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Abstract

Primary sclerosing cholangitis (PSC) is an incurable cholangiopathy of unknown etiopathogenesis.
Here we tested the hypothesis that cholangiocyte senescence is a pathophysiologically important
phenotype in PSC. We assessed markers of cellular senescence and senescence-associated
secretory phenotype (SASP) in livers of patients with PSC, primary biliary cirrhosis, hepatitis C,
and in normals by fluorescent in situ hybridization (FISH) and immunofluorescence microscopy
(IFM). We tested whether endogenous and exogenous biliary constituents affect senescence and
SASP in cultured human cholangiocytes. We determined in coculture whether senescent
cholangiocytes induce senescence in bystander cholangiocytes. Finally, we explored signaling
mechanisms involved in cholangiocyte senescence and SASP. In vivo, PSC cholangiocytes
expressed significantly more senescence-associated p16'NK4a and yH2A.x compared to the other
three conditions; expression of profibroinflammatory SASP components (i.e., IL-6, IL-8, CCL2,
PAI-1) was also highest in PSC cholangiocytes. In vitro, several biologically relevant endogenous
(e.g., cholestane 3,5,6 oxysterol) and exogenous (e.g., lipopolysaccharide) molecules normally
present in bile induced cholangiocyte senescence and SASP. Furthermore, experimentally induced
senescent human cholangiocytes caused senescence in bystander cholangiocytes. N-Ras, a known
inducer of senescence, was increased in PSC cholangiocytes and in experimentally induced
senescent cultured cholangiocytes; inhibition of Ras abrogated experimentally induced senescence
and SASP.

Conclusion—Cholangiocyte senescence induced by biliary constituents by way of N-Ras
activation is an important pathogenic mechanism in PSC. Pharmacologic inhibition of N-Ras with
a resultant reduction in cholangiocyte senescence and SASP is a new therapeutic approach for
PSC.

Primary sclerosing cholangitis (PSC) is an idiopathic, chronic cholangiopathy characterized
by biliary fibroinflammation,1-2 median liver transplantation (LT)-free survival of 12 years,3
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and a predisposition to cholangiocarcinoma (CCA).* While PSC has no established
pharmacotherapy, LT can be an effective treatment for this disease, although PSC and/or
CCA may recur post-LT.4° Therefore, given the morbidity and mortality of PSC, the lack of
effective pharmacotherapy, and the issue of post-LT disease recurrence, a better
understanding of its pathogenesis and identification of new therapeutic molecular targets are
needed.

PSC is considered a complex, idiopathic disorder with multiple potential pathogenic
components, including enteric microbially derived molecules such as lipopolysaccharide
(LPS).1 Enterically derived LPS reaches the liver through the portal circulation, is excreted
into bile in a bioactive form, and accumulates in cholangiocytes in PSC liver tissue.5:” We
previously reported that cultured normal human cholangiocytes (NHCs) can be activated by
LPS through Toll-like receptor (TLR)-dependent pathways, culminating in secretion of
proinflammatory cytokines (e.g., interleukin [IL]-6), as can be seen in PSC.%-11 Indeed, PSC
cholangiocytes demonstrate persistence of this proinflammatory phenotype ex vivo.12 While
these cholangiocyte proinflammatory responses are believed important in the pathogenesis
of PSC, their underlying mechanisms and consequences remain poorly understood.

Recently, the phenomenon of cellular senescence has been shown to be an important
pathologic process in a number of conditions of diverse etiologies, including atherosclerosis,
osteoarthritis, and chronic obstructive pulmonary disease.13:14 Senescent cells are
irreversibly arrested in Gy phase of the cell cycle and thus no longer replicate.1® Senescence
can be triggered by a number of stimuli, including strong mitogenic or oncogenic signals,
telomere shortening, and/or nontelomeric DNA damage from exogenous or endogenous
molecules; such molecules can then activate pathways, notably p16'NK4a that silence cell
cycle-associated loci and initiate a cellular senescence response.1418 Although this generally
serves as a mechanism to inhibit propagation or neoplastic transformation of damaged cells,
senescent cells can also transition to a potentially pathologic state of proinflammatory
cytokine (e.g., IL-6) and chemokine (e.g., IL-8) hypersecretion, referred to as a senescence-
associated secretory phenotype (SASP).17 By way of these secreted molecules, SASP cells
can alter their microenvironment, reinforce the senescent phenotype, and initiate injurious
cellular responses.13.14.18-20

In our previous work using human cholangiocytes, we demonstrated that ligand-induced
activation of plasma membrane-localized TLRs not only activates nuclear factor kappa B
(NF-xB) through canonical pathways, but also rapidly activates N-Ras (but not other Ras
isoforms) in a TRAF6-independent manner.8 Notably, persistent Ras activation is a well-
characterized inducer of cellular senescence.1’21 Moreover, activated (or “reactive”)
cholangiocytes exhibit proinflammatory features8-11.22 similar to SASP cells; whether this
represents stress-induced cholangiocyte senescence and SASP, and how these cellular
processes may contribute to cholangiocyte pathobiology, has been underexplored in the
pathogenesis of PSC.2

Therefore, in work described herein, we: 1) investigated whether cholangiocytes in PSC
liver exhibit evidence of cellular senescence and SASP; 2) developed a novel, in vitro model
of persistent insult-induced NHC senescence to interrogate the induction of cholangiocyte
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senescence and progression to SASP; 3) explored the possibility of senescent cholangiocytes
inducing senescence of bystander cholangiocytes; and 4) identified a significant role for N-
Ras signaling in cholangiocyte senescence and potentially the pathogenesis of PSC. Our
cumulative data suggest that non-replicative cholangiocyte senescence induced by biliary
constituents by way of N-Ras activation is an important pathophysiologic feature of PSC
and that pharmacologic abrogation of these pathways and the cholangiocyte SASP may
represent a novel, potential therapeutic strategy for PSC.

Materials and Methods

This study was approved by the Mayo Clinic Institutional Review Board and Institutional
Animal Care and Use Committee.

Liver Tissues

Twenty-eight liver tissue specimens consisting of nine PSC, six primary biliary cirrhosis
(PBC), six hepatitis C (HCV), and seven normals from surgical resection or explant were
used. Median patient ages in these four groups were 46, 46, 41, and 47 years, respectively.
Diseased specimens fulfilled clinical, serological, histological, and/or cholangiographic
criteria for their respective diagnoses and had stage IV (i.e., cirrhotic stage) fibrosis. All
PSC patients were negative for biochemical, imaging, or histologic evidence of
cholangiocarcinoma, while five of nine had inflammatory bowel disease. Liver specimens
were fixed in 10% neutral buffered formalin, embedded in paraffin, and sectioned (4 um) for
the following experiments as well as for laser capture microdissection (LCM) using a
Veritas microdissection instrument (Arcturus, Mountain View, CA) as described
previously.23.24

Confocal Immunofluorescence (IF) Microscopy

Confocal IF microscopy was performed with a Zeiss LSM 510 confocal microscope with a
63x oil objective as previously described (see Supporting Methods).2° Briefly, unstained
liver sections were deparaffinized and rehydrated, boiled in antigen unmasking solution
(Vector Laboratories, Burlingame, CA), quenched with Image-iT FX signal enhancer
(Invitrogen, Grand Island, NY), and blocked for 1 hour at room temperature. Slides were
then incubated overnight at 4°C with various antibodies (see Supporting Methods). Adobe
Photoshop CS3 (Adobe Systems, San Jose, CA) was used to quantitate fluorescence
intensity within cholangiocytes. For yH2A.x quantitation, the percentage of cholangiocytes
per duct with >4 yH2A x-positive nuclear foci was calculated.?’

Fluorescence In Situ Hybridization (FISH)

Telomere FISH was performed using PNA TelC-FITC (PNA Bio, Thousand Oaks, CA) with
tyramide signal amplification based on the manufacturer’s protocol and previously described
methods (see Supporting Methods).28:29 Briefly, liver sections were deparaffinized,
rehydrated, boiled in citrate buffer, prehybridized, heat-denatured, and hybridized to TelC
telomere probe diluted in hybridization solution. Antifluorescein peroxidase-conjugated
antibody (Rockland Immunochemicals, Gilbertsville, PA) was added to the slides. Slides
were washed, incubated in tyramide amplification solution (PerkinElmer, Waltham, MA),
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and washed again. Fluorescent signals were quantitated for each cholangiocyte nucleus and
divided by the DAPI signal for the corresponding nucleus.28:30

Detection of p16'NK42 messenger RNA (MRNA was performed as described previously (see
Supporting Methods).31 Briefly, liver sections were deparaffinized, rehydrated, boiled in
buffer, prehybridized, and incubated with either a scrambled probe or p16/NK4a | NA probe
(Exigon, Woburn, MA). Fluorescence intensity was visualized and quantitated as described
above.

Cell Culture and In Vitro Model of Senescence

NHCs (extensively characterized, low-passage human biliary epithelia cells isolated from
normal liver32) were a gift from Dr. Medina (University of Navarra, Pamplona, Spain).
Microbially derived agonists (i.e., exogenous insults) were individually added to NHC
media at the following concentrations: LPS (1-200 ng/mL), FSL1 (1 pg/mL), flagellin (10
pg/mL), heat-killed Listeria monocytogenes (HKLM; 108 cells/mL), and Pam3CSK4 (1
pg/mL) (Invivogen, San Diego, CA).8 Nonmicrobially derived agonists (i.e., endogenous
insults) were added at the following concentrations: H,O, (50 nM), cholestane-3p, 5a, 6a-
triol (5 25 uM), 22-hydroxycholesterol (20 uM), deoxycholic acid (25 pM), lithocholic acid
(10 uM), and adenosine triphosphate (5 pM) (Sigma-Aldrich, St. Louis, MO). Media and
appropriate agonists were replaced every 24-48 hours for up to 10 days. Controls were
grown either in complete media or media containing vehicle (dimethyl sulfoxide [DMSO]).

For Ras and NF-xB inhibitor studies, farnesylthiosalicylic acid (FTS; Cayman Chemicals,
Ann Arbor, MI) and SN50 (Millipore, Billerica, MA) were used at a final concentration of 5
UM and 20 uM, respectively. For transfections, NHCs were transfected with the p16!/NK4a
promoter-driven red fluorescent protein, enhanced green fluorescent protein (pEGFP-N1), or
pCGN (N-Ras 12D) constitutively active plasmids using FUGENE HD (Roche Diagnostics,
Indianapolis, IN) following the manufacturer’s protocol. All culture-based experiments were
performed at least in triplicate.

For the coculture senescence model, NHCs were plated and agonists (H,O, or LPS) were
added to media as above (“directly treated senescent cholangiocytes”). In a separate 6-well
plate, bystander cholangiocytes were plated onto coculture filter inserts. At day 7, the
directly treated senescent cholangiocytes were washed 5 times in phosphate-buffered saline
(PBS), and complete media was added. The coculture filter inserts were transferred to the 6-
well plate with the directly treated senescent cholangiocytes and incubated for an additional
7 days. Senescence-associated -galactosidase (SA-B-gal) staining was performed as
described below on both the directly treated senescent cholangiocytes and the bystander
cholangiocytes.

Cytochemical Staining for SA-B-Gal

NHCs grown in 6-well plates were fixed, rinsed, and stained using the SA-B-gal cellular
senescence assay kit (Cell Biolabs, San Diego, CA) following the manufacturer’s protocol
and as previously described.33 The percentage of SA-p-gal-positive NHCs was determined
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for each condition using a 20 x objective and bright field illumination of five randomly
selected areas.

RNA Extraction and Quantitative Reverse-Transcription Polymerase Chain Reaction (RT-

PCR)

Total RNA was extracted from NHCs with Trizol (Invitrogen) and 2.5 pg of total RNA was
reverse-transcribed into complementary DNA (cDNA) using SuperScript Il First-Strand
Synthesis System for RT-PCR (Invitrogen) following the manufacturer’s protocol.
Quantitative (q)RT-PCR was performed using the Light Cycler Fast Start DNA MasterP!us
SYBR Green | kit (Roche) as previously described.8 Primer sequences used are provided in
Supporting Table 1. Samples were normalized to 18s rRNA.

Assessment of Lysosomal Content

Lysosomal content was quantitated using LysoTracker stain (Invitrogen) following the
manufacturer’s protocol. Briefly, LysoTracker was added to media at a final concentration
of 75 nM, incubated for 60 minutes at 37°C, and visualized by fluorescence microscopy.
Fluorescence intensity was quantitated as above.

Enzyme-Linked Immunosorbent Assay (ELISA)

Culture medium was centrifuged to remove cellular debris, and 100 pL of cleared medium
from NHC:s in the presence or absence of LPS was used in the Mix-N-Match ELISA
following the manufacturer’s instructions (SABiosciences) and as previously described.®
ELISAs were read using a 450-nm wavelength against a 630-nm reference wavelength.
Experimental samples were normalized to the respective controls.

Western Blotting for p16/NK4a and Activated N-Ras

Total protein was isolated from NHCs using M-PER reagent containing protease inhibitors
(Roche). Immunoblots were performed using primary antibodies to p16!NK42 or N-Ras
(Santa Cruz Biotechnology, Santa Cruz, CA) as previously described.8 N-Ras activation was
assessed in NHCs cultured in the presence or absence of LPS for 0, 1, 2, 6, and 10 days
using a Ras activation kit (Cytoskeleton, Denver, CO) following the manufacturer’s protocol
and as previously described (see Supporting Methods).8

Statistical Analysis

All data are reported as the mean (or fold change in mean)tstandard error. Statistical
analyses were performed with Student t test or the Mann-Whitney U test using JMP
statistical software (SAS Institute, Cary, NC). Tests were two-tailed and P < 0.05 was
considered statistically significant. Bonferroni adjustment was made to P-values for multiple
comparisons.
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Results

Cholangiocytes in PSC Liver Exhibit Features of Cellular Senescence

We first determined whether histologic features consistent with cholangiocyte senescence
are present in normal, HCV, PBC, and PSC liver. Using FISH and confocal IF microscopy,
we assessed: p16/NK4a mRNA, histone yH2A.x foci, and Ki-67 protein. p16!NK4 mRNA
expression was significantly greater in PSC cholangiocytes compared to PBC (3.1-fold,
P<0.01), HCV, and normal (both >20-fold, P < 0.01) (Fig. 1A,B). Thus, cholangiocytes in
PSC exhibit increased p16/NK4a expression, consistent with senescence.

We next investigated the presence of yH2A.x nuclear foci, which accumulate at DNA
double-strand breaks and are a biomarker of cellular senescence.34 PSC liver had the
greatest proportion (47.3%) of yH2A.x foci-positive cholangiocytes (Fig. 1C,D),
representing a 1.5, 3.2, and 5.9-fold increase over PBC (P < 0.05), HCV (P < 0.01), and
normal (P < 0.01), respectively. Moreover, YH2A .x-positive cholangiocytes in PSC liver
were negative for cell proliferation marker Ki-67, as expected of senescent cells (Supporting
Fig. 1A,B).34 These findings suggest a pathogenic role for DNA damage-induced
cholangiocyte senescence in PSC.

To further explore the senescent phenotype, we assessed whether senescence in PSC
cholangiocytes was replicative or nonreplicative. Replicative senescence is induced by a loss
of telomere repeat sequences; nonreplicative senescence is telomere shortening-independent
and is considered stress-induced. Using FISH, we found that telomere length is maintained
in PSC cholangiocytes but reduced in PBC cholangiocytes (Fig. 2A,B); these data in PBC
are consistent with a prior report.3% The relatively preserved telomere length of
cholangiocytes in PSC liver and the similar ages between groups suggest that, unlike in
PBC, PSC cholangiocyte senescence may be stress-induced rather than initiated by telomere
shortening.

PSC Cholangiocyte Protein Expression Is Consistent With SASP

Senescent cells may progress to the SASP, a persistent hypersecretory state characterized by
increased expression of profibroinflammatory molecules. Using confocal IF microscopy, we
investigated four known SASP components; all four were highly expressed in PSC
cholangiocytes (Fig. 3A,B). Specifically, IL-6 expression was significantly higher in PSC
cholangiocytes compared to PBC, HCV, and normal (9.1, 5.6, and >20-fold, respectively, all
P < 0.01). Similarly, IL-8 expression was significantly higher in PSC cholangiocytes
compared to PBC, HCV, and normal (3.0, 2.5, and 7.9-fold, respectively, all P < 0.01).
CCL2 expression was significantly higher in PSC cholangiocytes compared to normal and
HCV (both >10-fold, P< 0.05) but not compared to PBC. Finally, PAI-1 expression was
significantly higher in PSC cholangiocytes compared to PBC, HCV, and normal (3.0, 4.4,
and 8.7-fold, respectively, all P < 0.01). In addition to confocal IF microscopy, we assessed
SASP marker mRNA in cholangiocytes isolated from liver section using LCM (Supporting
Fig. 2A—-C). We found that, on average, IL-6 and 1L-8 expression were 5.2- and 8.4-fold
higher in PSC cholangiocytes compared to normal (P<0.05 and P < 0.01, respectively).
Collectively, these findings: 1) demonstrate that known SASP proteins are expressed by
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PSC cholangiocytes and increased compared to other conditions; and 2) support the concept
that cholangiocytes may directly contribute to the biliary fibroinflammation observed in
PSC.2

In Vitro Model of Stress-Induced Cholangiocyte Senescence

We developed an in vitro model to test the ability of persistent (10 day) treatment with
biologically relevant stressors to induce NHC senescence (Supporting Fig. 3A). Two
previously reported models of cultured cholangiocyte senescence used murine
cholangiocytes, tested fewer stressors, and were assessed at only 4-8 days.3%:36 In our
model, the exogenous stressors LPS (200 ng/mL), Flagellin, FSL-1, HKLM, and
Pam3CSK4 significantly induced NHC senescence as determined by SA-B-gal expression, a
widely used marker of senescent cells (Fig. 4A,B). The endogenous stressors H»0, and
oxysterol cholestane-3p, 5a, 6a-triol also induced significant NHC senescence; 22-
hydroxycholesterol, deoxycholic and lithocholic acid, and adenosine triphosphate did not.
Given our previous experience with LPS as well as the evidence supporting its role in PSC
and other inflammatory cholangiopathies,26:37:38 our subsequent studies employed LPS as
the experimental stressor. Notably, even with low doses of LPS, cholangiocytes transition to
a senescent state, albeit at a slower rate as compared to higher doses (Supporting Fig. 3B).

Persistent Treatment With LPS Induces Expression of Multiple Senescence Markers in
Cholangiocytes In Vitro

To better characterize the time course of LPS-induced NHC senescence induction in our in
vitro model, we evaluated several senescence markers at 1, 6, and 10 days of treatment
compared to control. Persistent LPS treatment induced p16/NK42 mRNA expression in

NHCs at days 6 and 10 (both >5 fold, P < 0.05) (Fig. 4C). Similarly, persistent LPS
treatment induced expression of p21 (cyclin-dependent kinase inhibitor 1), another marker
and mediator of cellular senescence (data not shown). We also observed an initial increase in
Ki-67 mRNA expression at day 1 (2.5-fold, P < 0.05), consistent with acute LPS treatment-
induced reactivity,®39 followed by a progressive decrease (0.8-fold difference at day 10, P >
0.05), consistent with a nonreplicative state (Supporting Fig. 3C). The percentage of SA-p-
gal-positive cholangiocytes increased significantly at days 6 (3.6-fold, P < 0.05) and 10 (5.9-
fold, P < 0.05) in LPS-treated NHCs (Fig. 5A,B). Additionally, we assessed NHC lysosomal
content, a biomarker of cellular senescence,? and observed a significant increase in
lysosomal content at days 6 and 10 (1.5 and 1.7-fold, respectively, both P < 0.05) (Fig.
5C,D). Together, these findings indicate LPS-induced NHC senescence induction during the
course of our in vitro model.

To further follow the induction of senescence in our model, we cotransfected NHCs with
p16!NK4a promoter-driven RFP reporter construct and EGFP, the latter as transfection
control. We found a significant increase in the ratio of RFP- to EGFP-positive cells at days 6
and 10 (both >5-fold, P < 0.05) (Fig. 5E,F), thus corroborating our above findings.
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LPS Treatment-Induced Cholangiocyte Senescence Leads to Expression of SASP
Components

We next assessed whether NHCs in our in vitro model progress to the SASP. We first
evaluated mRNA expression of three SASP components, IL-6, IL-8, and CCL2; all were
significantly increased at day 10 in LPS-treated NHCs compared to control (all P< 0.05)
(Fig. 6A-C). Next, using ELISA, we measured protein expression of the same three SASP
components in culture media at day 10. Similar to mRNA, all three SASP proteins were
significantly more expressed in LPS-treated compared to control media (all P < 0.05) (Fig.
6D). Collectively, these data indicate that experimentally induced senescent NHCs can
progress to SASP in vitro.

Senescent Cholangiocytes Induce Senescence of Bystander Cholangiocytes In Vitro

In some cell culture models, senescent cells can induce senescence of bystander cells.4142
We therefore developed a cholangiocyte coculture model to assess whether senescent
cholangiocytes can induce senescence of bystander cholangiocytes (Supporting Fig. 4A).
We found that bystander cholangiocytes demonstrate significantly increased expression of
SA-B-gal when exposed to cholangiocytes directly treated with H,O, or LPS (Supporting
Fig. 4B,C), thus representing a mechanism for chronic, progressive hepatobiliary injury in
PSC.

Cholangiocyte Senescence Is N-Ras-Dependent and Is Abrogated by Ras Inhibitors

We previously showed that short-term treatment of cultured NHCs with LPS results in
activation of the well-described inducer of senescence, Ras, specifically, the N-Ras
isoform.8 We thus assessed whether N-Ras is also activated in cholangiocytes in PSC liver.
Using confocal IF microscopy, we found that: 1) N-Ras and activated Ras are both
expressed significantly more in cholangiocytes in PSC compared to control liver (1.8- and
3.9-fold, respectively, both P < 0.05) (Fig. 7A,B); and that 2) N-Ras colocalizes with
activated Ras (Fig. 7A). N-Ras and activated Ras were not significantly increased in
cholangiocytes in PBC or HCV liver (data not shown). These findings suggest increased
expression and activation of N-Ras in PSC cholangiocytes and a potential role for activated
N-Ras signaling in the pathogenesis of PSC.

We next investigated whether N-Ras activation occurs in our in vitro model of NHC
senescence. N-Ras expression and activation peaked at day 6 of LPS treatment and remained
elevated through day 10 (Fig. 7C,D). Based on these results and the role of Ras in
senescence in other cell types, we hypothesized that N-Ras activation may induce NHC
senescence. Indeed, we found that transfected NHCs expressing constitutively active N-Ras
showed a significantly increased proportion of SA-B-gal-positive cells at day 10 compared to
control (Fig. 7E). To further examine this relationship, we assessed the effect of
pharmacologic inhibition of Ras on the induction of NHC senescence. We found that
administration of the Ras inhibitor, FTS, reduced the proportion of SA-B-gal-positive NHCs
at day 10 of LPS treatment (Fig. 7E). We also assessed the effect of NF-kB inhibition given
its role as an effector of TLR activation and reported importance in senescence in other cell
types. However, we did not observe a significant reduction in the proportion of SA--gal-
positive NHCs (Fig. 7E). Collectively, these data suggest that: 1) LPS-induces N-Ras
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activation-mediated NHC senescence in vitro; and 2) LPS-induced NHC senescence can be
abrogated by Ras inhibition.

Discussion

The major findings of this study are: 1) in vivo, PSC cholangiocytes exhibit features
consistent with nonreplicative (i.e., stress-induced) senescence and the SASP; 2) in vitro,
persistent exposure to LPS and other exogenous and endogenous insults can induce
senescence and progression to the SASP in human cholangiocytes; 3) senescent human
cholangiocytes are capable of inducing senescence of bystander cholangiocytes in a
coculture system; 4) N-Ras activation is increased in PSC cholangiocytes and contributes to
senescence of NHCs in vitro; and 5) pharmacologic inhibition of Ras but not NF-xB can
abrogate induction of senescence in cultured human cholangiocytes. These data have
implications not only for the pathogenesis of PSC, but also for in vitro and in vivo
interrogation of the pathways involved in the induction of cholangiocyte senescence and the
identification of novel therapeutic targets.

Cellular senescence was originally described as a process that limits proliferation of human
cells in culture.*3 It is now widely accepted as a mechanism to irreversibly block expansion
of aged (i.e., shortened telomere) or damaged (e.g., DNA double-strand breaks) cells. Under
these conditions, detection of genomic damage initiates the DNA damage response (DDR),
which identifies DNA lesions, signals their presence, and promotes genomic repair.** If the
damage is repaired, the DDR subsides, allowing normal cellular function to resume; if the
damage is not repaired, the cell undergoes apoptosis or enters a senescent state, thus
inhibiting neoplastic transformation.1®> Senescence and the SASP also contribute to tissue
repair processes*®; however, persistence of senescent and SASP cells can have pathologic
consequences, 1314 and current paradigms suggest that senescent and SASP cells may
directly contribute to tissue damage and disease through cellular dysfunction (of the
senescent and neighboring cells), structural (e.g., matrix) derangement, a reduced pool of
regeneration-competent cells, and abnormal leukocyte chemotaxis.13 The growing
recognition of the potential importance of cellular senescence and the SASP in tissue
inflammation, injury, and the pathogenesis of diseases of diverse etiologies, as well as our
finding that ligand-induced activation of plasma membrane TLRs activates the well-known
inducer of senescence, N-Ras, was the underlying rationale for our hypothesis that this
phenomenon might be pathophysiologically important in PSC.

In our study, we examined several senescence markers and SASP components to assess their
presence in and relevance to PSC. We found markers of cholangiocyte senescence to be
more abundant in PSC cholangiocytes compared to other conditions. We also discovered
that, unlike in PBC, cholangiocyte senescence in PSC appears to occur independent of
telomere shortening; this suggested to us the possibility of an alternative mechanism, i.e.,
insult-induced (nonreplicative) senescence. While the precise mechanism by which PSC
cholangiocytes up-regulate p16 and enter a senescent state remains unresolved, our data
support a role for Ras activation, a known mediator of telomere-independent senescence,
which may be induced by endogenous or exogenous biliary constituents, as we have shown.
With respect to cholangiocyte SASP, we found that, as with senescence markers, profibroin-
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flammatory SASP components were most abundantly expressed in PSC cholangiocytes. To
our knowledge, this represents the first characterization of multiple SASP components in
PSC; a prior study in PBC examined and showed increased expression of these components
(CCL2).1% We also developed an in vitro model of persistent insult-induced cholangiocyte
senescence using NHCs and characterized the induction of senescence and SASP over 10
days. By adapting this model into a coculture assay, we showed with direct experimental
evidence that senescent human cholangiocytes are able to induce senescence of bystander
cholangiocytes. Collectively, our data suggest a possible role for nonreplicative senescence
and SASP in the pathogenesis of PSC, while also providing novel information on both the
mechanism and cellular consequences of these phenomena.

Although the causes and consequences of cholangiocyte senescence remain incompletely
understood, accumulating evidence suggests that senescent cells, albeit proliferatively
arrested, remain metabolically active and play an important role in microenvironment
modulation through increased expression of cytokines, chemokines, and profibrotic
factors.17-2041 Applying this knowledge and our experimental findings to PSC, various
signaling molecules may directly participate in chronic biliary injury and fibrosis by way of
eliciting cholangiocyte reactivity and ductular reaction, which in some circumstances may
ultimately result in induction of cholangiocyte senescence. Furthermore, because senescent
cholangiocytes do not proliferate in response to injury, and because they persist in situ (i.e.,
not efficiently cleared by immune mechanisms or apoptosis), their accumulation and
signaling may disrupt the balance between cholangiocyte injury and regeneration and drive
progressive bile duct injury and ductopenia, both of which are characteristic of PSC.2
Furthermore, as evidenced by our coculture findings, senescent cholangiocytes may induce
senescence in bystander cholangiocytes, thereby amplifying the senescent cell and SASP
burden by way of paracrine signaling.** We have incorporated these findings and current
hypotheses into a conceptual schematic model (Fig. 8). While the precise mechanisms of
cholangiocyte senescence remain uncertain, we propose and are actively pursuing the
concept that the increased accumulation of senescent cholangiocytes in PSC may result
from: 1) a propensity for PSC cholangiocytes to initiate (and/or amplify) the senescent
program; 2) inefficient clearance of senescent cholangiocytes; or 3) a combination of both.
In addition, it should be noted that in this study we focused our in vivo experiments on small
intrahepatic cholangiocytes. While we acknowledge that there is functional heterogeneity
between small and large cholangiocytes,*® we would predict that similar changes likely
occur throughout the biliary tree.

Until now, very little has been reported regarding the presence and role of cellular
senescence in the cholangiopathies. Sasaki et al.36 were the first to explore the presence of
cholangiocyte senescence markers in PBC and PSC livers and found a similarly increased
proportion of senescent cholangiocytes in these two diseases as compared to other diseased
and control livers. Our current work confirms the observation of senescent cholangiocytes in
PSC and extends this by demonstrating the nonreplicative (i.e., stress-induced) type of
cellular senescence in PSC, the cholangiocyte SASP phenotype in PSC, the ability of
specific exogenous and endogenous molecules to induce senescence and SASP in human
cholangiocytes, the capacity of senescent cholangiocytes to induce senescence in bystander
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cells, and, finally, a mechanism (i.e., Ras activation) driving the senescent cholangiocyte
phenotype (Fig. 8). In addition, our preliminary findings (data not shown) suggest that,
consistent with the human data, cholangiocytes in a murine model of PSC (multidrug
resistance 2 gene knockout, mdr2~/7)47 also undergo senescence, thus providing a potential
in vivo system for studying the pathological relevance of senescence in PSC.

In summary, we have demonstrated that cholangiocyte senescence and SASP are prominent
in PSC, developed an in vitro model of NHC and bystander cell senescence, and initiated
investigations relevant to the mechanisms of insult-induced cholangiocyte senescence.
These insights may open the door to better understanding the etiopathogenesis of
cholangiocyte senescence in the cholangiopathies, particularly PSC. Furthermore, they
provide direction for targeted interventions in animal models (e.g., the mdr2~/~ mouse) and
potentially phase 1/2 clinical trials, which may include selective elimination of senescent
cells (i.e., “senolytics™) or interference with the deleterious effects of the SASP.
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Fig. 1.
Cholangiocytes in PSC liver exhibit increased markers of cellular senescence. (A)

Representative images of p16/NK4A mRNA FISH (p16/"k4A probe = green; DAPI = blue).
(B) Semiquantitative analysis of fluorescence intensity demonstrates significantly increased
cholangiocyte p16!NK4A jn PSC compared to other conditions. (C) Representative images of
vH2A . x immunofluorescence (yH2A.x = green; DAPI = blue). (D) Quantitation of yH2A.x
foci demonstrates a higher proportion of yH2A.x-positive cholangiocytes in PSC compared
to other conditions.
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Fig. 2.
Telomere length is preserved in PSC cholangiocytes. (A) Representative confocal

fluorescence images of Tel-C-FITC FISH performed on liver sections to assess
cholangiocyte telomere length. (B) Cholangiocyte telomere fluorescence intensity is similar
in PSC and normal liver but significantly decreased in PBC. Diamonds represent the average
relative telomere fluorescence intensity of bile ducts in a randomly selected liver section
(three sections assessed in each of three patients, each patient shown in a different color);
horizontal line represents the average of the three patients in each condition. For analysis,
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three average values were used for each patient based on the three randomly selected liver
sections that were assessed. If per-patient average values are used instead of per-section
average values, the difference between HCV and PBC loses statistical significance, while
the difference between PSC and PBC and the difference between normal and PBC retain
statistical significance (both P < 0.05).
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Fig. 3.
Cholangiocytes in PSC liver exhibit increased expression of SASP components. (A)

Representative images of IL-6, IL-8, CCL2, and PAI-1 immunofluorescence in liver
sections. (B) Semi-quantitative analysis of fluorescence intensity (presented as arbitrary
units) demonstrates significantly increased cholangiocyte expression of SASP components
in PSC.
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Fig. 4.
In vitro model of stress-induced NHC senescence by persistent treatment with exogenous

and endogenous insults. NHCs were exposed to exogenous (i.e., microbially derived) and
endogenous stressors over the course of 10 days. (A) The proportion of SA-B-gal-positive
NHCs increases following 10-day treatment with exogenous stressors, indicating induction
of senescence. FSL-1, synthetic diacylated lipoprotein; HKLM, heat-killed L.
monocytogenes; Pam3CSK4, synthetic triacylated lipoprotein. (B) The proportion of SA-B-
gal-positive NHCs increases following 10-day treatment with (some) endogenous stressors,
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indicating induction of senescence. Veh, vehicle (ethanol) for Triol (cholestane-3p, 5a, 6a-
triol); 22HC, 22-hydroxycholesterol; DCA, deoxycholic acid; LCA, lithocholic acid; ATP,
adenosine triphosphate. (C) Persistent LPS treatment induces significantly increased
p16/NK4a mRNA expression at day 6 day and a further increase at day 10 compared to
control cells.
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Fig. 5.

Pe%sistent treatment with LPS induces expression of multiple senescence markers in NHCs.
(A) Representative brightfield microscopy images at day 10 demonstrating increased LPS-
induced SA-B-gal and cytologic features of senescence (larger size, squamoid appearance).
(B) SA-B-gal quantitation reveals significantly increased proportion of SA-B-gal-positive
NHCs following 6 and 10 days of LPS treatment. (C) Representative images at day 10
demonstrating increased LPS-induced lysosomal content. (D) Quantitation of lysosomal
content reveals a significant increase in lysosomal content at day 6 and a further increase at
day 10 compared to control. (E) Representative images at day 10 demonstrating LPS-
induced expression of p16'NK4a promoter-driven reporter (RFP). (F) Quantitation of
p16!NK4a (presented as the ratio of RFP to EGFP-positive cells) confirms a significant
increase at day 6 and a further increase at day 10 compared to control.
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Fig. 6.
Persistent LPS treatment of NHCs induces expression of SASP components. (A) IL-6

MRNA expression was assessed by qPCR at 1, 6, and 10 days of LPS treatment. By day 10,
expression is significantly elevated (~5-fold > control; ~2-fold > 1 day LPS-treatment). (B)
IL-8 mRNA expression is significantly increased by day 10 (~5-fold > control; ~1.5-fold > 1
day LPS-treatment). The delayed response observed in IL-8 (as well as IL-6) expression
following an initial acute response is consistent with the time-dependent induction of
senescence as demonstrated in other cell types and culture models.33 (C) CCL2 mRNA
expression is significantly increased by day 10 (~4.7-fold > control; ~1.9-fold > 1 day LPS-
treatment). (D) ELISA of conditioned media from 10-day LPS-treated NHCs demonstrating
significantly increased IL-6, IL-8, and CCL2 protein expression compared to control.
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Fig. 7.
Ras is activated in cholangiocytes in PSC liver, and Ras activation is involved in LPS-

induced NHC senescence. (A) Representative con-focal immunofluorescence images for N-
Ras (green) and activated Ras (red) (DAPI = blue). Cholangiocyte N-Ras colocalizes with
activated Ras in PSC liver, suggesting that N-Ras is not only expressed, but also activated in
PSC cholangiocytes. (B) Semiquantitative analysis of fluorescence demonstrates
significantly increased N-Ras and activated Ras in PSC cholangiocytes compared to normal.
(C) LPS treatment of NHCs induces persistent N-Ras activation. Western blot demonstrates
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cholangiocyte N-Ras expression, and an RBD-GST pulldown demonstrates LPS-induced
Ras activation over the course of 10 days (Ponceau Red used to stain total RBD-GST,
loading control). (D) Densitometry on the activated N-Ras blot at each time point. (E) Ras,
but not NF-xB inhibition, decreases LPS-induced cholangiocyte senescence. NHCs were
cultured in the presence or absence of LPS and a Ras (FTS) or NF-xB (SN50) inhibitor.
Cholangiocyte senescence, determined by proportion of SA-B-gal-positive cholangiocytes, is
abrogated by Ras inhibition.
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Fig. 8.

Conceptual framework of PSC pathogenesis. In this working model, the cholangiocyte is
exposed to endogenous and/or exogenous insults to which it responds through up-regulation
of proinflammatory mediators as characteristic of a “reactive cholangiocyte.” This process
initiates intricate crosstalk between a variety of resident and recruited cells, including
hepatocytes, progenitor cells, fibroblasts, and leukocytes, in an attempt to resolve injury and
repair the biliary epithelium. In immunogenetically susceptible individuals, the
proinflammatory response of and injury to cholangiocytes do not resolve. Instead, as a result
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of aberrant genomic and cellular repair, we speculate, based on our data and current
hypotheses, that there is induction of N-Ras mediated, insult-induced cholangiocyte
senescence. Senescent cholangiocytes can then progress to SASP, a potentially pathologic
state characterized by hypersecretion of proinflammatory cytokines (e.g., IL-6) and
chemokines (e.g., IL-8) and profibrotic mediators (e.g., PAI-1), as shown in the present
study. By way of these secreted mediators, SASP cells have been shown to alter their
microenvironment, reinforce the senescent phenotype, and exacerbate injurious
fibroinflammatory responses which, in the liver, results in progressive injury and ultimately
chronic biliary disease (i.e., PSC).
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