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Novel mechanism of cytokine-induced
disruption of epithelial barriers

Janus kinase and protein kinase D-dependent
downregulation of junction protein expression
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The ductal epithelium plays a key role in physiological secretion of pancreatic enzymes into the digestive system.
Loss of barrier properties of the pancreatic duct may contribute to the development of pancreatitis and metastatic
dissemination of pancreatic tumors. Proinflammatory cytokines are essential mediators of pancreatic inflammation and
tumor progression; however, their effects on the integrity and barrier properties of the ductal epithelium have not been
previously addressed. In the present study, we investigate mechanisms of cytokine-induced disassembly of tight junctions
(TJs) and adherens junctions (AJs) in a model pancreatic epithelium. Exposure of HPAF-IIl human pancreatic epithelial
cell monolayers to interferon (IFN)y disrupted integrity and function of apical junctions as manifested by increased
epithelial permeability and cytosolic translocation of AJ and TJ proteins. Tumor necrosis factor (TNF)a potentiated the
effects of IFNy on pancreatic epithelial junctions. The cytokine-induced increase in epithelial permeability and AJ/T)
disassembly was attenuated by pharmacological inhibition of Janus kinase (JAK) and protein kinase D (PKD). Loss of
apical junctions in IFNy/TNFa-treated HPAF-II cells was accompanied by JAK and PKD dependent decrease in expression
of AJ (E-cadherin, p120 catenin) and TJ (occludin, ZO-1) proteins. Depletion of E-cadherin or p120 catenin recapitulated
the effects of cytokines on HPAF-II cell permeability and junctions. Our data suggests that proinflammatory cytokines
disrupt pancreatic epithelial barrier via expressional downregulation of key structural components of AJs and TJs. This

Rochester

mechanism is likely to be important for pancreatic inflammatory injury and tumorigenesis.

Introduction

Epithelial layers create protective barriers between the body
interior and the surrounding environment and preserve unique
biochemical composition of different tissues and organs.'?
Disruption of epithelial barriers is a hallmark of tissue inflamma-
tion that leads to body exposure to environmental pathogens and
alterations of tissue homeostasis.** Integrity and barrier proper-
ties of various epithelia are determined by multiprotein adhesive
complexes known as epithelial junctions that are formed between
adjacent cells.’ It is well-established that disruption of intercel-
lular junctions in the intestinal epithelium, airway epithelium,
and skin epidermis can contribute to the pathogenesis of differ-
ent inflammatory disorders such as inflammatory bowel disease,

asthma, and atopic dermatitis.***
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However, there are other types of epithelia in the human body,
which normal physiological functions and roles in organ pathol-
ogy remain poorly understood. A vivid example is the epithelium
that forms the pancreatic duct, an elaborate tubular complex
interconnecting digestive enzyme-producing acinar cells of the
pancreas and collecting secreted zymogens for their delivery into
the duodenum.” Evidence suggests that disruption of this ductal
barrier is a common manifestation of pancreatic pathology such
as pancreatitis and pancreatic ductal adenocarcinoma. For exam-
ple, clinical studies observed appearance of serum proteins in the
pancreatic juice of patients with chronic pancreatitis, which is
indicative of increased ductal permeability.!"! Furthermore, dis-
ruption of paracellular sealing in ductal epithelium was found
to be an early feature of animal models of acute pancreatitis.'*"
Finally, progression of pancreatic intraepithelial neoplasm in
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Figure 1. Proinflammatory cytokines increase permeability of human
pancreatic epithelial cell monolayers. Confluent HPAF-II cell mono-
layers were exposed for 48 h to either vehicle, TNFa (10 ng/ml), IFN-y
(50 ng/ml) or a combination of these two cytokines. Integrity of the
epithelial barrier was evaluated by measuring transepithelial electrical
resistance (TEER) and fluorescent dextran fluxes. Permeability assays
show significant decrease in TEER in all cytokine-treated groups (A) and
enhancement of dextran fluxes in IFNy and IFNy/TNFa exposed cells
(B). Data are presented as mean + SE (n = 3); *p < 0.05 *p < 0.01; **p <
0.001 compared to control cells.

mice was recently associated with abnormal organization of epi-
thelial cell-cell contacts.!®

Similar to other types of vertebrate epithelia, pancreatic duc-
tal epithelial cells are linked by several types of junctional com-
plexes. Among these complexes, the most apically-located tight
junctions (TJs) and adherens junctions (AJs) play key roles in
epithelial morphogenesis and establishment of the paracellu-
lar barrier.” TJs and AJs mediate cell-cell adhesions through
homotypical interactions of their transmembrane proteins such
as occludin, claudins, junctional adhesion molecule-A (JAM-
A) and E-cadherin that are assisted by a number of cytoplasmic
scaffolds.’*? Different scaffolding proteins participate in the
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organization of distinct junctional complexes. Thus, members
of the so called “zonula occludens” (ZO) protein family interact
with occludin, claudins and JAM-A at TJs,'®" whereas B- and
pl120 catenins bind to E-cadherin creating a core complex of
epithelial AJs.?*** Abnormal localization of T] proteins, ZO-1,
occludin and claudins was observed in ductal pancreatic epithe-
lium during experimental pancreatitis’™® and neoplastic trans-
formation,' although biological roles and molecular mechanisms
of such abnormalities remain unknown.

Disruption of epithelial barriers in inflamed mucosa is known
to be mediated by proinflamatory cytokines, most notably,
interferon-y (IFNvy) and tumor necrosis factor-a. (TNFa).>242
Interestingly, blood or tissue levels of these cytokines are
increased in patients with chronic or acute pancreatitis and pan-

2629 Furthermore, IFN7y administration
i

creatic adenocarcinoma.
aggravates autoimmune pancreatitis in mice®® and case reports
describe induction of pancreatitis by anti-viral interferon-based
therapy in human patients.”® Nevertheless, the involvement of
proinflammatory cytokines in disruption of the pancreatic duc-
tal barrier has not been previously addressed. In this study, we
examined the effects of IFNy and TNFa on permeability and
structure of AJs and TJs in model pancreatic epithelial cell mono-
layers. We describe a profound dissociation of epithelial junctions
in IFNy/TNFa-treated pancreatic epithelium and dissect key
molecular events that mediate such cytokine-induced junctional
disassembly.

Results

Cytokines disrupt the paracellular barrier and induce AJ/T]
disassembly in model pancreatic epithelial cell monolayers.
Finding an adequate in vitro model is crucial for examining sig-
naling mechanisms that mediate establishment and disassem-
bly of the pancreatic ductal barrier. HPAF-II human pancreatic
adenocarcinoma cells have a striking resemblance to well-polar-
ized columnar epithelium found in normal pancreatic duct.’»*
These cells readily differentiate to form robust apical junctions,
whose architecture can be modulated by external stimuli.?"** In
order to investigate the effects of proinflammatory cytokines
on barrier properties and integrity of pancreatic epithelial junc-
tions, polarized HPAF-II cells were treated with either vehicle,
TNFa (10 ng/ml), IFNy (50 ng/ml) or both cytokines for 48
h. These experimental conditions were chosen based on previous
studies conducted in other types of cultured epithelial cells.?*3*
After 48 h incubation, TNFa and IFNvy caused ~-35% and 90%
drop in transepithelial electrical resistance (TEER) respectively,
whereas combination of these cytokines appeared to be a more
potent barrier disruptor decreasing TEER by up to 98% (Fig.
1A). Additionally, TNFa alone did not affect transepithelial
fluxes of fluoresceinated dextrans (Fig. 1B), while IFNy caused
approximately 4 fold and 2 fold increase in permeability of 4,000
Da and 40,000 Da dextrans respectively (Fig. 1B). Furthermore,
co-treatment with TNFa and IFNy more potently (up to 22
fold) enhanced transepithelial flux of both fluorescent markers
(Fig. 1B). To investigate the effects of proinflammatory cyto-
kines on structure of pancreatic epithelial junctions, localization
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Figure 2. IFNy induces disassembly of pancreatic epithelial tight junctions and adherens junctions. Confluent HPAF-II cell monolayers were treated
for 48 h with either vehicle, TNFa, IFNy or a combination of these two cytokines. Localization of AJ and TJ proteins, E-cadherin, ZO-1 and claudin-4,
was determined by fluorescence labeling and confocal microscopy. IFN+y induces translocation of AJ and TJ proteins from the areas of cell-cell contact
(arrows) into cytosol (arrowheads), while TNFa potentiates IFN+y-driven junctional disassembly. Bar, 20 p.m.

of different AJ/T] proteins was analyzed using immunofluores-
cence labeling and confocal microscopy. Incubation of HPAF-II
cell monolayers with TNFa did not affect the integrity of AJs
and TJs as was made evident by intact “chicken wire” labeling
patterns of E-cadherin, ZO-1 and claudin-4 at the cell apex (Fig.
2, arrows). By contrast, IFNy alone disrupted the linear junc-
tional labeling of ZO-1 and caused accumulation of intracellular
vesicles containing E-cadherin, claudin-4 (Fig. 2, arrowheads),
p-120-catenin and B-catenin (data not shown). The combination
of TNFa and IFNYy induced more profound disassembly of pan-
creatic epithelial junctions comparing to IFN+y-only treatment
(Fig. 2). Together, these results suggest that IFNy is a potent
disruptor of pancreatic epithelial AJs and TJs and that TNFa
enhances the effects of interferon on the pancreatic ductal barrier.

Cytokine-dependent disruption of the pancreatic ductal
barrier is accompanied by downregulation of AJ/T] proteins.
Several different mechanisms have been implicated in disas-
sembly of epithelial junctions during experimental or clinical
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inflammation. These mechanisms include decreased expression of
junctional proteins, endocytosis of T] components and reorgani-
zation of the perijunctional actin cytoskeleton.**3*4° Since IFNvy
is known to be a potent modulator of protein expression in dif-

244142 we investigated whether decreased expres-

ferent cell types,
sion of molecular constituents of AJs or TJs can be involved in
cytokine-induced disassembly of pancreatic epithelial junctions.
Immunoblotting analysis revealed that exposure of HPAF-II cells
to IFNy and TNFa caused a marked (50—85%) decrease in the
levels of several AJ (E-cadherin, B-catenin and p120 catenin) and
TJ (occludin, ZO-1 and JAM-A) proteins (Fig. 3). Such expres-
sional downregulation was evident already after 24 h of cytokine
exposure, thus preceding morphological signs of AJ/T] disassem-
bly. IFN alone also decreased expression of junctional proteins
although not as fast and efficiently as in combination with TNFa
(Fig. 3).

To gain insight into molecular mechanisms of cytokine-
induced loss of AJ/T] proteins, we analyzed their mRNA

e25231-3



& &
A A\ é< N é<

& NS ¢

S SIS F 8
L PKL K kpa
E-cadherin —_ 1 100
p120 catenin (& &= == L 100
B-Catenin | e e - o—— 100
ZO-1 | ww .- [~ 250
Occludin | =— e o a—— — 75
JAM-A | e e e . . [~ 37
Claudin-1| ™= ssss s s s | 20

Claudin-4|== == = —e —— | 20

v actin ‘-——--— I_ 37

24h 48h

blockage of protein degradation failed to pre-
vent cytokine-induced decrease in the expres-
sion of E-cadherin, p120 catenin, occludin
and ZO-1 in HPAF-II cells (Fig. 4B). These
results indicate that accelerated degrada-
tion cannot be responsible for the decreased
expression of AJ/T] proteins caused by IFNy
and TNFa.

Proinflammatory cytokines inhibit pro-
tein translation in pancreatic epithelial
cells. An alternative mechanism of posttran-
scriptional regulation of protein expression
involves translation of the polypeptide chain.
Therefore, we investigated if proinflammatory
cytokinesaffect protein translation in HPAF-IT
cells. Global protein translation was examined
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using a recently developed technique involv-
ing labeling of newly-synthesized polypeptides
with low concentrations of puromycin with
subsequent detection of these proteins with
anti-puromycin antibody.* Immunoblotting
analysis demonstrated that IFNvy alone or in
combination with TNFa markedly decreased
incorporation of puromycin into polypeptide
chains (Fig. 4C) thereby indicating inhibition
of protein translation. A combination of IFNy
and TNFa appeared to be a more efficient
inhibitor compared with IFNvy alone which is
consistent with the synergistic effects of these

koK
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4

cytokines on the expression of AJ and TJ pro-
teins. Suppression of puromycin immunoreac-
tivity after exposure of control HPAF-II cells

*
Kk
48h

JAM-A

to a classical inhibitor of protein translation,
cycloheximide, served as a positive control for

this assay (Fig. 4C).

Janus kinase mediates cytokine-induced

controls.

Figure 3. Cytokines decrease expression of different AJ and TJ proteins. Representative
immunoblots (A) and densitometric quantification (B) show that exposure of HPAF-II cells to
either IFNy or IFN+y plus TNFa markedly decreases the levels of different AJ/TJ proteins. Data
are presented as mean + SE (n = 3); *p < 0.05, *p<0.01, **p<0.01 compared with appropriate

junctional disassembly. Next we sought to
elucidate which intracellular signals mediate
cytokine-dependent disruption of pancre-
atic epithelial junctions. A canonical signal-
ing pathway initiated by IFNy binding to its

expression. Interestingly, quantitative RT-PCR analysis revealed
differential effects of cytokines on mRNA transcription of AJ
and TJ proteins. Indeed, transcription of occludin and ZO-1
was significantly decreased in HPAF-II cells after 24 h incu-
bation with IFNy/TNFa as compared with control cells (Fig.
4A). By contrast, no such decrease was observed for E-cadherin
and pl120-catenin mRNA levels (Fig. 4A). This data suggests
that cytokines diminished expression of AJ proteins via post-
transcriptional mechanisms. One likely mechanism involves
accelerated degradation of junctional components by either lyso-
somes or proteasomes. To test this possibility, we exposed IFN+y/
TNFa-treated cells to either vehicle, lysosomal (concanamycin
A (100 nM) and chloroquine (100 pM)) or proteasomal (MG-
132 (25 wM) and epoxomicin, (1 wM)) inhibitors. However,
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receptor on the plasma membrane involves
activation of Janus kinases (JAK) 1 and 2 with subsequent phos-
phorylation and activation of members of the signal-transduc-
ing activators of transcription (STAT) protein family.**% Since
the roles of JAK-STAT activation in IFNvy-induced disruption
of epithelial barriers remains controversial,** we investigated if
this signaling is essential for cytokine-dependent disassembly of
pancreatic epithelial junctions. Incubation of control HPAF-II
monolayers with either pharmacological pan-JAK inhibi-
tor (10 wM) or a specific JAK2 inhibitor (50 pM) increased a
steady-state TEER comparing to vesicle-treated cells (Fig. 5A).
More importantly, total JAK inhibitor efficiently prevented the
decrease in TEER caused by 48 h exposure of HPAF-II cells
to IFNvy and TNFa (Fig. 5A). The selective JAK-2 inhibitor
partially ameliorated the effects of cytokines of the TEER but
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Figure 4. Cytokines inhibit expression of AJ/TJ proteins by mRNA transcription-dependent and independent mechanisms. (A) Real-time quantitative
RT-PCR data shows a significant decrease in mRNA levels for major TJ but not AJ proteins in IFNy/TNFa-treated HPAF-II cells, compared with the
control. Data are presented as mean + SE (n = 3); *p < 0.01 compared to control cells. (B) Immunoblotting analysis shows that 48 h blockage of
lysosomal proteolysis with chloroquine (100 M) or concanamycin A (100 nM), or inhibition of proteosomal protein degradation with MG-132 (25 M)
or epoxomicin (1 wM) does not restore normal expression of AJ/TJ proteins in cytokine-treated HPAF-II cells. (C) Immunoblotting with anti-puromycin
antibody shows that cytokines inhibit puromycin incorporation in different proteins extracted from HPAF-II cells thereby indicating inhibition of

not as effectively as the inhibitor of all JAK isoforms (Fig. 5A).
Furthermore, immunocytochemical analysis demonstrated that
total JAK and JAK?2 inhibitors prevented cytokine induced dis-
ruption of AJs and TJs in HPAF-II cell monolayers (Fig. 5B).
Together, this data highlights JAK as a crucial component of the
IFNvy/TNFa-induced signaling cascade that leads to disruption
of the pancreatic epithelial barrier.

Activation of protein kinase D mediates the effects of IFNvy
on pancreatic epithelial junctions. We next sought to determine
downstream signaling events that mediate barrier-disrupting
effects of proinflammatory cytokines in pancreatic epithelium.
We focused on the role of protein kinase D (PKD), a family of ser-
ine/threonine protein kinases consisting of three closely-related
isoforms (PKD 1-3).%¢ There are several reasons for investigat-
ing possible roles of PKD in regulation of pancreatic epithelial
junctions. First, PKD activation was shown to contribute to
pathogenesis of experimental pancreatitis**® and pancreatic can-
cer.” Second, PKD is known to be involved in disassembly of the
airway epithelial barrier caused by double-stranded RNA*® and in
disruption of endothelial junctions triggered by phorbol ester and
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diacylglycerol.>>? Finally, unlike other major epithelial kinases,
PKD has not been previously implicated in cytokine-induced
disassembly of epithelial barriers.

To determine if cytokines can activate PKD in model pancre-
atic duct epithelium, expression of either total PKD of its auto-
phosphorylated Ser744 and Ser912 forms® was determined by
immunoblotting. Exposure of HPAF-II cell monolayers to either
IFNy or IFNy/TNFa resulted in the appearance of both phos-
phorylated forms of PKD, indicating activation of this enzyme
(Fig. 6A). The effect was already evident at 8 h and lasted for
at least 24 h of cytokine treatment. Interestingly, cytokines also
stimulated expression of total PKD in HPAF-II cells (Fig. 6A).
As a positive control, we used two known chemical PKD activa-
tors, phorbol-12-myristate-13-acetate (PMA) or octylindolactam-
V (OI-V), that rapidly induced PKD phosphorylation at Ser744
and Ser912 residues (Fig. S1) that paralleled AJ/T] disassembly
(ref. 31 and data not shown). Since PKD activation is known to
trigger translocation of this enzyme from the cytoplasm to the
cellular membranes,”® we investigated the effects of cytokines on
intracellular localization of these enzymes. Immunofluorescence

e25231-5



BII, and <) and novel (PKCS, 6, &€ and 1)
PKC isoforms,’® a selective inhibitor of classi-
cal PKC, G6 6983,5* and an inhibitor of novel
PKC 8 and 9, rottlerin.”” Incubation of con-
trol HPAF-II cells with either GF-109203X
or G6 6983 (10 wM for 48 h) did not affect
the paracellular barrier or integrity of normal
junctions, whereas exposure to rottlerin (25
wM) caused a dramatic drop in TEER accom-
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Figure 5. Janus kinase mediates cytokine-induced disruption of pancreatic epithelial junc-
tions. HPAF-II cells were treated for 48 h with either medium or proinflammatory cytokines
with and without pharmacological inhibitors of Janus kinase (JAK). Barrier properties of
epithelial cell monolayers were determined by TEER measurement (A), and the integrity
of AJs and TJs was determined by immunofluorescence labeling for E-cadherin and ZO-1
respectively (B). A total JAK inhibitor (10 wM) and a selective JAK2 inhibitor (50 wM) signifi-
cantly attenuate IFNy/TNFa-driven decrease in TEER and TJ/AJ disassembly (arrows). Data
are presented as mean + SE (n = 3); *p < 0.01; **p < 0.001 compared with cytokine/vehicle-

treated cells. Bar, 20 pm.

analysis demonstrated diffuse distribution of PKD isoforms 2
(Fig. 6B) and 3 (data not shown) in control HPAF-IT cells. By
contrast, cell exposure to IFNy/TNFa lead to the appearance
of prominent PKD labeling at the lateral plasma membrane (Fig.
6B, arrows), which indicates translocation of PKD to areas of
disassembling cell-cell contacts. To gain insight into functional
effects of PKD activation on epithelial junctions, we performed
cytokine treatment of HPAF-II cells with and without two struc-
turally unrelated PKD inhibitors, G& 6976>* and CID755673.”
Both inhibitors significantly attenuated the decrease in TEER
(Fig. 7A) and the increase in transepithelial dextran fluxes (Fig.
7B) caused by 48 h exposure of HPAF-II cells to IFNy/TNFa.
Furthermore, PKD inhibition prevented cytokine-induced dis-
ruption of AJs and TJs (Fig. 8, arrows). Given the fact that PKD
has been initially described as a member of the protein kinase
C family (PKCp isoform), it is possible that pharmacological
inhibitors of PKD can also block activity of certain PKC iso-
forms. To rule out this possibility, the effects of several known
PKC inhibitors on cytokine-induced disruption of the pancre-
atic ductal barrier and junctional disassembly were tested. They

include GF-109203X, which blocks both classical (PKCa«, BI,
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panied by disruption of AJs and TJ (data not
shown). Interestingly, neither PKC inhibitor
was able to ameliorate decreased TEER and

disassembled junctions in cytokine-chal-
lenged HPAF-II cells (Fig. S2). These results
highlight a specific role of PKD in cytokine-
induced disassembly of the pancreatic duc-
tal barrier and suggest that members of the
PKC family are not involved in this process.
We next sought to investigate if the signaling
events activated by IFNvy are essential for the
observed downregulation of junctional protein
expression. Incubation of HPAF-II cells with
total JAK inhibitor abrogated cytokine-depen-
dent decrease in expression of E-cadherin,
pl20 catenin, occludin and ZO-1 (Fig. 9).
Furthermore, PKD inhibitor, G6 6976, also
significantly attenuated loss of AJ/T] protein
expression in cytokine-treated pancreatic epi-
thelial cells (Fig. 9).

To further clarify whether PKD plays a
unique role in cytokine-dependent disrup-
tion of pancreatic epithelial junctions, we next
tested the involvement of alternative signaling
pathways previously implicated in disassembly
of cell-cell adhesions in different types of epi-
thelia.?>%%¢! We used pharmacological inhibitors, LY294002 (20
uM), Compound C (100 pM), PP2 (20 M) and U0126 (10
wM), which block the activity of phosphatidylinositide (PI)-3
kinase, AMP-activated protein kinase (AMPK), Src kinase and
extracellular signal regulated kinases (ERK) 1/2 respectively.
Remarkably, none of the aforementioned inhibitors reversed cyto-
kine-induced drop in TEER nor ameliorated AJ/T] disassembly
in HPAF-II cells (Fig. S3). Likewise, inhibition of caspases by
z-VAD-fmk did not affect cytokine dependent disruption of epi-
thelial junctions (data not shown), thereby ruling out the involve-
ment of apoptotic cell death. This data highlights the unique role
of PKD in the molecular cascade, initiated by IFNvy signaling
and leading to junctional breakdown.

Knockdown of individual AJ proteins disrupts TJ integ-
rity in model pancreatic epithelium. It is logical to assume that
decreased expression of different A] and/or T] proteins plays
a causal role in observed junctional disassembly and barrier
defects of cytokine-treated pancreatic epithelial cells. However,
previous studies suggest that loss of individual proteins such
as occludin, ZO-1 or E-cadherin does not always compromise

62-64

normal architecture of epithelial junctions. Therefore, we
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investigated if decreased expression of major
AJ constituents, E-cadherin and pl120 catenin,
is sufficient to trigger AJ] and T] disassembly
in HPAF-II cells. Cells were transfected with
control, E-cadherin, or pl20 catenin specific
siRNA SmartPools and were examined on day
4 post-transfection. Immunoblotting analysis
indicated that E-cadherin-specific siRNAs selec-
tively decreased expression of the targeted pro-
tein, whereas pl20-specific siRNAs decreased

> é&
o°°\‘ & & kDA
p-PKD S744 l» 96
p-PKD 5916 I —
Total PKD (S S S
GAPDH —37

expression of both p120 catenin and E-cadherin
(Fig. S4A). Knockdown of either E-cadherin or
pl20 catenin attenuated establishment of the
paracellular barrier as indicated by significantly
lower TEER values (Fig. S4B). Furthermore,
immunolabeling and confocal microscopy indi-
cated that control siRNA-transfected HPAF-II
cells developed normal junctional staining of
Z0-1 (Fig. 10, arrows), occludin and B-catenin
(data not shown). By contrast, cells depleted of
either E-cadherin or p120 catenin showed dis-
organized and fragmented ZO-1 labeling at the
areas of cell-cell contacts (Fig. 10, arrowheads)
and diffuse intracellular localization of B-catenin
and occludin (data not shown). Together, these
results demonstrate that decreased expression
of AJ protein is sufficient to trigger AJ and TJ
disassembly in model pancreatic epithelium and

PKD2

strongly suggest that loss of AJ/T] proteins can

mediate the cytokine-induced disruption of the
pancreatic ductal barrier.

Discussion

Ductal epithelium is essential for normal pan-

Figure 6. Cytokines trigger upregulation and membrane translocation of protein kinase D.
(A) Representative immunoblots demonstrate an increase in the amounts of phosphory-
lated (p) protein kinase D (PKD) species in HPAF-II lysates after 24 h exposure to either
IFNy alone or IFNy plus TNFa. (B) Dual fluorescence immunolabeling of PKD2 (green) and
[-catenin (red) shows a diffuse apical staining of PKD2 in control HPAF-II cells and accu-
mulation of this enzyme at the areas of E-cadherin-based cell-cell contact after 24 h of the
IFNy/TNFa treatment (arrows). Bar, 20 pm.

creatic function and the impairment of its
integrity plays key roles in the pathogenesis of
pancreatitis and pancreatic cancer. In this study, we investigate
molecular mechanisms that mediate disruption of the pancre-
atic epithelial barrier by proinflammatory cytokines. We report
several major novel observations: (1) IFNvy alone or in combina-
tion with TNFa impairs the model ductal pancreatic barrier by
causing orchestrated AJ and T] disassembly; (2) proinflamma-
tory cytokines decrease expression of AJ/T] proteins by mRNA
transcription dependent and independent mechanisms; (3) JAK
and PKD are major players in the signaling cascade triggered by
IFNYy and resulting in disassembly of pancreatic epithelial junc-
tions. A hypothetical sequence of events, likely to be involved
in cytokine-induced disruption of AJs and TTJs, is presented in
Figure 11.

Little is known about the effects of proinflammatory cyto-
kines on the integrity of the pancreatic epithelial barrier. The
only published study on the subject documented a selective
increase in tricellulin level with no reported change in the
expression of other junctional proteins or TJ integrity in inter-
leukin 1B and TNFa treated HPAC pancreatic epithelial cells.”

www.landesbioscience.com
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In the present study, we observed that IFNvy acts as a potent
disruptor of AJs and TJs in HPAF-II pancreatic epithelial cells.
TNFa alone did not alter structure of pancreatic junctions but
this cytokine potentiated the effects of IFNvy (Figs. One and
2). Similar synergistic effects of IFNy and TNFa on epithe-
lial permeability and tight junctions were previously reported
in colonic and airway epithelial cells.***¢*” The combination of
IFNy and TNFa exerted profound effects on model pancreatic
epithelium by increasing permeability to small ions and large
uncharged molecules and inducing disassembly of both AJs
and TJs (Figs. 1 and 2). While disassembly of TJs is a com-
mon consequence of cytokine exposure in many types of human
epithelia, 3
IFN+.% For example, previous studies of cultured intestinal epi-

3866 disruption of AJs is a rather unusual effect of

thelial cells observed largely unaltered localization and deter-
gent solubility of E-cadherin and B-catenin even after prolonged
incubation with IFNvy alone or in combination with TNFa.?%

By contrast in HPAF-IT cells, IFNy/TNFa treatment caused a
profound AJ disassembly accompanied by translocation of major
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IFNvy and TNFa on TJ protein expression have
been investigated in a number of studies, with con-
flicting results. For example, one group of studies
demonstrated a significant decrease in the levels of
occludin and ZO-1 in intestinal and airway epithe-
lial cells exposed to IFNvy and TNFq,¥38:60.¢6.7071
whereas other studies described unaltered expres-
sion of these TJ proteins in intestinal epithelial

cells treated with the same cytokines.?*3¢”2 In

HPAF-II cells, IFNy markedly decreased expres-
sion not only of TJ proteins, occludin, ZO-1 and
JAM-A, but also of major AJ constituents such as
E-cadherin, p120 catenin and (-catenin (Fig. 3).
To the best of our knowledge, this is the first report
of cytokine-dependent decrease of junctional pro-
tein expression in the pancreatic ductal epithelium.
Interestingly, a marked decrease of occludin and
E-cadherin levels was observed in mouse pancreas

4 KDa Dextran
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during experimentally-induced pancreatitis,””?

suggesting that loss of junctional proteins can con-
tribute to pancreatic pathology in vivo. Similar to
the reported effects of IFNy and TNFa in intes-
tinal and airway epithelial cells,””#*¢¢ the decrease
of TJ protein expression in HPAF-II cells was at

least partially mediated by inhibition of their

60000 4 l

40000 A

——

20000 4

Fluorescence Intensity, au W

mRNA transcription (Fig. 4A). On the contrary,
no effect of the cytokines on mRNA expression of
AJ protein was observed (Fig. 4A). Furthermore,
we did not find evidence of accelerated degradation
of major junctional constituents in IFNy/TNFa-

treated HPAF-II cells (Fig. 4B). Taken together,
these results strongly indicate inhibited translation
as the most likely mechanism of decreased expres-
sion of AJ proteins in cytokine-exposed pancreatic
epithelium. IFNy and TNFa are known inhibitors

of protein translation in different cell types includ-

Figure 7. PKD activity is involved in cytokine-induced disruption of the pancreatic epi-
thelial barrier. HPAF-II cells were treated for 48 h with IFNvy plus TNFa in the presence of
either vehicle or two different pharmacological inhibitors of PKD, G6 6976 (10 M) and
CID755673 (50 wM). Barrier properties of the epithelial monolayers were determined by
TEER (A) and fluorescent dextran flux (B) measurements. Both PKD inhibitors signifi-
cantly attenuate cytokine-induced drop of TEER and increase in transepithelial dextran
fluxes. Data are presented as mean = SE (n = 3); *p 0.01; **p < 0.001; *p < 0.05 compared

ing human epithelia.”*” We observed that IFNvy
globally blocked protein translation in HPAF-II
cells and that such interference was exaggerated
by TNFa. These observations correlate well with
the effects of these cytokines on epithelial junc-
tions (Fig. 4C). Although we did not directly ana-

with cytokine/vehicle-treated cells.

lyze translation of individual AJ/T] proteins, the

AJ proteins into intracellular vehicles enriched along the lateral
plasma membrane (Figs. 2 and 8). These vesicles resemble AJ
protein-containing vacuoles that accumulate during a total loss
of epithelial cell-cell contacts by extracellular calcium depletion
or chemical tumor promoters.” Hence in pancreatic epithelium,
proinflammartory cytokines are likely to trigger large-scale rear-
rangements of the plasma membrane that lead to dissociation of
different junctional complexes.

In a search for mechanisms mediating disruption of the pan-
creatic epithelial barrier, we found that cytokines downregulate
expression of major AJ/T] proteins. Previously, the effects of
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described data strongly suggests that inhibition of
translation can be a major mechanism underly-
ing IFNy/TNFa-dependent loss of E-cadherin, p120 catenin,
and other A] components. How can proinflammatory cytokines
affect translation of junctional proteins? The definitive answer to
this question is lacking, however, the most likely stage of IFNy
actions is initiation of protein translation. Translational initiation
represents the rate-limiting step for the entire process controlled
by multiprotein complexes composed of different translation ini-

tiation factors.”®

Previous studies have shown that IFNYy signaling
can inhibit activity of translational initiating factors.”*”> It would
be interesting to investigate which of these factors plays a role in

cytokine-induced loss of AJ/T] protein expression.
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Another important observation of this
study is that loss of individual AJ proteins such
as E-cadherin and p120 catenin was sufficient
to impair formation of junctions (Fig. 10) and
establishment of the paracellular barrier (Fig.
S$4B) in pancreatic epithelium. Similar effects
have been previously reported in cultured

77,78

intestinal epithelial cells,”””® as well as in the

E-cadherin

gut mucosa of E-cadherin or p120 knockout
mice in vivo.”*”’ Given the dramatic downreg-
ulation of AJ/T]J proteins by IFNy and TNFa
in HPAF-II cells, it is reasonable to suggest
that this mechanism is essential for the disrup-
tion of the pancreatic epithelial barrier during
experimental inflammation.

The majority of biological effects of IFNy
are mediated by a canonical signaling cascade
initiated by the heterodimerization of IFNy
receptor resulting in the activation of JAK
and STAT-1.“2% Recent studies suggest the
existence of alternative signaling events that

B-catenin

either substitute for or act in parallel with
JAK-STAT signaling.®*# It is of note that such
JAK-STAT-independent mechanisms
been previously implicated in IFNvy-induced

have

impairment of the paracellular barrier in intes-
tinal epithelial cells.®> However, cytokine-
induced disruption of the pancreatic epithelial
barrier must involve the established JAK sig-
naling pathway since all effects of IFNy and
TNFa on structure and permeability of AJs
and TJs in HPAF-II cells were abrogated by
JAK inhibitors (Fig. 5). Based on this data,
one can suggest that IFNvy elicits distinct sig-

¥ 2
£
o°
=)
o
@)

naling pathways in different types of epithelia.
JAK-STAT inhibition was recently shown to
decrease severity of experimental pancreatitis
in rats.® It is tempting to speculate that activa-
tion of the JAK-STAT signaling can compro-
mise the integrity of the ductal barrier thereby
contributing to inflammatory pancreatic
injury in vivo.

Another key step in the signaling cascade
triggered by IFNvy and leading to disassembly
of pancreatic epithelial junctions involves activation of PKD. PKD
is a family of closely related calcium and calmodulin-dependent
serine/threonine kinases that were previously included in the
PKC superfamily.4

phosphorylating a number of transcriptional regulators, cytoplas-
45,46

PKD controls multiple cellular processes by

mic scaffolds, cytoskeletal proteins and membrane receptors.
While the involvement of PKC isoenzymes in regulation of epi-
thelial barriers has been intensively studied,** little is known
about the role(s) of PKD at epithelial cell-cell contacts. We found
that PKD is markedly upregulated by IFN7y in model pancreatic
epithelium (Fig. 6) and demonstrated that PKD activity is essen-
tial for cytokine-dependent increase in epithelial permeability, AJ

www.landesbioscience.com
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CID755673

Figure 8. PKD mediates cytokine-induced disassembly of pancreatic epithelial junctions.
HPAF-II cells were treated for 48 h with IFN-y plus TNFa in the presence of either vehicle or
two different pharmacological inhibitors of PKD, G6 6976 (10 M) and CID755673 (50 .M).
Localization of AJ and TJ proteins E-cadherin, -catenin, ZO-1 and claudin-4 was determined
by fluorescence labeling and confocal microscopy. Both PKD inhibitors prevent IFNy/TNFa
induced AJ and TJ disassembly (arrows). Bar, 20 pm.

and TJ disassembly and downregulation of junctional proteins
(Figs. 7-9). This data concurs with previous reports of negative
regulation of cell-cell adhesions by PKD. For example, PKD
activation was shown to accompany dissociation of cell-cell con-
tacts during extracellular calcium depletion in keratinocytes®
and different epithelial cells.®® Furthermore, pharmacological
inhibition of PKD stimulated intercellular adhesions in invasive
bladder carcinoma cells.®” Finally, PKD inactivation suppressed
AJ/T]J disassembly triggered by either synthetic double-stranded
RNA or autoantibodies targeting desmosomal proteins.”® While
some data suggests that PKD can affect epithelial junctions via
direct phosphorylation of E-cadherin,” this kinase mediates
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of protein translation.®% However, PKD activa-

tion can inhibit translation of AJ proteins indi-
rectly, by affecting the structure and function of
the Golgi complex. Indeed, a significant pool of
PKD is located in the Golgi where it participates
in formation of transport vesicles.” Active PKD
phosphorylates a large number of Golgi resident
proteins” leading to disruption of Golgi integ-
rity under different experimental conditions.”®"”
Interestingly, IFNy/TNFa treatment caused a
noticeable fragmentation of the Golgi in HPAF-II
cells that parallel PKD activation and junctional
disassembly (data not shown). The Golgi and
the endoplasmic reticulum (ER) control each
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other’s structure and function via bi-directional
vesicle trafficking between the two organelles. As
a result, molecular constituents of the Golgi may
regulate protein synthesis at the ER. In fact, our
recent studies demonstrate that Golgi fragmenta-
tion suppresses synthesis of different proteins in
a transcription-independent fashion.””? It is pos-
sible, therefore, that proinflammatory cytokines
may impair AJ/T] protein synthesis at the ER via
PKD-dependent fragmentation of the Golgi and
interruption of normal vesicle cycling between
these respective organelles. It should be noted that
inhibition of PKD did not completely prevent
disruption of the paracellular barrier in IFNvy/
TNFa-treated HPAF-II cells (Fig. 7). This indi-
cates that PKD is not the only effector molecule
in the signaling cascade activated in inflamed
pancreatic epithelium. Surprisingly, neither of the
major alternative signals previously implicated in
cytokine-mediated disruption of the intestinal epi-
thelial barrier appear to be involved (Fig. S3) in

this specific signaling cascade. This highlights the

vehicle-treated cells.

Figure 9. Cytokines decrease expression of different AJ and TJ proteins via JAK and
PKD-dependent mechanisms. Representative immunoblots (A) and densitometric
quantification (B) show that pharmacological inhibitors of JAK or PKD significantly
attenuates cytokine-induced decrease in junctional protein expression. Data are
presented as mean + SE (n = 3); *p < 0.07; **p < 0.007; *p < 0.05 compared with cytokine/

existence of unique signaling pathways that tar-
get pancreatic epithelial junctions. The molecular
nature of these additional pathways awaits future
investigation.

In conclusion, this study demonstrates that
combination of IFNy and TNFa readily disrupts

cytokine-dependent disruption of pancreatic epithelial barrier
by diminishing expression of AJ/T] proteins (Fig. 9). Cytokine-
dependent activation of PKD likely decreased mRNA levels of
T]J proteins but inhibited expression of A] components in tran-
scription-independent fashion. The former effect is consistent
with the reported ability of PKD to modulate protein expression
by phosphorylating transcription factors and chromatin regula-
tors.”% One possible target is a transcriptional repressor, Snaill,
that is phosphorylated and activated by PKD®? and can suppress
transcription of TJ proteins.”® Yet, mechanisms of transcription-
independent effects of PKD on AJ proteins remain elusive, since
the current list of PKD targets does not include any regulators
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integrity of the pancreatic epithelial barrier by trig-

gering profound AJ and TJ disassembly. The cyto-
kines prompt a unique signaling cascade involving activation of
JAK and PKD and eventuating in the expressional downregula-
tion of major AJ and TJ proteins. The newly-discovered mecha-
nism may play a role in inflammatory pancreatic injury during
chronic pancreatitis and also contribute to invasive behavior and
dissemination of pancreatic cancer.

Methods
Antibodies and other reagents. The following primary polyclonal

(pAb) and monoclonal (mAb) antibodies were used to detect
junctional and signaling proteins in epithelial cells: anti-occludin,
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Z0O-1, and claudin-4 mAbs and
pAb  (Invitrogen);
anti-E-cadherin, p120 catenin, and
B-catenin mAbs (BD Biosciences)
anti-total PKD and phosphorylated
S744 PKD and S916 PKD pAbs
(Cell Signaling Technology Inc.);
anti PKD2 and anti PKD3 pAbs
(Bethyl Laboratories); anti-puromy-
cin mAb (KeraFAST); anti-gamma
actin mAb (Sigma-Aldrich). Anti-
JAM-A mAb was provided by Dr.
C.A. Parkos (Emory University).
Alexa-488 or Alexa-568 dye conju-
gated donkey anti-rabbit and goat
anti-mouse  secondary  antibod-
ies were obtained from Invitrogen;
horseradish  peroxidase-conjugated
goat anti-rabbit and anti-mouse
secondary antibodies were obtained
from BioRad Laboratories. Human
recombinant IFNy and TNFa were
purchased from R and D Systems.
PMA, concanamycine A and chlo-
roquine were obtained from Sigma.
JAK inhibitor I, JAK2 inhibitor V,
Go6 6976, Go 6983, GF-109203X,
rottlerin,  Compound C, PP2,
LY294002, MGM-132, epoximycin,
Y-27632 and U0126 were purchased
from EMD Biosciences. CID755673
was obtained from Tocris Bioscience.

anti-claudin-1

Control

E-cadherin

Control

OI-V was purchased from Biomol
All other reagents
were of the highest analytical grade

International.

and obtained from Sigma.

Cell and cytokine-
induced junctional disassembly.
HPAF-II human pancreatic epithe-
lial cells (American Type Culture

culture

p120 catenin

Collection) were grown in RPMI
medium supplemented with 10%
fetal bovine serum, 10 mM HEPES,
1 mM sodium pyruvate, 2 mM
L-glutamine, 100 IU/ml penicillin
and 100 pg/ml streptomycin, pH
7.4. For all experiments, cells were grown for 6-10 d on col-
lagen-coated permeable polycarbonate Transwell filters with 3
pm pore size (Costar). Membrane filters with diameter 6.5 and
24 mm were used for immunolabeling and biochemical experi-
ments respectively. For cytokine treatment, IFNy and TNFa
were added to both the apical and the basolateral Transwell
chambers for 48 h. Pharmacological inhibitors were added at the
onset of cytokine treatment and were readministered along with
cytokines after the first 24 h incubation. The appropriate vehicle
(DMSO) was added to control samples.

www.landesbioscience.com
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Figure 10. siRNA-mediated depletion of E-cadherin or p120 catenin prevents TJ assembly in pancreatic
epithelium. Immunolabeling and confocal microscopy show formation of normal ZO-1-based TJs in con-
trol siRNA-treated HPAF-II cell monolayers on day 4 post-transfection (arrows). In contrast, E-cadherin

or p120 catenin-depleted pancreatic epithelial cells demonstrate poorly-developed and fragmented TJ
strands (arrowheads). Bar, 20 pm.

Immunofluorescence labeling and image analysis. For
immunolabeling of AJ and TJ proteins, HPAF II cell mono-
layers were fixed/permeabilized in 100% methanol for 20 min
at -20°C. For PKD immunolabeling, the cells were fixed in
3.7% paraformaldehyde for 15 min and permeabilized with
0.5% Triton X-100 for 10 min at room temperature. Fixed cells
were blocked in HEPES-buffered Hanks balanced salt solu-
tion (HBSS*) containing 1% bovine serum albumin (block-
ing buffer) for 60 min at room temperature and incubated for
another 60 min with primary antibodies diluted in blocking
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Figure 11. A summary of proposed mechanisms that mediate cytokine-
induced junctional disassembly in model pancreatic epithelium. Bind-
ing of IFNYy to its receptor elicits an intracellular signaling cascade that
involves sequential activation of JAK and PKD. This signaling results in
inhibition of TJ protein transcription in the nucleus and attenuation of
AJ protein translation. Decreased expression of major TJ and AJ proteins
interrupts the supply of new junctional components to the plasma
membrane leading to disassembly and internalization of epithelial api-
cal junctions.

buffer. Washed cells were subsequently incubated for 60 min
with Alexa dye-conjugated secondary antibodies, rinsed with
blocking buffer and mounted with ProLong Antifade medium
(Invitrogen). Immunofluorescently-labeled cell monolayers were
examined using an Olympus FluoView 1000 confocal micro-
scope (Olympus America). The Alexa Fluor 488 and 555 signals
were imaged sequentially in frame-interlace mode to eliminate
cross talk between channels. The images were processed using
the Olympus FV10-ASW 2.0 Viewer software and Adobe
Photoshop. Images shown are representative of at least 3 experi-
ments, with multiple images taken per slide.

Immunoblotting. Cells were homogenized in RIPA lysis buf-
fer (20 mM Tris, 50 mM NaCl, 2 mM EDTA, 2 mM EGTA,
1% sodium deoxycholate, 1% Triton X-100 (TX-100), and 0.1%
SDS, pH 7.4), containing a protease inhibitor cocktail (1:100,
Sigma) and phosphatase inhibitor cocktails 1 and 3 (both at
1:200, Sigma). Lysates were cleared by centrifugation (20 min
at 14,000 x g), diluted with 2 x SDS sample buffer and boiled.
SDS-PAGE and immunoblotting were conducted by standard
protocols with an equal amount of total protein (10 or 20 pg) per
lane. Protein expression was quantified by densitometry of three
immunoblot images, each representing an independent experi-
ment, with Image ] (NIH). Data are presented as normalized
values assuming the expression levels in vehicle-treated groups
were at 100%. Statistical analysis was performed with row densi-
tometric data using Microsoft Excel.
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RNA interference. Small interfering (si) RNA-mediated
knockdown of E-cadherin and pl20 catenin in HPAF-II
cells was performed as previously described®’” using siRNA
SmartPools (Dharmacon). A non-coding siRNA duplex-2 was
used as a control. Cells were transfected using the DharmaFect
1 reagent (Dharmacon) in Opti-MEM I medium (Invitrogen)
according to the manufacturer’s protocol with a final siRNA con-
centration of 50 nM. Cells were utilized in experiments on day
4, post-transfection.

Quantitative REAL-TIME RT-PCR. Total RNA was iso-
lated from confluent HPAF-II cells using RNeasy mini Kit
(Qiagen) according to manufacturer’s protocol followed by
DNase I digestion (Promega). Equal amounts of total RNA were
reverse transcribed using an iScript cDNA synthesis kit (Bio-
Rad). Specificity of amplification was verified by running agarose
electrophoresis of each amplicon and obtaining a single band of
expected size. The following primers were used, E-cadherin (for-
ward primer TTA CTG CCC CCA GAG GAT GA and reverse
TGC AAC GTC GTT ACG AGT CA), p 120 catenin (forward
primer CAG AGA GGA GTG AAG CTC GC and reverse TTC
CCT CTG GAG AAC CAC TCA), occludin (forward primer
ACA GAC TAC ACA ACT GGC GG and reverse TCA TCA
GCA GCA GCCATG TA), B-actin (forward primer CGA GGC
CCA GAG CAA GAG AG and reverse CGG TTG GCC TTA
GGG TTC AG), while primers for amplifying ZO-1 mRNA
were obtained and utilized according to0.”” Real time reaction
was performed using iTaq universal SYBR green Supermix (Bio-
Rad) and Applied Biosystems 7900HT real time PCR system.
The relative expression of each gene was determined with the
comparative cycle threshold method using B-actin mRNA levels
for normalization.

Protein translation assay. Effect of cytokines on global pro-
tein translation was examined as described elsewhere.’ Briefly,
control and cytokine treated HPAF II cells were exposed for 1 h
to either vehicle or puromycin (10 pg/pl), with subsequent cell
lysis in RIPA buffer and immunoblotting using anti-puromycin
antibody. Preincubation of HPAF-II cells with known protein
synthesis inhibitor, cycloheximide (20 wM for 1 h), served as a
control for the specificity of puromycin labeling of newly-synthe-
sized polypeptides.

Epithelial barrier permeability measurements.
Transepithelial electrical resistance (TEER) was measured with
an EVOMX voltohmmeter (World Precision Instruments). The
resistance of cell-free collagen-coated filters was subtracted from
each experimental point. Dextran flux assay was performed as
described elsewhere.'® Briefly, on day 4 post-siRNA transfec-
tion, HPAF II cell monolayers growing on Transwell filters were
exposed to 1 mg/ml of either FITC dextran 4,000 Da or 40,000
Da in HBSS added to the upper chamber, whereas only HBSS
was added the lower chamber. After 60 min incubation, HBSS
samples were collected from the lower chamber and FITC fluo-
rescence intensity was measured using a Victor V plate reader
(Applied Biosystems) with excitation and emission wavelengths
485 and 544 nm respectively. After subtraction of fluorescence of
the dextran-free HBSS, relative intensity was calculated by using
Prism 5 software.
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Statistics. Numerical values from individual experiments
were pooled and expressed as mean + standard error of the mean
(S.E.) throughout. Obtained numbers were compared by two-
tailed Student’s t-test, with statistical significance assumed at p

< 0.05.
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