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Biliary senescence and hepatic fibrosis are hallmarks of cholangiopathies including primary sclerosing cho-
langitis (PSC). Senescent cholangiocytes display senescence-associated secretory phenotypes [SASPs, e.g., 
transforming growth factor-b1 (TGF-b1)] that further increase biliary senescence (by an autocrine loop) and 
trigger liver fibrosis by paracrine mechanisms. The aim of this study was to determine the effect of p16 inhibi-
tion and role of the TGF-b1/microRNA (miR)-34a/sirtuin 1 (SIRT1) axis in biliary damage and liver fibrosis 
in the Mdr2−/− mouse model of PSC. We treated (i) in vivo male wild-type (WT) and Mdr2−/− mice with p16 
Vivo-Morpholino or controls before measuring biliary mass [intrahepatic bile duct mass (IBDM)] and senes-
cence, biliary SASP levels, and liver fibrosis, and (ii) in vitro intrahepatic murine cholangiocyte lines (IMCLs) 
with small interfering RNA against p16 before measuring the mRNA expression of proliferation, senescence, 
and fibrosis markers. p16 and miR-34a increased but SIRT1 decreased in Mdr2−/− mice and PSC human liver 
samples compared to controls. p16 immunoreactivity and biliary senescence and SASP levels increased in 
Mdr2−/− mice but decreased in Mdr2−/− mice treated with p16 Vivo-Morpholino. The increase in IBDM and 
hepatic fibrosis (observed in Mdr2−/− mice) returned to normal values in Mdr2−/− mice treated with p16 Vivo-
Morpholino. TGF-b1 immunoreactivity and biliary SASPs levels were higher in Mdr2−/− compared to those of 
WT mice but returned to normal values in Mdr2−/− mice treated with p16 Vivo-Morpholino. The expression of 
fibrosis/senescence markers decreased in cholangiocytes from Mdr2−/− mice treated with p16 Vivo-Morpholino 
(compared to Mdr2−/− mice) and in IMCLs (after p16 silencing) compared to controls. Modulation of the 
TGF-b1/miR-34a/SIRT1 axis may be important in the management of PSC phenotypes.
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INTRODUCTION

In addition to modifying the composition of ductal bile 
by a series or reabsorptive and secretory mechanisms1,2, 
cholangiocytes are the target of a group of chronic chole-
static liver diseases (i.e., cholangiopathies) such as pri-
mary sclerosing cholangitis (PSC) and primary biliary 
cholangitis (PBC), which are characterized by ductular 
reaction concomitant with biliary damage/senescence 
as well as subsequent activation of hepatic stellate cells 
(HSCs) and increased liver fibrosis3–5. During biliary 

injury, there is controversy whether ductular reaction 
exacerbates biliary damage/senescence or is a compensa-
tory mechanism to repair the injured bile ducts and main-
tain proper biliary homeostasis6. 

Cellular senescence is a process that leads to irre-
versible cell cycle arrest in the G0/G1 phase, after cells 
are exposed to various stimuli such oncogenic stress, 
telomere shortening, protein aggregation, DNA damage, 
and mutations7. Many studies confirm that the increase 
in cellular senescence leads to various diseases, includ-
ing diabetes, arteriosclerosis, osteoporosis, chronic 
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inflammatory, and neurodegenerative disorders7. Biliary 
senescence is a key hallmark of cholangiopathies, where 
injured cholangiocytes enter a senescence-associated 
secretory phenotype (SASP), secreting various cyto-
kines, chemokines, and growth factors [e.g., transforming 
growth factor-b1 (TGF-b-1), interleukin-6 (IL-6), IL-8, 
C–C motif chemokine ligand 2 (CCL2), and plasmino-
gen activator inhibitor-1 (PAI-1)], which in turn further 
increase biliary senescence (by an autocrine loop) and 
activate HSCs, thereby increasing collagen deposition 
by paracrine mechanisms4,8–11. Among the well-known 
senescence markers p18, p15, p53, and PAI-1, Cdkn2a, 
p1612 is a cyclin-dependent kinase inhibitor that plays a 
key role in the cell cycle regulation and is accumulated 
in senescent cells13. On the basis of these findings, we 
hypothesize that downregulation of p16 decreases biliary 
senescence/damage as well as ductular reaction and the 
activation of HSCs.

MicroRNAs (mRNAs) are small, noncoding RNA 
molecules involved in the inhibition of mRNA expression. 
miRNAs regulate a wide range of biological processes 
including physiological modulation or pathological dis-
ruption of various pathways14. Several studies have shown 
that miR-34a plays a key role in the regulation of cellu-
lar senescence in liver cells, such as hematopoietic stem 
cells (HSCs) and human umbilical cord vein endothelial 
cells10,15,16. Other studies have shown that the expression 
of miR-34a increases, whereas sirtuin 1 (SIRT1) expres-
sion decreases in a number of liver diseases, such as 
alcoholic liver injury, PBC, and nonalcoholic fatty liver 
disease (NAFLD)16–20. Based on these observations, we 
aimed to demonstrate that changes in the TGF-b1/miR-
34a/SIRT1 axis modulate biliary senescence and its asso-
ciated ductular reaction and the subsequent paracrine 
modulation of liver fibrosis.

MATERIALS AND METHODS

The rabbit antibodies against CDKN2A/p16INK4a 
(ab189034), TGF-b1 (ab92486), and collagen type 
1 (Col1a1, ab34710) were purchased from Abcam 
(Cambridge, MA, USA). The rat antibody against cyto-
keratin-19 (CK19; a specific biliary marker)21 was obtained 
from Developmental Studies Hybridoma Bank (Iowa City, 
IA, USA). 4¢,6-Diamidino-2-phenylindole (DAPI) was pur-
chased from ThermoFisher Scientific (Waltham, MA, USA). 
The Sirius red staining kit was purchased from Abcam. 
Cellular Senescence Assay to detect SA-b-galactosidase 
(SA-b-GAL) activity was purchased from Millipore Sigma 
(Billerica, MA, USA). The mouse or human real-time 
polymerase chain reaction (PCR) primers, the RNeasy kit 
for total RNA extraction, and the reagents for real-time 
PCRs were purchased from Santa Cruz Biotechnology 
Inc. (Dallas, TX, USA). The enzyme-linked immunosor-
bent assay (ELISA) kits for the measurement of SASPs, 

the Mouse Cytokine ELISA Plate Array I (Colorimetric, 
EA-4005), was purchased from Signosis, Inc. (Santa Clara, 
CA, USA). We used the following mouse primers: SIRT1 
(NM_001159589), Cdkn2a/p16 (NM_009877), Cdkn2b/
p15 (NM_007670), Cdkn1a/p21 (NM_001111099), 
Cdkn2c/p18 (NM_007671), Cdkn1b/p27 (NM_009875), 
p53 (NM_001127233), Glb1, (NM_009752), TGF-b1 
(NM_011577), TGF-bR2 (NM_00937), Msln (NM_ 
018857), platelet-derived growth factor-a (PDGFa; 
NM_008808), tissue inhibitors of metalloproteinase 1 
(TIMP1; NM_001044384), TIMP2 (NM_011594), TIMP3 
(NM_011595), Col1a1 (NM_007742), a-SMA/Acta2 
(NM_007392), fibronectin-1 (Fn-1; NM_010233), MMP9 
(NM_013599), Mki67 (NM_001081117), and GAPDH 
(housekeeping, NM_008084), and human primers: SIRT1 
(NM_001142498) and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH; housekeeping, NM_001256799), 
all purchased from Qiagen (Venlo, Germany). The kit for 
iScript DNA Synthesis (cat. #170-8891) and iTaq Universal 
SYBR Green Supermix (cat. #172-5124) were obtained 
by Bio-Rad (Hercules, CA, USA). p16 Vivo-Morpholino 
and the respective mismatch Morpholino were obtained 
from Gene Tools, LLC (Philomath, OR). miRNA prim-
ers [hsa-miR34a (4427975: assay 000426) and U6 snRNA 
(4427975: assay 001973, housekeeping for miR-34a)] 
were purchased from ThermoFisher Scientific.

Animal Models

Male FVB/NJ wild-type (WT) and multidrug resistance 
gene 2 knockout (Mdr2−/−) mice (PSC animal model, 12 
weeks of age) were purchased from Jackson Laboratories 
(Bar Harbor, ME, USA); the Mdr2−/− were raised in our 
breeding colony. The animals were housed in a temperature-
controlled environment (22°C) under 12:12-h light/dark 
cycles and had access to food and drinking water ad libi-
tum. The in vivo experiments were performed in WT and 
Mdr2−/− mice treated with Vivo-Morpholino sequences 
against p16 (5¢-CAGTGACCAAGAACCTGCGACCCA
T-3’) or mismatch Vivo-Morpholino sequences for p16  
(5¢-CAcTcACCAAcAACCTcCcACCCAT-3¢) [at the 
dose of 12.5 mg/kg body weight (BW)] by two tail vein 
injections (days 1 and 4); animals were euthanized at 
day 7. We have previously used Vivo-Morpholino treat-
ment to downregulate hepatic expression of specific 
proteins in rodent models of cholestasis21,22. The animals 
were sacrificed after treatment with euthasol® (200–250 
mg/kg BW) prior to collection of selected organs or liver 
perfusion. All the animal protocols were approved by the 
institutional animal care and use committee (IACUC) 
committee from both Baylor Scott & White Health and 
Indiana University Purdue University Indianapolis. Total 
liver tissues, isolated cholangiocytes, and cholangiocyte 
supernatant (after incubation for 4 h at 37oC of 10 × 106 
isolated cholangiocytes)11 were collected.
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Purified Cholangiocytes and Intrahepatic Murine 
Cholangiocytes Lines (IMCLs)

Virtually pure cholangiocytes were isolated by immu-
noaffinity separation21,23,24 using a monoclonal antibody 
[immunoglobulin M (IgM), a gift from Dr. Ronald A. Faris, 
Brown University, Providence, RI, USA] expressed by all 
intrahepatic cholangiocytes24. Cell number and viability 
were assessed by trypan blue exclusion. The in vitro stud-
ies were performed in our IMCLs, which display morpho-
logical, phenotypic, and functional characteristics similar 
to those of freshly isolated mouse cholangiocytes21. 

Human Studies

The collection and use of unidentified human samples 
(Table 1) from Dr. Suthat Liangpunsakul (Richard L. 
Roudebush L VA Medical Center and Indiana University, 
Indianapolis, IN, USA) was approved by the institutional 
review board (IRB) from Indiana University Purdue 
University Indianapolis. The collection of liver tissues 
from (i) healthy control patients with no known history 
of chronic liver diseases and collected during abdomi-
nal surgeries for various causes, and (ii) late stage PSC 
patients obtained from the explant during liver transplan-
tation were obtained from Dr. Liangpunsakul; human 
samples were approved by the Indiana University Purdue 
University Indianapolis IRB. The human liver samples for 
mRNA analysis were collected through the Liver Tissue 
Procurement and Distribution System (Minneapolis, MN, 
USA)25. Written informed consent was received from par-
ticipants prior to inclusion in the study.

Measurement of p16 Expression and Cellular 
Senescence in Liver Sections and Isolated 
Cholangiocytes

Following treatment of WT or Mdr2−/− mice with mis-
match or p16 Vivo-Morpholino, we measured biliary 

senescence by immunofluorescence for p16 (costained 
with CK19) in frozen liver sections (10 mm thick) and 
by immunohistochemistry for p16 in paraffin-embedded 
liver sections (4–5 mm thick). Immunofluorescence stain-
ing was evaluated by the LEICA TSC SP5 X System 
(Leica Microsystems, Inc., Buffalo, Grove, IL, USA). 
Biliary senescence was further evaluated by (i) SA-b-
GAL staining in frozen liver sections (10 mm thick) using 
the SA-b-GAL commercially available kit (Millipore 
Sigma)9 and (ii) mRNA expression of p15, p18, p21, p27, 
p53, and Glb1 by real-time PCR in cholangiocyte RNA 
(1 mg). For the measurement of the SA-b-GAL-positive 
areas, we used the Image-Pro Plus Version 6.0 software. 
Images of SA-b-GAL and p16 immunostaining were cap-
tured by Olympus Image-Pro Plus Version 6.0 software 
(Olympus, Tokyo, Japan).

Measurement of Intrahepatic Bile Duct Mass (IBDM) 
and Liver Fibrosis

We measured IBDM by semiquantitative immunohis-
tochemistry for CK19 in liver sections (4–5 mm thick); 10 
different fields were analyzed from three samples from 
three different animals from the selected groups of ani-
mals. Sections were examined using the Olympus Image 
Pro-Analyzer software 7.0 (Olympus). The data are 
expressed as area occupied by CK19-positive bile ducts/
total area x 10021.

Hepatic fibrosis was evaluated by Sirius red staining 
in paraffin-embedded liver sections (4–5 mm thick); 10 
different fields were analyzed from three samples from 
three different animals. Slides were scanned by a digital 
scanner (SCN400; Leica Microsystems Inc.) and quan-
tified using Image-Pro Premier 9.1 (Media Cybernetics, 
Rockford, MD, USA). By immunofluorescence, we 
evaluated the immunoreactivity of Col1a1 in liver frozen 
sections (4–5 mm thick) costained with CK19. Following 

Table 1. Features of Healthy Control and PSC Patients

Group Patient No. Diagnosis Gender Age Race Origin

Control 1 Normal liver N/A N/A N/A Roudebush L VA Medical Center
Control 2 Normal liver N/A N/A N/A Roudebush L VA Medical Center
Control 3 Normal liver N/A N/A N/A Roudebush L VA Medical Center
Control 4 Normal liver N/A N/A N/A Roudebush L VA Medical Center
Control 5 Normal liver N/A N/A N/A Roudebush L VA Medical Center
PSC 1 Advanced-stage IV PSC Male 60 White Roudebush L VA Medical Center
PSC 2 PSC N/A N/A N/A Roudebush L VA Medical Center
PSC 3 PSC Male 57 White Roudebush L VA Medical Center
PSC 4 PSC Male 33 White Roudebush L VA Medical Center
PSC 5 PSC Female 47 White Roudebush L VA Medical Center
PSC 6 PSC Male 42 White Roudebush L VA Medical Center
PSC 7 PSC Male 63 White Roudebush L VA Medical Center

Human Samples are a gift of Dr. Suthat Liangpunsakul, Roudebush L VA Medical Center and Indiana University, Indianapolis, IN. PSC, primary 
sclerosing cholangitis.
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immunofluorescence for Col1a1, images were evaluated 
by LEICA TSC SP5 X System (Leica Microsystems, 
Inc.). By real-time PCR, we measured the mRNA expres-
sion of Fn-1, a-SMA, Col1a1, TIMP1, TIMP2, TIMP3, 
and MMP9 in isolated cholangiocytes from the selected 
groups of animals.

Measurement of the TGF-b1/miR-34a/SIRT1/p16 Axis 
in Mdr2−/− Mice and Human PSC Samples

Since Ingenuity Pathway Analysis software (Qiagen 
Bioinformatics, Valencia, CA, USA) (Fig. 1) indicates 
that TGF-b1 (an important factor modulating biliary 
senescence)9 regulates miR-34a that alters SIRT1-depedent 
p16 expression (marker of senescence)8,11, we evaluated 
by real-time PCR: (i) the expression of miR-34a in total 
liver samples from healthy control and late stage human 
PSC samples, and WT and Mdr2−/− mice treated with mis-
match and p16 Vivo-Morpholinos, and (ii) the expression 
of SIRT1 in total liver samples from healthy control and 
late stage human PSC samples, and in total liver and 
isolated cholangiocytes from WT and Mdr2−/− mice 
and Mdr2−/− mice treated with p16 Vivo-Morpholinos. 
The expression levels of miR-34a were measured using 
TaqMan MicroRNA Reverse Transcription Kit and 
TaqMan MicroRNA Assay for hsa-mir-34a and U6 as ref-
erence (ThermoFisher Scientific) with ViiA 7 Real-Time 
PCR System (ThermoFisher Scientific). The rationale for 
these experiments is based on the following background: 
(i) TGF-b1 is upregulated in cholangiopathies includ-
ing PSC9,11, and (ii) the expression of miR-34a increases, 
whereas SIRT1 expression decreases in a number of liver 
diseases such as alcoholic liver injury, PBC, NAFLD, and 
in a rat model of CCl4-induced liver fibrosis7,16–20.

We evaluated by immunofluorescence TGF-b1 immu-
noreactivity in paraffin-embedded liver sections (10 mm 

thick, costained with CK19) from the selected groups of 
animals. To detect SASP secretion in cholangiocyte super-
natant, we measured the levels of cytokines present using 
the Mouse Cytokine ELISA Plate Array (Colorimetric, 
EA-4005; Signosis, Inc.), which permits monitoring of 
24 mouse cytokines simultaneously. 

In Vitro Studies in IMCLs: Effect of p16 Silencing on the 
Proliferative, Senescent, and Fibrotic Activity of IMCLs

To demonstrate the specificity of our findings to 
cholangiocytes, in vitro, IMCLs were treated with con-
trol vector or 1 pmol small interfering RNA against p16 
(Qiagen, Venlo, Germany) for 24 h before evaluating 
the expression of proliferation (Ki-67), senescence (p16, 
p21, p15, p18, and p53), and fibrosis (Fn-1, TGF-b1, 
TGF-bR2, TIMP1, MMP9, Msln, and PDGFa) markers 
detected by real-time PCR.

Statistical Analysis

Data are expressed as mean ± standard error of the 
mean (SEM). Differences between groups were analyzed 
by Student’s unpaired t-test when two groups were ana-
lyzed and analysis of variance (ANOVA) when more than 
two groups were analyzed using SPSS 22.0 software, fol-
lowed by an appropriate post hoc test.

RESULTS

Measurement of Cellular Senescence 

By immunofluorescence, the immunoreactivity of 
p16 increased in bile ducts (costained with CK19) from 
Mdr2−/− compared to WT mice, but decreased in bile ducts 
from Mdr2−/− mice treated with p16 Vivo-Morpholino 
compared to mismatch-treated Mdr2−/− mice (Fig. 2); no 
changes in biliary p16 immunoreactivity were observed 

Figure 1. Representative diagram of the microRNA (miR)-34a/sirtuin 1 (SIRT1)/p16 axis outlined using the IPA pathway. The IPA-
generated IPA supports our hypothesis showing that miR-34a modulates p16 (marker of senescence) through changes in SIRT1. 
Reproduced with permission from Qiagen.
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Figure 3. (A) There was enhanced p16 biliary immunoreactivity in Mdr2−/− compared to normal WT mice, which was decreased in 
Mdr2−/− mice treated with p16 mismatch Vivo-Morpholino compared to Mdr2−/− mice treated with mismatch Morpholino. Original mag-
nification: 20×. (B) By SA-b-galactosidase (SA-b-GAL) staining in liver sections, there was enhanced biliary senescence in Mdr2−/− com-
pared to WT mice that decreased in Mdr2−/− mice treated with p16 Vivo-Morpholino compared to mismatch-treated Mdr2−/− mice. Original 
magnification: 10×. (A, B) No changes in p16 immunoreactivity and biliary senescence immunoreactivity were observed between WT 
mice treated with p16 Vivo-Morpholino and mismatch control. (C) By real-time polymerase chain reaction (PCR), the mRNA expression 
of p15, p18, p21, p27, p53, and Glb1 increased in cholangiocytes from Mdr2−/− compared to WT mice, but decreased in Mdr2−/− mice 
treated with p16 Vivo-Morpholino compared to Mdr2−/− mice. Data are mean ± standard error of the mean (SEM) of three evaluations 
performed in a cumulative preparation of cholangiocytes from four mice *p < 0.05 versus WT mice. #p < 0.05 versus Mdr2−/− mice.



Delivered by Ingenta
IP: 134.68.173.139 On: Tue, 11 Jan 2022 16:20:45

Article(s) and/or figure(s) cannot be used for resale. Please use proper citation format when citing this article including the DOI,
publisher reference, volume number and page location.

miR-34a REGULATED BILIARY SENESCENCE IN PSC 95

between WT mice treated with mismatch or p16 Vivo-
Morpholino (Fig. 2). 

Similarly, by immunohistochemistry, we demon-
strated that the biliary p16 immunoreactivity increased 
in Mdr2−/− compared to normal WT mice, but decreased 
in Mdr2−/− mice treated with p16 mismatch Vivo-
Morpholino compared to Mdr2−/− mice treated with mis-
match Morpholino (Fig. 3A). By SA-b-GAL staining 
in liver sections, there was enhanced biliary senescence 
in Mdr2−/− compared to WT mice, increased senescence 
that was reduced in Mdr2−/− mice treated with p16 Vivo-
Morpholino compared to mismatch-treated Mdr2−/− mice 
(Fig. 3B); no changes in biliary p16 immunoreactiv-
ity and cellular senescence were observed between WT 
treated with p16 mismatch or Vivo-Morpholino (Fig. 3A 
and B). By real-time PCR, the mRNA expression of p15, 
p18, p21, p27, p53, and Glb1 increased in cholangiocytes 
from Mdr2−/− compared to WT mice, but decreased in 
Mdr2−/− mice treated with p16 Vivo-Morpholino com-
pared to Mdr2−/− mice (Fig. 2C).

Measurement of IBDM and Liver Fibrosis

In agreement with previous studies11, the adminis-
tration of p16 Vivo-Morpholino markedly decreased 
IBDM compared to Mdr2−/− mice treated with mismatch 
Morpholino (Fig. 4); IBDM was similar among WT mice 
treated with p16 Vivo-Morpholino or the respective mis-
match control (Fig. 4). 

By Sirius red staining, there was increased collagen 
deposition in Mdr2−/− compared to WT mice, which 
decreased in Mdr2−/− mice treated with p16 Vivo-
Morpholino compared to Mdr2−/− mice treated with 
mismatch-Morpholino; the extent of liver fibrosis was 
similar between WT mice treated with Vivo-Morpholino 
or their respective mismatch controls (Fig. 5A). By 
immunofluorescence, we demonstrated increased immu-
noreactivity of Col1a1 in Mdr2−/− compared to WT mice, 
which decreased in Mdr2−/− mice treated with p16 Vivo-
Morpholino compared to Mdr2−/− mice treated with 
mismatch Morpholino; no difference in the immunoreac-
tivity of Col1a1 was observed between WT mice treated 
with p16 Vivo-Morpholino and mismatch (Fig. 5B). By 
real-time PCR, we demonstrated that the expression of 
fibrosis markers Fn-1, Col1a1, a-SMA, TIMP1, TIMP2, 
TIMP3, and MMP9 increased in Mdr2−/− mice compared 
to WT, but decreased in Mdr2−/− mice treated with p16 
Vivo-Morpholino compared to Mdr2−/− mice (Fig. 5C).

Measurement of the TGF-b1/miR-34a/SIRT1/p16 Axis 
in Mdr2−/− Mice and Human PSC Samples

In total liver samples from human late-stage PSC 
patients, we demonstrated enhanced expression of miR-
34a and reduced mRNA expression of SIRT1 compared 
to normal human samples (Fig. 6A and B). By real-time 

PCR, there was reduced levels of SIRT1 in isolated cho-
langiocytes and total liver from Mdr2−/− mice compared to 
WT mice, which returned to values similar to those of WT 
mice in Mdr2−/− mice treated with p16 Vivo-Morpholino 
(Fig. 6C). Furthermore, the expression of miR-34a 
increased in total liver samples from Mdr2−/− mice and 
Mdr2−/− mice treated with p16 mismatch Morpholinos 
compared to WT mice, but decreased in Mdr2−/− mice 
treated with p16 Vivo-Morpholino compared to Mdr2−/− 

mice and Mdr2−/− mice treated with p16 mismatch 
Morpholino (Fig. 6C); no changes in miR-34a expression 
were observed between WT mice and WT mice treated 
with mismatch or p16 Vivo-Morpholino (Fig. 6C).

We demonstrated increased biliary immunoreactiv-
ity of TGF-b1 (in liver sections) and enhanced levels of 
SASPs in cholangiocyte supernatant from Mdr2−/− mice 
compared to WT mice, which decreased in Mdr2−/− mice 
treated with p16 Vivo-Morpholino compared to Mdr2−/− 
mice (Fig. 7A and B). No differences in TGF-b1 immu-
noreactivity were observed in normal WT mice treated 
with p16 Vivo-Morpholino and mismatch Morpholino 
(Fig. 7A). 

In Vitro Studies in IMCLs: Effect of p16 Silencing on the 
Proliferative, Senescent, and Fibrotic Activity of IMCLs

In p16-silenced IMCLs, there was reduced mRNA 
expression of proliferation (Ki-67), senescence (p16, 
p21, p15, p18, and p53), and fibrosis (Fn-1, TGF-b1, 
TGF-b-R2, TIMP1, MMP9, Msln, and PDGFa) markers 
compared to control IMCLs (Fig. 8A and B).

DISCUSSION

The study focuses on the role of the TGF-b1/miRNA-
34a/SIRT1/p16 axis in the regulation of biliary damage/
senescence and liver fibrosis in the Mdr2−/− mouse model 
of PSC, as well as total liver specimen from late stage 
human PSC patients. Specifically, we found that biliary 
senescence was increased in Mdr2−/− compared to WT 
mice, but decreased in Mdr2−/− mice treated with p16 
Vivo-Morpholino compared to mismatch-treated Mdr2−/− 

mice. The reduction in biliary senescence was associated 
with decreased levels of SASP cytokines concomitant 
with diminished IBDM and liver fibrosis. In Mdr2−/− mice, 
there was decreased expression of SIRT1 (in isolated cho-
langiocytes and total liver samples) but increased expres-
sion of miR-34 (in total liver samples) compared to WT 
mice, changes that were reversed in Mdr2−/− mice treated 
with p16 Vivo-Morpholino. Parallel with the changes 
observed in Mdr2−/− mice, we demonstrated increased 
expression of microRNA-34a but decreased expression 
of SIRT1 in total liver samples from late stage human 
PSC patients compared to healthy control samples.

Cholangiocyte proliferation (i.e., ductular reaction) 
and biliary damage/senescence are typical hallmarks of 
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cholestatic liver diseases, such as extrahepatic cholestasis 
[mimicked in rodents by extrahepatic bile duct ligation 
(BDL)], PSC, and PBC, as well as in mice subjected to 
high-fat diet feeding and patients with NAFLD6,9,26–31. In 
human cholestatic liver diseases and animal models of 
cholestasis and biliary injury/senescence (characterized 
by inflammation, biliary damage, and liver fibrosis)6, 
there is controversy whether ductular reaction has a nega-
tive role in sustaining biliary/liver damage or is a com-
pensatory, beneficial mechanism (during the progression 
of cellular senescence) to maintain proper biliary homeo-
stasis during liver injury6. This notion is highlighted 
by our current results showing that inhibition of biliary 

senescence (by administration of p16 Vivo-Morpholino) 
reduces IBDM (ductular reaction) in Mdr2−/− mice, a 
finding that disagrees with previous studies that enhanced 
cellular senescence is associated with irreversible growth 
arrest32,33. 

To explain why the decrease in biliary senescence is 
associated with reduced ductular reaction, we propose 
that targeting of a specific subset of senescent cholangi-
ocytes (after treatment p16 Vivo-Morpholino) decreases 
the release of toxic biliary SASPs that, in turn, induces a 
paracrine decrease (i.e., interaction between senescent and 
nonsenescent cholangiocytes)34 in the compensatory ductu-
lar reaction6, thus reducing IBDM. We propose that large 

Figure 4. IBDM increased in Mdr2−/− compared to WT mice, but decreased in Mdr2−/− mice treated with p16 Vivo-Morpholino mice 
compared to their respective mismatched controls. In Mdr2−/− mice, IBDM increased significantly compared to WT mice; however, 
the administration of p16 Vivo-Morpholino markedly decreased IBDM compared to Mdr2−/− mice treated with mismatch Morpholino; 
IBDM was similar among WT mice treated with p16 Vivo-Morpholino or the respective mismatch control. Bile ducts are indicated by 
red arrows. Ten different fields from three samples from three different animals were analyzed. Original magnification: 20×. *p < 0.05 
versus WT mice. #p < 0.05 versus Mdr2−/− mice.
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Figure 5. (A) There was increased collagen deposition in Mdr2−/− compared to WT mice, which decreased in Mdr2−/− mice treated 
with p16 Vivo-Morpholino compared to Mdr2−/− mice treated with mismatch Morpholino. Ten different fields from three samples from 
three different animals were analyzed. Original magnification: 20×. *p < 0.05 versus WT mice. #p < 0.05 versus Mdr2−/− mice. Black 
arrows show collagen deposition around bile ducts. (B) By immunofluorescence, there was increased immunoreactivity of Col1a1 in 
Mdr2−/− compared to WT mice, which decreased in Mdr2−/− mice treated with p16 Vivo-Morpholino sequences compared to Mdr2−/− 
mice treated with mismatch Morpholino. Col1a1 (green staining); CK19 (red staining); nuclei were stained with DAPI; scale bar: 100 
mm. *p < 0.05 versus WT mice. #p < 0.05 versus Mdr2−/− mice. (A, B). There were no changes in liver fibrosis between WT mice 
treated with p16 mismatch Morpholino and p16 Vivo-Morpholino. (C) By real-time PCR, the mRNA expression of fibrosis markers 
Fn-1, Col1a1, a-SMA, TIMP1, TIMP2, TIMP3, and MMP9 increased in cholangiocytes from Mdr2−/− compared to WT mice, but 
decreased in Mdr2−/− mice treated with p16 Vivo-Morpholino compared to Mdr2−/− mice. Data are mean ± SEM of three evaluations 
performed in a cumulative preparation of cholangiocytes from four mice. *p < 0.05 versus WT mice. #p < 0.05 versus Mdr2−/− mice.
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Figure 6. (A, B) In human PSC samples, we demonstrated (i) enhanced expression of miR-34a (in total liver samples) and (ii) reduced 
mRNA expression of SIRT1 in total liver samples compared to normal human samples. Data are mean ± SEM from seven late stage 
PSC patients and five normal human controls. *p < 0.05 versus control human samples. (C) By real-time PCR, there was reduced 
levels of SIRT1 in isolated cholangiocytes and total liver from Mdr2−/− mice compared to WT mice, which returned to values similar 
to those of WT mice in Mdr2−/− mice treated with p16 Vivo-Morpholino. Data are mean ± SEM of three evaluations performed in a 
cumulative preparation of cholangiocytes from four mice. Data are mean ± SEM of three evaluations performed in three different total 
liver samples from three different mice. *p < 0.05 versus WT mice, #p < 0.05 versus Mdr2−/− mice.
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cholangiocytes are likely the cell types targeted by p16 
Vivo-Morpholino. This is based on unpublished observa-
tions from our group showing that cAMP-dependent, large 
(but not small) cholangiocytes display SASP phenotypes 
(Glaser and Alpini, unpublished observations, 2020). This 
notion is supported by our previous studies showing that 

(i) in the cholestatic model of BDL, only large cholangi-
ocytes proliferate23,35, and (ii) large but not small cholan-
giocytes are damaged by pathological maneuverers such 
as acute carbon tetrachloride administration or chronic 
g-aminobutyric acid administration leading, maneuvers 
that lead to increased small duct mass36,37.

Figure 7. (A) By immunofluorescence, we demonstrated increased immunoreactivity for transforming growth factor-b1 (TGF-b1) 
in bile ducts of Mdr2−/− mice and Mdr2−/− mice treated with p16 mismatch Morpholino compared to their respective WT and Mdr2−/− 

treated mismatch Morpholino; TGF-b1 (green staining); CK19 (red staining); localization of TGF-b1 in bile ducts is indicated by yel-
low arrows. Nuclei were stained with DAPI. Scale bar: 100 mm. (B) There was increase in SASPs levels in cholangiocyte supernatant 
from Mdr2−/− mice (compared to WT mice), parameters that all decreased in Mdr2−/− mice treated with p16 Vivo-Morpholino compared 
to Mdr2−/− mice. Evaluation is the result of cumulative preparation of cholangiocytes from four mice.
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In future experiments in Mdr2−/− mice, we plan to 
evaluate whether large cholangiocytes are the target of 
p16 and whether the decrease in large cholangiocyte mass 
(following administration of p16 Vivo-Morpholino) is 
associated with enhanced proliferation of small cholan-
giocytes. A shortcoming of our in vivo studies is repre-
sented by the fact that we did not demonstrate whether 
the p16 Vivo-Morpholinos may target other liver cells 
such as hepatocytes and Kupffer cells (but not HSCs) 
in addition to cholangiocytes. We exclude the possibil-
ity that p16 Vivo-Morpholino may interact with HSCs, 
since inhibition of HSC senescence results in increased 
liver fibrosis9, opposite to what we have shown in our 
results. However, supporting the specificity of our data 
to cholangiocytes, we show in in vitro studies that inhi-
bition of p16 reduces biliary senescence, proliferation, 
as well as fibrogenic activity. Supporting our findings, 
there was a concomitant increase in ductular reaction and 
biliary senescence in both BDL WT and Mdr2−/− mice, 

phenotypes that were reduced by genetic knockout of the 
neurokinin receptor (NK1R) in BDL mice and by admin-
istration of an NK1R antagonist to Mdr2−/− mice9. In sup-
port of this concept, the SR antagonist, Sec 5-27, inhibits 
ductular reaction and biliary senescence (by an autocrine 
loop by interaction with a basolateral receptor expressed 
only by cholangiocytes) and liver fibrosis by a paracrine 
pathway through decreased TGF-b1 biliary secretion 
mouse models of PSC and early stage PBC11,26.

Consistent with the concept that enhanced levels of 
SASPs (in Mdr2−/− and human PSC samples) are key 
stimulatory factors of cholangiocyte senescence (by an 
autocrine loop) and activation of HSCs (by paracrine 
mechanisms), we have shown that the expression and 
levels of several cytokines (including TGF-b1, IL-6, 
IL-8, CCL2, and PAI-1) were increased in Mdr2−/− mice, 
but decreased in Mdr2−/− mice treated with p16 Vivo-
Morpholinos. Among the SASPs evaluated, a num-
ber of studies have shown that TGF-b1 is a key player 

Figure 8. (A, B) In p16-silenced IMCLs, there was reduced expression of senescence, fibrosis, and proliferation (Ki-67) mRNAs 
compared to control IMCLs. Data are mean ± SEM of n = 3 from three preparations of IMCLs. *p < 0.05 versus IMCLs.
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in the modulation of biliary damage and liver fibrosis. 
For example, during early chronic liver allograft rejec-
tion, there is enhanced expression/release of TGF-b1 
that increases biliary senescence ablating the compensa-
tory ductular reaction in response to liver injury38. Other 
studies have shown that senescent cholangiocytes release 
TGF-b1, which induces senescence in surrounding cho-
langiocytes and subsequent recruitment of myofibro-
blasts and macrophages, causing activation of HSCs and 
collagen deposition in several models of biliary senes-
cence induced by BDL, conditional deletion of Mdm2 
in bile ducts, and the Mdr2−/− mouse model of PSC11,34,39. 
Furthermore, other studies have shown that interferon 
IL-6, interferon-a (INF-a), INF-b, and INF-g promote 
cellular senescence of cholangiocytes40, and higher lev-
els of SASPs (e.g., IL-6, IL-8, CCL2, and PAI-1) were 
increased in human PSC cholangiocytes4. Consistent with 
our findings, senescent cholangiocytes secrete CCL2 
and CX3CL1 that promote infiltration of correspond-
ing CCR2- and CX3CR1-expressing cells, exacerbat-
ing inflammation of bile ducts in PBC41,42. Moreover, 

senescent endotoxic animals exhibit higher circulating 
levels of TNF-a, IL-1b, IL-6, IL-10, and RANTES com-
pared to young endotoxic rats43. Taken together, the data 
suggested that in vivo downregulation of p16 (by admin-
istration of Vivo-Morpholinos) reduces the levels of spe-
cific biliary SASPs (that have been shown to activate 
HSCs) in Mdr2−/− mice, thereby reducing liver fibrosis. 
While the paracrine role of some of these biliary SASPs 
in the activation of HSCs has been demonstrated, more 
direct studies are necessary to determine whether these 
biliary SASPs (e.g., basic fibroblast growth factor, epider-
mal growth factor, and resistin)17,44–46, expressed in HSCs 
and stimulating liver fibrosis by directly interacting with 
HSCs, increase liver fibrosis by paracrine pathways.

We next evaluated the role of the miR-34a/SIRT1 axis 
in the regulation of biliary senescence and the subse-
quent paracrine modulation of liver fibrosis. The ratio-
nale for these studies is based on the background that 
the expression of miR-34a increases, whereas SIRT1 
expression decreases in a number of liver diseases such 
as PBC and NAFLD17,18, studies that agree with our 

Figure 9. We depicted a working model illustrating the role of the TGF-b1/miR-34a/SIRT1/p16 axis in regulating biliary prolifera-
tion/senescence and paracrine activation of hepatic stellate cells (HSCs) with subsequent increase in liver fibrosis. TGF-b1 stimulates 
miR-34a and inhibits SIRT1, activating p16 that stimulates the transcription of the senescence (p15, p18, p21, p27, p53, and Glb1) and 
fibrosis (TIMP1, TIMP2, MMP9, Fn-1, Col1a1, and a-SMA) markers. Also, TGF-b1 stimulates directly p16 and activates the fibrosis 
and senescence gene transcription. The cartoon suggests a link between TGF-b1, p16, and SIRT1 through a feedback mechanism. 
Created with BioRender. com.
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current findings related to the expression of the miR-34a/
SIRT1 axis in Mdr2−/− mice and late stage human PSC 
samples. Consistent with this concept, a study has shown 
that (i) the expression levels of SIRT1 was decreased 
in a mouse model of PBC, and (ii) activation of SIRT1 
signaling ameliorates PBC and NAFLD phenotypes17,47. 
Supporting our findings, miR-34a/SIRT1-dependent 
cellular senescence has been demonstrated in other cell 
types such as HSCs (during alcohol-induced liver dam-
age) and human umbilical cord vein endothelial cells15,16. 
Taken together, our in vivo and in vitro data demonstrated 
the key role of the miR-34a/SIRT1 axis in regulating bil-
iary senescence (by an autocrine loop) and liver fibrosis 
by a paracrine mechanism. A shortcoming of our study is 
represented by the fact that we did not evaluate the role 
of the miR-34a/SIRT1 axis in modulating biliary apopto-
sis since biliary senescence and apoptosis may display a 
dueling or a complementary pattern48. In conclusion, we 
provide evidence that modulation of miR-34a/SIRT1/p16 
signaling may be important for the management of biliary 
damage/senescence and associated ductular reaction and 
subsequent liver fibrosis during the development and pro-
gression of human PSC (Fig. 9).
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