkey Anti-
Rabbit 1gG diluted 1:200 (711-585-152, Jack-
son ImmunoResearch Laboratories, USA) in
blocking buffer for 90 minutes at room tem-
perature (15-25 °C). Slices were washed with
double distilled water. Finally, nuclei were
stained during the mounting of the coverslips
with VECTASHIELD Antifade Mounting
Medium containing 4',6-diamidino-2-phenyl-
indole (DAPI) (Vector Laboratories, USA).
Detection was performed at 20x magnifica-
tion on a Nikon Eclipse Ti-S microscope (Ja-

pan).

Histopathological examination
Paraffin-embedded samples were sec-
tioned into 5 um thick sections with a Leica
RM2145 rotary microtome (Leica Biosys-
tems, Belgium). Liver sections were stained
with Sirius Red (Sigma, USA) and the degree
of fibrosis was assessed at 100x magnifica-
tion on an Olympus BX41 microscope
(Olympus, Belgium). Scoring was performed
blinded by 2 independent researchers accord-
ing to the scoring parameters used in the Uni-
versitair Ziekenhuis Gent (Supplementary
Figure 2). “Pericellular fibrosis” indicated fi-
brosis in the parenchyma between the portal
triads without the clear formation of fibrotic
septa. Samples with clear fibrotic strands (fi-
brotic septa) were classified with “septal fi-
brosis”. Subclasses of pericellular and septal
fibrosis were made based on the extent of the
fibrosis and were named “minimal pericellu-
lar fibrosis”, “clear pericellular fibrosis” and
“beginning septal fibrosis”, respectively. The
final class contained all cirrhotic samples.

Statistical analysis

The number of biological (N) and tech-
nical replicates (n) are mentioned in the figure
legends. Data were normalized to a pooled
sample during RT-gPCR and immunoblot
analyses and presented as mean + standard
deviation (SD). Statistical analysis was per-
formed with GraphPad Prism 9 software.
Normality was tested with the Shapiro-Wilk
test. Normally distributed data was analyzed
with a parametric T-test or a 1-way analysis
of variance (ANOVA) to compare 2 or more
groups, respectively. In case of non-normal-
ity, the non-parametric Mann-Whitney test or
the Kruskal-Wallis test was used to compare
2 or more groups, respectively. Correlation
was assessed by means of the non-parametric
Spearman’s rank correlation coefficient. Sig-
nificance levels are indicated as *p < 0.05,
**p<0.01, ***p <0.001, and ****p < 0.0001.

RESULTS

Characterization of connexin and pannexin
gene expression in human liver samples
based on RT-qPCR analysis

In humans, hepatocytes mainly express
Cx32 along with small amounts of Cx26
(Neveu et al., 1995; Zhang and Nicholson,
1989). Hepatocytes also produce Panx1 and
Panx2 and might even express Panx3
(Bruzzone et al., 2003; Le Vasseur et al.,
2014; Li et al., 2008; Penuela et al., 2007;
Xiao et al., 2012; Xie et al., 2015). However,
Panx2 expression has only been observed in
rat liver (Le Vasseur et al., 2014; Li et al.,
2008) and cultured human HCC cells (Xie et
al., 2015). Cx43 was previously detected in
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non-parenchymal cells, such as stellate cells
and Kupffer cells, but not in hepatocytes
(Eugenin et al., 2007; Fischer et al., 2005;
Hernandez-Guerra et al., 2019). In pathologi-
cal conditions, Cx expression patterns drasti-
cally change in the liver, including an increase
in Cx43 abundance, while Cx26, but in par-
ticular Cx32, is decreased (Hernandez-Guerra
et al., 2019). In the present study, mRNA ex-
pression levels of Cx26, Cx32, Cx43, Panx1,
Panx2 and Panx3 were investigated in human
liver samples. With the exception of Panx3,
mRNA of all Cx and Panx isoforms investi-
gated was detected in most human liver sam-
ples (individual data not shown). Changes in
gene expression were analyzed based on var-
ious categories, such as fibrosis score, type of
cancer and sex. Seven fibrosis groups were
distinguished based on the histological fibro-
sis grade, ranging from no fibrosis to cirrhosis
(Supplementary Figure 2).

During the analysis, Cx or Panx expres-
sion was routinely compared with the liver
samples of patient without fibrosis. The mean
expression levels were compared between
CRLM and HCC samples to assess the Cx and
Panx expression in 2 different types of cancer,
while male and female samples were com-
pared for the parameter “sex”. In this regard,
Cx26 gene expression appears to be increased
in samples with pericellular fibrosis com-
pared to samples without fibrosis (Figure 1a).
Cx32 gene expression also seems to be in-
creased during septal fibrosis, but this fibrosis
grade was not included into any ANOVA
analysis because it only contained 1 sample.
No other consistent changes in Cx or Panx ex-
pression could be observed within each of the
categories (Figure 1-3 (a)).

Characterization of connexin and pannexin
protein expression in human liver samples
based on immunoblot analysis

Cx26 was detected around 17 kDa, while
Cx32 was found right below 25 kDa (Figure
4; Supplementary Figures 3-4). This lower-

than-expected molecular weight could be re-
lated to the partial Cx proteolysis that takes
place during protein extraction (Willebrords
et al., 2016). Cx43 displayed 3 bands at dif-
ferent molecular weights, representing the
non-phosphorylated isoform (NP) and phos-
phorylated isoforms (P1 and P2) (Figure 4;
Supplementary Figure 5). In contrast to Cx26,
Cx32 and Cx43 are both phosphoproteins
(Zhang and Nicholson, 1989). However,
Cx32 phosphorylation cannot be detected via
immunoblotting analysis (Willebrords et al.,
2016). Panx1 and Panx2 appeared around 50
kDa and 71 kDa, respectively (Figure 4; Sup-
plementary Figures 6-7). Panx3 was detected
at a molecular weight of 38 kDa in most sam-
ples, but some samples also displayed one or
two faint signals between 33 kDa and 37kDa
(Figure 4; Supplementary Figure 8). The sig-
nal at the lowest molecular weight represents
the non-glycosylated (NG) isoform, while the
second highest (G1) and highest signal (G2)
reflect the high mannose and the complex gly-
coprotein isoform, respectively (Penuela et
al., 2007, 2009). Furthermore, as done for the
MRNA analysis, changes in protein expres-
sion were analyzed based on fibrosis score,
type of neoplastic disease (CRLM or HCC)
and sex (Figure 1-3(b)). It was found that
Panx2 is expressed to a lower extentin CRLM
compared to HCC (Figure 2b). No other
changes were noted.

Characterization of the correlation between
connexin and pannexin expression at the
gene and protein level

The Spearman’s rank correlation coeffi-
cient was calculated to assess the correlation
between Cx and Panx expression. A Spear-
man’s rank coefficient measures the direction
and the strength of the link between 2 varia-
bles (Al-Jabery et al., 2020). This provided an
indication of the association between the gene
or protein expression of the targets of interest.
Throughout all observations, Panxl and
Panx2 gene expression seemed to be moder-
ately correlated with each other (Figure 5a) as
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Figure 1: Cx and Panx gene (a) and protein (b) expression in human liver disease ranked by
degrees of fibrosis. RT-gPCR analysis (a) and immunoblot analysis (b) of Cx26, Cx32, Cx43, Panx1,
Panx2 and Panx3 was performed. Relative gene expression compared to a pooled sample was calcu-
lated with the Pfaffl method (Pfaffl, 2001). Protein levels were normalized to the total protein loading and
expressed as a ratio to a pooled sample. Samples with varying levels of fibrosis (RT-gPCR: N =1-14, n
= 2; immunoblot: N = 1-14; n = 1) were compared with an ordinary one-way ANOVA or Kruskal-Wallis
test depending on the normality of the data distribution. Graphs display data as mean + SD with * p <

0.05.

1119



EXCLI Journal 2022;21:1111-1129 — ISSN 1611-2156
Received: June 23, 2022, accepted: August 17, 2022, published: August 22, 2022

a Cx26 Cx32 Cx43
37 2.0 8-
o “y
g 2 o 15 X6
G 5 24 o5 o5
T - =&
23 § 2 101 T £ 8 o
£3 g [
5% 17 E3 E o
z 2 0.5+ é‘ 24
0- 0.0- 0-
CRLM HCC CRLM HCC CRLM HCC
Panx1 Panx2
1.5 2.5
= 9 2,04
S g 10 S e
n' -9 " n' -9 1 5_
28 TE
Ho Ng
w2 w 2 1.04
£ X 05 £ 5
2 S 054
0.0- 0.0-
CRLM HCC CRLM HCC
Cx26 Cx32 Cx43

*] 2.0 2.5
w 4 i
8. % 15 g 20
S5 . O 5 55
T @ 0 2 g 15
Se. S § 1.0 T N
-1 T O T S 1.0
»
ES E3 E3
z 1 = 059 2 051
0- 0.0- 0.0
CRLM HCC CRLM HCC CRLM HCC
Panx1 Panx3
Panx2
5 5—

N
t
1
*
*

°
L
expression

expression
- N
(4] (=]
L L
Normalized Panx3

Normalized Panx2

ot
th
1

Normalized Panx1
expression
< = N « L
1 1 1 1 1
(=]
(=]
1
o
1

CRLM HCC " cRLM HcC CRLM HCC

Figure 2: Cx and Panx gene (a) and protein (b) expression in CRLM and HCC samples. RT-gPCR
analysis (a) and immunoblot analysis (b) of Cx26, Cx32, Cx43, Panxl, Panx2 and Panx3 was per-
formed. Relative gene expression compared to a pooled sample was calculated with the Pfaffl method
(Pfaffl, 2001). Protein levels were normalized to the total protein loading and expressed as a ratio to a
pooled sample. CRLM samples (RT-gPCR: N =42, n = 2; immunoblot: N = 43, n = 1) and HCC samples
(RT-gPCR: N = 10, n = 2; immunoblot: N = 12, n = 1) were compared with a Mann-Whitney test or
unpaired t-test depending on the normality of the data distribution. Graphs display data as mean + SD
with ** p < 0.01.
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Figure 3: Cx and Panx gene (a) and protein (b) expression in male samples and female samples.
RT-qPCR analysis (a) and immunoblot analysis (b) of Cx26, Cx32, Cx43, Panx1, Panx2 and Panx3 was
performed. Relative gene expression compared to a pooled sample was calculated with the Pfaffl
method (Pfaffl, 2001). Protein levels were normalized to the total protein loading and expressed as a
ratio to a pooled sample. Male samples (RT-gPCR: N =51, n = 2; immunoblot: N =53; n = 1) and female
samples (RT-gPCR: N = 16; n = 2; immunoblot: N = 16; n = 1) were compared with a Mann-Whitney
test or unpaired t-test depending on the normality of the data distribution. Graphs display data as mean
+ SD.
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Figure 4: Cx26 (a), Cx32 (b), Cx43 (c), Panx1 (d), Panx2 (e) and Panx3 (f) protein expression in
human liver disease. Total protein was extracted from the human liver biopsies (N = 70; n = 1) and
used for immunoblotting analysis of all Cx and Panx protein targets. Immunoblots were visualized with
a Pierce™ ECL Western Blotting Substrate kit (Thermo Fisher Scientific, USA) on a ChemiDoc™ MP
imaging system (Bio-Rad, USA). A representative blot per protein target is shown. Sample numbers are
indicated above the blot. (P, pooled sample; P1 and P2, phosphorylated isoforms; NP, non-phosphory-
lated isoform; G1 and G2, glycosylated isoforms; NG, non-glycosylated isoform)

a Correlation gene expression b correlation protein expression

All samples All samples

Cx26
Cx32
Cx43
Panx1

1.0 1.0
Cx26 0.20 0.20 0.09 -0.07 Cx26
05 Cx32 0.5
Cx32| o020 -0.35 025 020
Cx43
Cx43| 020 035 025 025 0 0
Panx1
Panx1| 009 025 -0.25
-0.5 Panx2| - 0.5
Panx2| -0.07 020 0.25 Panx3
-1.0

-1.0

Cx26
Cx32

1.0

1.0

Cx26 Cx26

0.5 Cx32
Cx32

Cx43
Cx43

Panx1

Panx1
-0.5 Panx2

Panx2

Panx3

-1.0

-1.0

Figure 5: Correlation between Cx and Panx expression in human liver disease. The heat maps
represent the Spearman'’s rank correlation coefficients between Cx and Panx gene (a) and protein (b)
expression. Total RNA was extracted from the human liver biopsies and used for RT-qPCR analysis of
Cx26, Cx32, Cx43, Panxl, Panx2 and Panx3. Relative fold gene expression compared to a pooled
sample was calculated with the Pfaffl method (Pfaffl, 2001). Total protein was extracted from the human
liver biopsies and used for immunoblotting analysis of Cx26, Cx32, Cx43, Panxl, Panx2 and Panx3.
Protein levels were normalized to the total protein loading and expressed as a ratio to a pooled sample.

1122



EXCLI Journal 2022;21:1111-1129 — ISSN 1611-2156

Received: June 23, 2022, accepted: August 17, 2022, published: August 22, 2022

evidenced by the significant Spearman corre-
lation coefficient equaling 0.61 (p = 4,95E-
08). This correlation even increased to 0.69 (p
= 5.319E-007) when considering the expres-
sion of Panx1 and Panx2 in CRLM samples
only. A correlation coefficient of 0.50 was no-
ticed between Panx1 protein expression and
both Cx43 (p = 9.922E-006) and Cx32 (p =
1.092E-005) protein expression (Figure 5b).
When only considering CRLM patients, the
correlation between Cx43 and Panx1 protein
expression increased to 0.66 (p = 1.379E-
006).

Characterization of connexin and pannexin
protein localization in human liver samples

Gap junctions occupy approximately 3 %
of the hepatocyte membrane (Maes et al.,
2014). Cx and Panx proteins typically reside
in the cell plasma membrane (Epp et al., 2019;
Fort et al., 2011; Nakashima et al., 2004;
Penuela et al., 2007). Nevertheless, a substan-
tial portion of a cell’s Cx content can be de-
tected in the cytoplasm, due to their rapid
turn-over rate (Beardslee et al., 1998; Chu and
Doyle, 1985; Fallon and Goodenough, 1981;
Maes et al., 2016a). Furthermore, a shift to-
wards the cytoplasmic location is generally
seen in pathological conditions for both Cx
and Panx proteins (Beardslee et al., 1998;
Berthoud et al, 2004; Fallon and
Goodenough, 1981; Hernandez-Guerra et al.,
2019; Kawasaki et al., 2007; Maes et al.,
2017; Nakashima et al., 2004). Panx2 is an
exception to this and is mostly found in the
cytoplasm, even in physiological conditions
(Le Vasseur et al., 2014). Immunohistochem-
istry analysis was performed to visualize sub-
cellular location of Cx26, Cx32, Cx43, Panx1,
Panx2 and Panx3 in human liver samples in
situ (Figure 6; Supplementary Figures 9-15).
Based on the protein levels determined by im-
munoblot analysis, the 4 samples with the
highest protein expression were selected per
target protein. Images for each of these 4 sam-
ples can be found in the supplementary mate-
rial (Supplementary Figures 9-15). One repre-
sentative image per protein of interest is
shown in Figure 6. For Cx26, 3 of the highest

expressing samples were derived from pa-
tients with CRLM (samples 13, 36 and 39).
The fourth sample represents a biopsy from a
patient with a liver metastasis of pancreatic
adenocarcinoma (sample 61). The fibrosis
score ranged from “minimal pericellular fi-
brosis” to “clear pericellular fibrosis” in these
samples. Based on the fluorescent signal,
Cx26 seems to be diffusely expressed in the
cytoplasm of the hepatocytes (Supplementary
Figure 9). Signals were usually evenly spread
out in the samples of CRLM patients, but
sample 61 containing the liver metastasis of
pancreatic adenocarcinoma displayed an une-
ven Cx26 signal (Supplementary Figure 9).
When performing a replicate staining on sam-
ple 13 (CRLM), a zonated pattern appeared
across the liver sample (Supplementary Fig-
ure 10). The signal in the cytoplasm appeared
to be intensified in one region compared to the
other zones in the liver sample (Supplemen-
tary Figure 10), possibly indicating a differ-
ence in expression levels. Cx26 was also de-
tected as a punctuated pattern in the zone with
the intensified signal, hinting at a localization
in the cell’s plasma membrane. The 4 samples
expressing the highest Cx32 levels originated
from patients with CRLM displaying “no fi-
brosis” or “minimal to no fibrosis”. Although
these samples share the same histopathology,
the immunohistochemistry analysis revealed
a very different expression pattern (Supple-
mentary Figure 11). Sample 29 (CRLM) and
sample 43 (CRLM) showed a diffuse signal
across the cytoplasm of the hepatocytes to-
gether with some intensified punctuation
around the vessel in sample 43. However,
sample 52 (CRLM) and sample 58 (CRLM)
lacked this diffuse cytoplasmic signal. This
difference between the samples could not be
attributed to a zonation pattern, since all sam-
ples displayed an even Cx32 signal across the
slices and around the present vessels. In con-
trast to Cx26 and Cx32, the 4 biopsies con-
taining the highest Cx43 expression were very
diverse (Supplementary Figure 12). They rep-
resented 3 different diseases, namely CRLM,
cholangiocarcinoma and hepatocellular ade-
noma. Additionally, they all displayed a diffe-
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Figure 6: Cx26, Cx32, Cx43, Panx1, Panx2 and Panx3 protein localization in human liver samples.
Samples were selected to undergo immunohistochemistry analysis based on the immunoblot results.
Paraffin-embedded samples were sectioned into 5 um thick sections. Cx26, Cx32, Cx43, Panx1, Panx2
and Panx3 are visualized in red, while the nuclei are counterstained in blue (DAPI). Detection was per-
formed at 20x magnification. Scale bar = 100 um. Sample numbers are indicated in the left upper corner

of the images.

rent degree of fibrosis. The Cx43 signal ap-
peared to be diffuse but evenly spread across
the cytoplasm in the parenchymal cells of the
liver. Similar diffuse cytoplasmic patterns
were seen for Panx1, Panx2 and Panx3, which
were also evenly detected across the hepato-
cytes in the liver biopsies (Figure 6 and Sup-
plementary Figures 13-15). However, the sig-
nal of Panx3 was less intense. The samples se-
lected for the Panx immunohistochemistry
analysis all had varying degrees of fibrosis.

DISCUSSION

It has been reported on many occasions
that Cx and Panx (hemi)channels are involved
in disease, especially by mediating communi-
cation related to inflammation (Cogliati et al.,
2016; Eugenin et al., 2007; Fallon et al., 1995;
Ganz et al., 2011; Hernandez-Guerra et al.,
2019; Krutovskikh et al., 1994; Maes et al.,
2017; Nakashima et al., 2004; Nakata et al.,
1996; Ogawa et al., 2012; Willebrords et al.,

2018; Xiao et al., 2012). However, less atten-
tion has yet been paid to the investigation of
the fate of the building blocks of these
(hemi)channels, namely Cx and Panx pro-
teins, during disease, in casu liver pathology.
In this respect, Cx32 and Cx26 protein levels
are significantly downregulated in vivo in
acute liver injury and cholestasis, while Cx43
levels increase (Cooreman et al., 2020; Fallon
etal., 1995; Gonzalez et al., 2002; Maes et al.,
2016a; Saez et al., 1997). Downregulation of
Cx32 is also seen in patients with hepatitis,
cirrhosis and HCC (Nakashima et al., 2004).
Cx43 expression, on the other hand, can be
upregulated or downregulated in HCC pa-
tients (Wilgenbus et al., 1992; Yang et al.,
2016). Panx1 probably acts as a liver tumor
promotor, since liver samples of patients with
more advanced HCC express higher levels of
Panx1 compared to liver samples of patients
with less advanced HCC stages (Shi et al.,
2019). Additionally, Panx1 is involved in in-
flammation during acute and chronic liver
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disease, such as non-alcoholic steatohepatitis
and hepatitis C, and inhibition of its channels
leads to alleviation of acetaminophen-in-
duced cytotoxicity in vivo (Ganz et al., 2011,
Kim et al., 2021; Maes et al., 2017; Wille-
brords et al., 2018). Panx2 has been associ-
ated with breast cancer metastasis, clear renal
cell carcinoma, prostate cancer or cholangio-
carcinoma (Kimetal., 2019; Liao et al., 2020;
Liu et al., 2019; Qian et al., 2021), while in
liver it has been postulated as a tumor sup-
pressor in vitro (Xie et al., 2015). Finally,
Panx3 has been linked to osteosarcoma and
post-traumatic osteoarthritis (Moon et al.,
2015; Sun et al., 2020), but its involvement in
human liver disease has not yet been investi-
gated.

This study aimed to characterize the ex-
pression of all Panx family members in a vast
array of liver-specific pathologies and liver
metastases to establish any correlation with a
number of parameters, including Cx expres-
sion, but also type of cancer, fibrosis score
and sex. A moderate (Schober et al., 2018),
yet significant correlation between Panx1 and
both Cx32 and Cx43 protein levels was found.
Additionally, Cx26 gene expression was in-
creased in samples with pericellular fibrosis
compared to the samples without fibrosis. In-
terestingly, although Panx3 mRNA was not
detected, Panx3 protein expression was
demonstrated by 2 techniques, namely im-
munoblotting and immunohistochemistry
analyses. In fact, immunoblot analysis could
detect the non-glycosylated isoform, the high
mannose isoform and the complex glycopro-
tein isoform of Panx3 (Penuela et al., 2009).
Similar, discrepancy between mRNA and
protein levels has been reported earlier for
Panx2 in the central nervous system and has
been associated with the long half-life of Panx
proteins (Diezmos et al., 2015; Le Vasseur et
al., 2014; Penuela et al., 2007), ranging from
17 to 100 hours (Chu and Doyle, 1985). Ad-
ditionally, it is often noted that transcript
amounts cannot directly predict protein levels
during stress responses (Liu et al., 2016). To
the best of our knowledge, Panx3 expression
in liver has not yet been previously reported

neither in healthy nor in pathological condi-
tions in humans (lwamoto et al., 2017). This
study is also the first to report the presence of
Panx2 protein in human liver samples repre-
senting surrounding tissue of (non)neoplastic
liver disease. Panx2 was previously detected
as protein in rat liver or as mRNA in a human
HCC cell line and a healthy human liver cell
line (Bruzzone et al., 2003; Li et al., 2008; Xie
et al., 2015). Panx2 protein expression was
differentially expressed in CRLM and HCC.
Moreover, Panx2 and Panx1 gene expression
levels were found to positively correlate
(Schober et al., 2018), which raises questions
about the role previously assigned to Panx1
and Panx2. While Panx1 was found to act as
liver tumor promotor, Panx2 rather performs
tumor-suppressive actions in human HCC
(Shi et al., 2019; Xie et al., 2015). Although
Panx2 has been specifically detected in the
lateral plasma membrane of hepatocytes (Li et
al., 2008), the present results suggest that
Panx2 might be found in the intracellular
compartment of hepatocytes in human biop-
sies of surrounding tissue from patients with
different neoplastic diseases or various liver
diseases. Panx2 has been observed in the cy-
toplasm of different tissues, such as cuboidal
kidney tubule cells, neurons or germ cells, in
contrast to the other Panx family members,
which are typically located in the cell plasma
membrane (Le Vasseur et al., 2014). All other
proteins subjected to immunohistochemistry
analysis in this study also seemed to be lo-
cated in the cytoplasm of the hepatocytes
from the selected samples mainly surrounding
tissue of CRLM. Although not the main area
of expression (Epp et al., 2019; Fort et al.,
2011; Nakashima et al., 2004; Penuela et al.,
2007), Cx proteins can reside in the cytoplasm
due to their short half-lives of merely 1 to 5
hours (Beardslee et al., 1998; Berthoud et al.,
2004; Fallon and Goodenough, 1981; Traub
et al., 1987). Furthermore, aberrant subcellu-
lar localization can be caused by liver disease.
Multiple studies have reported a shift to the
cytoplasm in disease conditions for both Cx
and Panx proteins (Kawasaki et al., 2007;
Maes et al., 2017; Nakashima et al., 2004). It
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is suspected that Cx26 was partly located at
the hepatocytes cell membrane in 1 zone of
sample 13. Additionally, the expression of
Cx26 seemed to be enhanced in this area com-
pared to other areas of the same sample. Var-
ious studies have reported zonation for Cx26,
where it is primarily found in periportal
hepatocytes due to the presence of glucagon,
which stabilizes Cx26 mRNA (lwai et al.,
2000; Kojima et al., 1995; Traub et al., 1989).

In summary, the presented data provide an
overview of the Cx and Panx expression in
human liver samples representing various pa-
thologies. Based on this study, it seems that
Panx1 and Panx2 gene expression can be cor-
related to a certain degree, as well as the pro-
tein expression of Panx1 and Cx32 and Cx43.
Finally, Panx3 protein was detected for the
very first time in human liver biopsies, open-
ing new opportunities for future research on
the role of Panx3 in the homeostatic or patho-
logical processes of the liver.
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