Research Article

Cholestasis and Autoimmune Diseases

JOURNAL

OF HEPATOLOGY

Plectin controls biliary tree architecture and stability
in cholestasis

Graphical abstract

WILD TYPE PLECTIN DEFICIENT
> Lt = \ Hepatocyte
E @2; ‘;‘&;‘ el Cholangiocyte
] At B oS
% § ﬁﬁ@%’ k\_ = EeratmlFs

® Plectin

z ] i f @ \QL Bile
g 7/ o) b At _g BD = bile duct
2D ¢ @&‘% =,
gDOﬁg @& B B o

Highlights

o A novel liver-specific plectin knockout mouse model was
generated.

¢ Plectin deficiency leads to aberrant organization and insta-
bility of epithelial keratin filaments.

¢ Plectin is responsible for a proper canalicular network
formation and biliary tree architecture.

o Plectin preserves bile duct integrity under cholestatic stress.
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Lay summary

Plectin is a cytolinker protein capable of
interconnecting all three cytoskeletal fil-
ament systems and linking them to
plasma membrane-bound junctional
complexes. In liver, the plectin-
controlled cytoskeleton mechanically sta-
bilizes epithelial cells and provides them
with the capacity to adapt to increased
bile pressure under cholestasis.
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..Background & Aims: Plectin, a highly versatile cytolinker pro-
tein, controls intermediate filament cytoarchitecture and cellu-
lar stress response. In the present study, we investigate the role
of plectin in the liver under basal conditions and in experimen-
tal cholestasis.

Methods: We generated liver-specific plectin knockout (PlePai)
mice and analyzed them using two cholestatic liver injury models:
bile duct ligation (BDL) and 3,5-diethoxycarbonyl-1,4-dihydrocolli-
dine (DDC) feeding. Primary hepatocytes and a cholangiocyte cell
line were used to address the impact of plectin on keratin filament
organization and stability in vitro.

Results: Plectin deficiency in hepatocytes and biliary epithelial
cells led to aberrant keratin filament network organization, bil-
iary tree malformations, and collapse of bile ducts and ductules.
Further, plectin ablation significantly aggravated biliary damage
upon cholestatic challenge. Coincidently, we observed a signifi-
cant expansion of A6-positive progenitor cells in PlePab livers.
After BDL, plectin-deficient bile ducts were prominently dilated
with more frequent ruptures corresponding to an increased
number of bile infarcts. In addition, more abundant keratin
aggregates indicated less stable keratin filaments in PlePalb
hepatocytes. A transmission electron microscopy analysis
revealed a compromised tight junction formation in plectin-
deficient biliary epithelial cells. In addition, protein profiling
showed increased expression of the adherens junction protein
E-Cadherin, and inefficient upregulation of the desmosomal
protein desmoplakin in response to BDL. In vitro analyses
revealed a higher susceptibility of plectin-deficient keratin
networks to stress-induced collapse, paralleled by elevated
activation of p38 MAP kinase.
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junctions.
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Conclusion: Our study shows that by maintaining proper
keratin network cytoarchitecture and biliary epithelial stability,
plectin plays a critical role in protecting the liver from stress
elicited by cholestasis.

Lay summary: Plectin is a cytolinker protein capable of
interconnecting all three cytoskeletal filament systems and
linking them to plasma membrane-bound junctional com-
plexes. In liver, the plectin-controlled cytoskeleton mechani-
cally stabilizes epithelial cells and provides them with the
capacity to adapt to increased bile pressure under cholestasis.
© 2017 European Association for the Study of the Liver. Published by
Elsevier B.V. All rights reserved.

Introduction

The biliary tree is a complex three-dimensional (3D) tubular
network that drains the bile produced by hepatocytes to the
small intestine. The bile is secreted into the bile canaliculi and
flows through interconnected small and large bile ducts (BDs),
which are lined with cuboidal biliary epithelial cells (BECs).
Disorders affecting the function of BECs underlie diverse cholan-
giopathies (e.g. primary sclerosing cholangitis and primary bil-
iary cirrhosis), often characterized by cholestatic condition.!
Biliary obstructions elicit a toxic response, and increased biliary
pressure leads to epithelial ruptures and leakage of bile into the
parenchyma. In response to a subsequent hepatocellular injury,
BECs and hepatic progenitor cells (termed the oval cells in
rodents) start to proliferate in a “ductular reaction”. Their
expansion gives rise to an increased number of biliary ductules.
Thus, by forming a significantly denser duct meshwork around
the portal vein, the biliary system adapts to effectively drain
the accumulated biliary fluid.

A prominent group of genes that becomes upregulated in
response to a cholestatic insult encodes keratins.2-* In the liver,
both hepatocytes and BECs express keratins (K) 8 and 18,
whereas only BECs additionally contain K7, K19 and K23.45
Mutations in keratin genes resulting in unstable and abnormally
organized keratin filaments (KFs) predispose their carriers to
various liver diseases, including cholangiopathies.6” Mouse
models that either lack or mimic mutant human K8 or K18 show
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increased fragility of hepatocytes, increased necrosis and
hemorrhage with subsequent lethality (as reviewed in®).
Although little is known about biliary keratins, an attenuated
ductular reaction and aggravated cholestatic injury upon tar-
geted inactivation of K199 suggest their critical role in biliary
epithelium.

Proper organization of intermediate filament (IF) networks is
maintained by cytoskeletal linker proteins (cytolinkers) of the
plakin protein family. Plectin, a prototypical ubiquitously
expressed cytolinker, crosslinks IFs and anchors them at junc-
tional complexes, including hemidesmosomes (HDs) and desmo-
somes (Ds) of epithelial cells.® In addition, plectin binds to
actomyosin and microtubule network systems, thus affecting
not only mechanical but also dynamic properties of the
cytoskeleton. Multiple studies have shown that the deletion of
plectin leads to aberrant KF organization!!1? manifesting as
more bundled and less flexible filaments.!! Without plectin, KF
networks are less stable and more prone to collapse under both
mechanical and non-mechanical stress conditions.!! The
absence of a plectin-mediated IF anchorage has been found
to alter the structure and functionality of junctional
complexes.!2-15 For instance, homeostasis and stability of HDs
in keratinocytes is strictly dependent on plectin-mediated KF
recruitment,’> and a reduction in the number of HDs and their
dysfunction are directly linked to skin fragility.!215 Similarly, a
tissue-specific plectin deletion in mouse endothelium has adverse
effects on the formation of adherens and tight junctions (AJs and
TJs) with consequences for endothelial barrier function.!?

The overall objective of this study was to determine how
plectin controls KF networks in the liver and how it contributes
to their hepatoprotective roles. Our results demonstrate an
absolute plectin requirement for maintaining proper biliary tree
architecture and epithelial stability in cholestatic injury.

Materials and methods

Animal experiments

Liver-specific deletion of the plectin (Plec) gene was achieved by
breeding Ple/fl mice!6 (Plef/) with Alb-Cre transgenic mice (MGI
2176228; The Jackson Laboratory, Bar Harbor, ME) to generate
Plef/f/Alb-Cre mice (PleP@b). All animal studies were performed
in accordance with European Directive 86/609/EEC and they
were approved by the Czech Central Commission for Animal
Welfare. All experiments were performed using age-matched
littermate male mice. To induce cholestatic liver injury, mice
were either subjected to BDL or fed a diet supplemented with
0.1% DDC.

Electron microscopy

In situ whole liver perfusion was performed at 1.5 ml/min (20
min) with glutaraldehyde (1.5%) in phosphate-buffered saline
(PBS; pH 7.2). Liver pieces were immersed in a fixative solution
(1% glutaraldehyde and 4% paraformaldehyde in PBS) for 48 h
and further processed for transmission and scanning electron
microscopy.

Isolation and cultivation of primary hepatocytes

Primary hepatocytes were isolated from Ple//l. and PlePa> mice
by a collagenase perfusion as previously described.!” To study
the canalicular formation and morphology in vitro, hepatocytes
were grown in a collagen sandwich culture.!8
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CRISPR-mediated targeting of plectin in mouse
cholangiocytes

Immortalized mouse cholangiocytes (MSC; a gift of Y. Ueno,
Tohoku University, Japan) were maintained in Dulbecco’s mod-
ified Eagle medium (DMEM) as described previously.'® A plectin
knockout (KO) MSC cell line was generated by targeting geno-
mic sequences of intron 25 and 31 of plectin using CRISPR/
Cas9 system.20

Statistical analysis
Data from animal experiments are reported as arithmetic
means + standard error of means (SEM) of 3—7 animals in each
group. In vitro data, presented as means + SEM, were obtained
from three independent experiments. Normally distributed data
were analyzed by Student’s t test using GraphPad Prism 5
(GraphPad Software, Inc., La Jolla, CA) with a p value <0.05 con-
sidered as statistically significant.

For further details regarding the materials used, please refer
to the CTAT table and supplementary information.

Results

Plectin colocalizes with KFs and junctional complex proteins
in mouse liver epithelial cells

Early on plectin was shown to be abundantly expressed in the
liver and to prominently associate with canaliculi.2! To study
the localization of plectin in more detail, we subjected mouse
liver paraffin sections to immunofluorescence microscopy. In
both hepatocytes and BECs, plectin clearly delineated cell
boundaries, where it partially colocalized with pan-keratin
(pan-K) positive IFs (Fig. 1A). Plectin also showed extensive
colocalization with the tight junction (TJ) protein zonula
occludens-1 (ZO-1, Fig. 1B) and the AJ protein E-Cadherin
(Fig. S1) at the surface of BECs and bile canaliculi. As plectin
was reported to protect KF cytoarchitecture from various types
of stress,!! we analyzed whether plectin expression was upreg-
ulated in two liver injury mouse models. We observed substan-
tially increased expression of plectin at both mRNA and protein
levels in livers subjected to BDL or in DDC-fed animals (Fig. 1C,
D). In line with previous findings®?2? the upregulation was par-
alleled by an increase in K18 and K19 expression (Fig. 1C, D).
Together, these results suggest a potential involvement of plec-
tin in response to a cholestatic liver disease.

Liver-specific plectin deficiency leads to aberrant
organization of epithelial KF's

To explore the role of plectin in liver epithelium, we generated
liver-specific plectin knockout (PlePeb) mice (see Materials and
Methods). A successful ablation of plectin in liver epithelium
was confirmed by immunofluorescence microscopy and plectin
expression analysis (Fig. S2). Under physiological conditions,
Plebab mice display no signs of gross pathology, as we observed
normal serum liver enzyme levels (Fig. S3) and detected no
obvious histological abnormalities (Fig. S4). Moreover, no signif-
icant changes were found in either the biliary bile acid compo-
sition, expression of bile acid transporters and receptors or bile
flow rates (Fig. 2A-D).

As plectin acts as a major organizer of keratin cytoarchitec-
ture,!! we compared the appearance of KFs in Ple//fl and PlePalb
liver sections by immunofluorescence microscopy. In Plef/! hep-
atocytes, K8 and K18 displayed a mostly perimembraneous
staining pattern, whereas in PlePab cells, KFs were evenly
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Fig. 1. Plectin expression in mouse liver epithelial cells. (A, B) Paraffin
mouse liver sections were immunolabelled using antibodies to plectin, pan-
keratin (pan-K; A) or ZO-1 (B). Nuclei were stained with DAPI (blue). Detailed
images of hepatocytes and BECs are shown. The arrowheads indicate bile
canaliculi; the asterisks, biliary lumen. Scale bars, 10 1m. (C) The relative
mRNA levels of plectin, K18 and K19 in livers of mice challenged with BDL, the
DDC diet, and untreated controls. n = 4. (D) Immunoblots of liver lysates
prepared from mice challenged with BDL or unchallenged controls using
antibodies to plectin, K18 and K19. GAPDH, loading control. Numbers below
lines indicate relative band intensities normalized to average control values.
n = 3-4; *p <0.05, control vs. BDL calculated using Student’s t test. BDL, bile
duct ligation; BECs, biliary epithelial cells; DDC, 3,5-diethoxycarbonyl-1,4-
dihydrocollidine; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
K18/19, keratin 18/19; pan-K, pan-keratin; ZO-1, zonula occludens-1.

distributed throughout the cytoplasm (Fig. 3A, B; see also 3D
reconstruction in Fig. S5A and Videos S1 and S2). In contrast
to hepatocytes, the general appearance of the K18 and K19
staining patterns did not significantly differ between PlePalb
and Plef/ BECs (Fig. 3C, D). However, quantitative fluorescence
microscopy revealed that the absence of plectin resulted in a
decrease of K18 fluorescence intensity at the apical membrane,
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Fig. 2. Comparable bile composition, expression of bile acids transporters
and receptors, and bile flow rate in Plef// and PlePalb mice. (A) The bile acid
composition was analyzed using liquid chromatography-tandem mass spec-
trometry. n = 5. (B) Bile hydrophobicity index was calculated from the biliary
bile acid composition at the age indicated. n = 5. (C) The relative mRNA levels
of bile acid transporters and receptors. n = 7-9. (D) The bile flow was
measured in 12-week-old Plef/fl and PlePa> mice. n = 5—6. Results from Plef/f!
and PlePalb mice were compared using Student’s ¢ test. PlePalb, liver-specific
Plec knockout; Plefi/fl; Plecflox/flox,

accompanied by an increase of K19 fluorescence intensity at the
basal membrane, leading to a partial loss of typically polarized
keratin cytoarchitecture (Fig. 3C, D; box plot graphs). This was
further clearly discernible from 3D reconstruction analysis of
pan-K-immunolabelled BECs (Fig. S5B). Similar trends were
observed for their type II pairing partners K8 and K7 (Fig. S6A,
B). The changes observed in KF localization were not a conse-
quence of altered keratin expression levels, as no differences
were found by immunoblotting liver lysates (Fig. 3E, S6C). Thus,
plectin deficiency results in cytosolic localization of KF's in hep-
atocytes and in the redistribution of apicobasal localization of
KFs in Plebab BECs, affecting KF cytoarchitecture in these cells.

PlePalb mice show malformations of interlobular BDs and
ductules accompanied by ductular reaction

The plectin-mediated IF network anchorage is known to impart
mechanical stability on cells required to maintain proper tissue
architecture.!51¢ To determine the ductular luminal shape, we
performed a morphometric analysis of K19-immunolabelled
intralobular BDs and luminized ductules in 4- and 12-week-
old mice. Strikingly, both BDs and ductules in PlePab mice
showed a reduction in the cross-sectional luminal area, while
no differences in the luminal perimeter were detected
(Fig. 4A). When the luminal shape was quantified by calculating

Journal of Hepatology 2018 vol. 68 1006-1017
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Fig. 3. Plectin organizes KFs in both hepatocytes and BECs. (A-D) Immunolabelling of K8 (A) and K18 (B) in hepatocytes and K18 (C) and K19 (D) in BECs.
Nuclei were stained with DAPI (blue). Drawn schemes depict reduced apical membrane K18 (C) and increased basal membrane K19 (D) staining in PleP@» BECs.
The arrowheads, bile canaliculi (A, B) or basal membrane of BECs (C, D); the asterisks, biliary lumen. Scale bars, 10 1m. The box plot graphs show the
quantification of the apical membrane (C) and the basal membrane (D) fluorescence intensities in individual BECs normalized to total fluorescence intensity per
cell. >250 BECs were analyzed in three mice per genotype. The box represents the 25—75th percentiles, and the median is indicated. *p <0.05, ***p <0.001
calculated using Student’s ¢ test. (E) Liver lysates were subjected to immunoblotting using antibodies to K18 and K19. GAPDH, loading control. Numbers below
lines indicate relative band intensities normalized to average control values. BECs, biliary epithelial cells; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
K8/18/19, keratin 8/18/19; PlePab, liver-specific Plec knockout; Plef/fl, Plecflox/flox,

the circularity and the axial ratio (see Materials and Methods),
both parameters indicated significantly irregular and rather
elongated ductular lumens in PlePab livers compared to more
rounded lumens in Plef/ livers (Fig. 4A). This phenotype was
not aggravated with aging as seen from morphometric analysis
of luminized structures of 20- and 40-week-old mice (Fig. S7).
Ductular dysmorphology was paralleled by a prominent
increase in the number of ductules and K19-positive (K19+*) cells
per portal field in PlePab livers (Fig. 4B), while the numbers of
interlobular BDs and individual K19+ cells remained unchanged
compared to Ple/f livers (Fig. 4B, S8A). A further analysis
showed a comparable content of A6-positive (A6+) progeni-
tors/oval cells in Ple/ and PlePa® livers (Fig. S8B). These find-
ings suggest that under physiological conditions, aberrant KF
cytoarchitecture in plectin-deficient BECs leads to collapse of
ductular lumens and to a mild ductular reaction.

Journal of Hepatology 2018 vol. 68 1006-1017

Plectin is responsible for a proper canalicular network
formation in the liver

Given the ductular dysmorphology in PlePat livers we next
assessed whether plectin deficiency also affects the canalicular
formation. In sharp contrast to regularly shaped bile canaliculi
in Plef/f livers (Fig. 4C, S8C), scanning electron microscopy of
Plebab livers showed distorted, wider, and more meandering
bile canaliculi with frequent blind end loops (Fig. 4C and S8C).
A quantitative analysis of canalicular morphology revealed a
significantly wider range of canalicular widths in PlePab com-
pared to Ple/ livers (Fig. 4C). An analysis of 3D reconstructions
of ZO-1-immunolabelled sections confirmed partially dilated,
more meandering and prominently misshaped bile canaliculi
in PlePalb livers (Fig. 4D). Further, an increased number of
branching points indicated denser canalicular networks.
Immunofluorescence microscopy of F-actin-labelled collagen
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Fig. 4. Biliary tree malformations and a ductular reaction in PlePa» mice. (A) Morphometric evaluation of interlobular ductules and BDs in Plef/l and PlePalb
liver sections from 4- and 12-week-old mice stained with antibodies to K19. The asterisks, biliary lumen. Scale bar, 10 1m. The cross-sectional luminal area, the
luminal perimeter, the circularity and the axial ratio (the ratio between the largest and the smallest orthogonal luminal diameter) were determined for >10
ductules and >10 BDs in three mice per genotype. (B) Representative immunofluorescence images of portal fields from liver sections immunolabelled with
antibodies to K19. Nuclei were stained with DAPI. The arrowheads, ductular structures. Scale bar, 50 1m. Boxed areas show ~x2 images. The bar graphs show
the number of ductules and BDs and the number of K19* cells in >10 PF in three mice per genotype. (C) Representative SEM micrographs of bile canaliculi. The

arrowheads, bile canaliculi; the asterisk, blind loop in PlePab canaliculi only. Scale bar, 1 1m. Histogram of morphometric analyses of canalicular widths from
six images in two mice per genotype. (D) 3D reconstruction of deconvolved images of ZO-1 immunolabelled bile canaliculi (the arrowheads, branching points).
Scale bar, 10 1m. The bar graph shows the number of branching points per optical field. n = 6. (E) 3D cultures of primary hepatocytes isolated from Plef/1 and
PlePalb mice labelled with phalloidin to visualize F-actin. Nuclei were stained with DAPI. The arrowheads, misshaped canaliculi. Scale bar, 1 1m. The histogram
shows the canalicular width distribution. n = 68-80, three independent experiments. *p <0.05, **p <0.01, ***p <0.001 calculated using Student’s t test. BDs, bile

ducts; K19, keratin 19; PF, portal field; PlePab, liver-specific Plec knockout; Plef/fl, Plecflo¥flox; PV, portal vein; ZO-1, zonula occludens-1.

sandwich cultures of Pl and PlePab primary hepatocytes!s
revealed highly irregular and significantly wider PlePalb canali-
culi with grossly dilated segments (Fig. 4E), which closely
resembled abnormalities seen in a canalicular PlePalb network
in vivo.

Plectin deficiency aggravates BDL-induced liver injury

To assess whether the prominent upregulation of plectin
expression upon cholestatic challenge (Fig. 1D) was indicative
of its protective role during injury, we subjected Pl and
PlePalb mice to BDL for 5 and 14 days. We observed similar
levels of alanine aminotransferase (ALT), aspartate amino-
transferase, alkaline phosphatase (ALP), and total serum bile
acid (tBA), but higher total bilirubin levels in PleP@® compared
to Plef mice (Fig. 5A, B, S9A). A histological analysis of liver
sections after 14 days of BDL showed significantly increased
numbers of bile infarcts and larger areas of necrotic tissue
in PlePab compared to Plef/ livers (Fig. 5C). PlePab livers also
showed more extensive fibrosis, as revealed by a morphome-

1010

tric analysis of Sirius red-stained liver sections and immuno-
blot analyses for collagen I and a-smooth muscle actin
(Fig. 5D, S9B). Ductular reaction, assessed by a histological
evaluation of K19+ areas on liver sections and an immunoblot
analysis of liver lysates, was similar in Plef//fl' and PlePa mice
after both 5 and 14 days of BDL (Fig. S9C). Nonetheless, Ki-67
staining revealed significantly higher BEC proliferation in
PleP@b mice after 14 days of injury (Fig. 5E). Coincidently,
A6 antigen staining showed approximately twofold increase
in the progenitor cell area in PlePab mice after both 5 and
14 days of BDL (Fig. 5F). Together these data show higher sus-
ceptibility of PlePa mice to BDL-induced injury accompanied
by more severe portal fibrosis with considerable BEC and oval
cell proliferation.

Plectin is required in recovery from DDC-induced injury

As BDL-induced cholestasis affects primarily large BD epithelial
cells,?? next we studied the role of plectin in a second model of
cholestasis that affects primarily small BDs.24 In line with the

Journal of Hepatology 2018 vol. 68 1006-1017
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results from the BDL model, 14 days of DDC-feeding resulted in
slightly higher ALP and bilirubin levels in PlePa> compared to
the levels in Ple/f mice, pointing to more extensive biliary
epithelial damage. On the other hand, a significantly attenuated
elevation of ALT and tBA levels in PlePe> mice suggested unex-
pectedly lower hepatocellular injury (Fig. 6A, B). This coincided
with less extensive fibrosis in PlePab mice assessed from Sirius
red-stained liver sections (Fig. 6C). The extent of the ductular
reaction and the proliferative response to DDC-induced injury
was comparable in both genotypes, as no differences were
found in K19* area, K19 expression levels, and Ki-67 staining
(Fig. S10A—C). In sharp contrast, we observed a more than
threefold increase in the A6* progenitor cell area in PlePab mice
(Fig. 6D). These findings indicate that in this model the
genetic loss of plectin increases the susceptibility of BECs to
DDC intoxication and leads to a substantially elevated
activation of oval cells, but has a protective effect on hepatic
parenchyma.

Journal of Hepatology 2018 vol. 68 1006-1017

To study whether plectin deficiency affects the ability of the
liver to regenerate after cholestatic injury, mice fed for 14 days
with DDC were allowed three days of standard chow to recover.
After the recovery period, ALT, ALP, and bilirubin levels
decreased in both Plel and PlePa mice; however, the recovery
levels were significantly higher in PlePab than in Ple’/ mice
(Fig. 6A). Moreover, while serum tBA levels in Ple’//l mice were
five-times lower after recovery, in PlePab mice they stayed as
high as during the injury period (Fig. 6B). Consistently, we also
observed persisting fibrosis in these animals (Fig. 6C). Similar to
the injury period, both Ple’/ and PlePab mice showed a compa-
rable ductular reaction and a proliferative response (Fig. S10A—
() with no significant differences in the number of A6+ cells
(Fig. 6D). Collectively, these results show that although DDC
exposure leads to lower hepatocellular damage in PlePa> mice,
its resolution is slower, strongly suggesting that plectin pro-
vides the liver with the capability to recover from
DDC-induced injury more efficiently.
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Fig. 6. Plebalb mice show impaired recovery from DDC-induced injury. (A, B) Serum levels of ALT, ALP, total bilirubin (A) and total bile acids (tBA; B)
determined in samples from untreated controls and mice fed with the DDC diet for 14 days (DDC 14 d) or allowed to recover from the injury for three days
(recovery). n = 3-7. (C) Representative images of SR stained liver sections from DDC-treated and recovering mice. Scale bar, 250 1m. The bar graph shows the
percentage of the SR* area per liver section. n = 6. (D) Immunolabelling of A6 in BECs with nuclei stained with DAPI. The arrowheads, A6* cells. Scale bar, 200
1m. The bar graph shows the percentage of the A6* area per liver section. n = 3—4; *p <0.05, **p <0.01 calculated using Student’s ¢t test. ALP, alkaline
phosphatase; ALT, alanine aminotransferase; AST, aspartate transaminase; BECs, biliary epithelial cells; DDC, 3,5-diethoxycarbonyl-1,4-dihydrocollidine;
Plepaib, liver-specific Plec knockout; Plefi/fi, Plecflov/flox; SR, Sirius red; tBA, total bile acids.

Plectin preserves BD integrity under BDL-induced cholestatic
stress

Aberrant KF cytoarchitecture of PlePa» BECs associated with col-
lapse of ductular structures and a worse outcome of BDL injury
led us to assess the BD appearance in livers upon BDL challenge.
A morphometric analysis of liver sections immunolabelled for
pan-K and E-Cadherin revealed that intralobular BDs of Ple/fl
mice after 14 days of BDL were mostly round with their lumens
formed by tightly packed BECs with the nuclear long axis per-
pendicular to the ductal wall (Fig. 7A, S11A). In contrast, PlePal
BDs showed significantly larger luminal areas (Fig. 7A) sur-
rounded by loosely packed BECs that were often misaligned
and had lost their polarized orientation (Fig. 7A, S11B). More
dilated and round stress-loaded BDs in PlePa» BDL-injured livers
were in stark contrast to untreated BDs, where plectin defi-
ciency led to luminal collapse (Fig. 4A). Together, these observa-
tions likely reflected reduced stability of PlePab ducts resulting
in a prominent dilatation upon BDL-induced bile pressure.
Moreover, PlePat BDs displayed more ruptures (Fig. 7A) corre-
sponding to aggravated BDL-induced liver injury (Fig. 5). This
further confirmed the fragility of plectin-deficient biliary
epithelium. We did not observe any comparable changes in
the cross-sectional luminal area and in BD morphology in
DDC-treated animals (Fig. S11B).

As the cohesion of BECs is maintained by junctional com-
plexes, we compared morphology of Tds, Ads, and Ds formed
by unchallenged Ple/ and PlePab BECs using transmission elec-
tron microscopy (TEM). Quantitative analyses showed a signifi-
cantly reduced length of TdJs in PlePab liver, but no apparent
differences in the appearance of AJs and Ds (Fig. 7B). A further
analysis revealed that the expression levels of the desmosomal
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proteins desmoglein and desmoplakin as well as their localiza-
tions were comparable between unchallenged Plef’/l and Plebalb
livers (Fig. 7E, F and not shown). However, PlePab liver lysates
showed an ~50% increase in E-Cadherin protein levels
(Fig. 7D), which was not accompanied by any obvious changes
in AJ morphology (Fig. S12A). Although these results suggest a
distortion of biliary cell-cell junctions and a possible impair-
ment of the biliary barrier, we observed no penetration of fluo-
rescein isothiocyanate-dextran (4 and 40 kDa) from blood to
bile (Fig. S12B, (). Given our findings in BDL-treated PlePab
mice, we further quantified the expression levels of junctional
proteins by immunoblotting (Fig. 7C—F). In line with previous
findings,? BDL caused a general upregulation of these proteins.
No significant differences were observed for ZO-1, E-Cadherin
and desmoglein expressions between PlePdb and Plef//l mice
(Fig. 7C-E). In contrast, BDL induced an upregulation of desmo-
plakin to a significantly lesser extent in PlePab than in Ple///
mice (Fig. 7F). These results clearly show that plectin deficiency
leads to a considerable distortion of biliary cell-cell contacts and
compromises the ability of BDs to cope with BDL insult.

Plectin stabilizes KFs under stress and affects the p38 MAP
kinase signaling pathway in liver epithelial cells

Previous studies have linked the resilience to cholestatic injury
with KF network stability.?25 Given the changes in KF organiza-
tion in PlePab livers, we assessed their reorganization in
response to stress conditions in liver epithelial cells.
Immunofluorescence microscopy for K8 on liver sections after
5 and 14 days of BDL, revealed, as previously reported,?2> an
increase in the density of the KF network (not shown). Addition-
ally, we found single hepatocytes containing K8* aggregates,

Journal of Hepatology 2018 vol. 68 1006-1017
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which were 1.5-times more abundant in PlePab than in Ple/!
livers (Fig. 8A). To confirm the role of plectin in a stress-
induced KF reorganization in vitro, we treated primary hepato-
cytes and the mouse cholangiocyte cell line (MSC'9) with the
phosphatase inhibitor okadaic acid (OA). Untreated PlePab hep-
atocytes and plectin-deficient MSCs (KO MSCs; see Materials
and Methods) showed less delicate keratin IF networks when
compared to their wild-type (WT) counterparts (Fig. 8SB). After
exposure to OA, KF's in KO cells formed thicker bundles and their
collapse was evident from either cytoplasmic areas devoid of
keratin staining (hepatocytes) or the formation of keratin gran-
ules (MSCs) (Fig. 8B). Consistent with a higher frequency of K8*
aggregates observed in BDL-treated PlePab livers, KF networks
were found significantly more often collapsed in OA-treated
plectin-deficient than in wild-type cells (Fig. 8B). Together,
these data suggest that plectin stabilizes KF's under stress condi-
tions both in vitro and in vivo.

The reorganization of KF's is known to be mediated via MAP
kinase p38,26 a stress-response kinase also implicated in the
cholestatic liver disease.?” As our previous data suggested a
plectin-dependent regulation of the p38 signaling pathway,!!

Journal of Hepatology 2018 vol. 68 1006-1017

we examined whether the changes in KF appearance upon
BDL or OA treatment were paralleled by p38 activation. Using
anti-phospho-p38 antibodies, we found significantly lower
p38 activities in PlePab compared to Ple/fl liver lysates from
sham-operated mice (Fig. 8C). Surprisingly, this downregulation
was not confirmed in vitro; the basal phosphorylation of p38
kinase did not differ between plectin-deficient and wild-type
hepatocytes or MSCs (Fig. 8D, E). As expected, BDL resulted in
p38 activation, which was substantially elevated in PlePalb livers
despite its comparatively low levels under basal conditions
(Fig. 8C). Consistent with these results, p38 phosphorylation
was found to be higher both in OA-treated plectin-deficient
hepatocytes and in MSCs compared to their wild-type counter-
parts (Fig. 8D, E). Hence, the enhanced stress-induced activation
of p38 kinase correlated well with the increased fragility of the
IF networks observed in plectin-deficient liver epithelial cells.

Discussion
In this study, we show that plectin plays an essential role in the
proper organization of KF networks in both hepatocytes as well
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as in BECs. In the absence of plectin, hepatocytic keratins K8 and
K18 no longer showed their typical distribution along the
plasma membrane, but loose individual filaments were found
scattered throughout the whole cytoplasmic space. In BECs,
where plectin deficiency showed