Research Article
Experimental and Translational Hepatology

Targeting UBC9-mediated protein hyper-SUMOylation in
cystic cholangiocytes halts polycystic liver disease in
experimental models
Authors

Graphical abstract
A

B
PLD

PLD
un/misfolded
proteins
(cellular stress)

Proteasomal
activity

un/misfolded
proteins
(cellular stress)

SUMOylation

Proliferation

Ciliogenesis

SUMOylation

Compensatory
activation
Autophagy

Proteasomal
activity

Dedifferentiated Phenotype Differentiated

Proliferation

SAMe

Ciliogenesis

Dedifferentiated Phenotype Differentiated

Insufficient
compensation

Survival

Cystogenesis

Survival
Accumulation
of mis/unfolded
proteins

Apoptosis

Pui Y. Lee-Law, Paula Olaizola, Francisco
J. Caballero-Camino, ., Luis Bujanda, Joost
P.H. Drenth, Jesus M. Banales

Correspondence
jesus.banales@biodonostia.org (J.M. Banales).

Cystogenesis
SAMe

Highlights
 PTM abnormalities govern the pathogenesis of polycystic
liver disease.
 Cystic cholangiocytes show increased UBC9-dependent
protein SUMOylation.
 SUMOylation exerts adaptive protein dynamics and prosurvival mechanisms.

Lay summary
Protein SUMOylation is a dynamic posttranslational event implicated in numerous
cellular processes. This study revealed dysregulated protein SUMOylation in polycystic
liver disease, which promotes hepatic
cystogenesis. Administration of S-adenosylmethionine (SAMe), a natural UBC9dependent SUMOylation inhibitor, halted polycystic liver disease in experimental models,
thus representing a potential therapeutic
agent for patients.

 Targeting of UBC9 with SAMe attenuates hepatic cystogenesis and ﬁbrosis.
 SAMe arises as a promising therapeutic agent for patients
with PLD.
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Background & Aims: Polycystic liver diseases (PLDs) are genetic
disorders characterized by progressive development of multiple
ﬂuid-ﬁlled biliary cysts. Most PLD-causative genes participate in
protein biogenesis and/or transport. Post-translational modiﬁcations (PTMs) are implicated in protein stability, localization
and activity, contributing to human pathobiology; however, their
role in PLD is unknown. Herein, we aimed to unveil the role of
protein SUMOylation in PLD and its potential therapeutic
targeting.
Methods: Levels and functional effects of SUMOylation, along
with response to S-adenosylmethionine (SAMe, inhibitor of the
SUMOylation enzyme UBC9) and/or short-hairpin RNAs
(shRNAs) against UBE2I (UBC9), were evaluated in vitro, in vivo
and/or in patients with PLD. SUMOylated proteins were determined by immunoprecipitation and proteomic analyses by mass
spectrometry.
Results: Most SUMOylation-related genes were found overexpressed (mRNA) in polycystic human and rat liver tissue, as well
as in cystic cholangiocytes in culture compared to controls.
Increased SUMOylated protein levels were also observed in
cystic human cholangiocytes in culture, which decreased after
SAMe administration. Chronic treatment of polycystic (PCK:
Pkdh1-mut) rats with SAMe halted hepatic cystogenesis and
ﬁbrosis, and reduced liver/body weight ratio and liver volume.
In vitro, both SAMe and shRNA-mediated UBE2I knockdown
increased apoptosis and reduced cell proliferation of cystic
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cholangiocytes. High-throughput proteomic analysis of SUMO1immunoprecipitated proteins in cystic cholangiocytes identiﬁed
candidates involved in protein biogenesis, ciliogenesis and
proteasome degradation. Accordingly, SAMe hampered proteasome hyperactivity in cystic cholangiocytes, leading to activation of the unfolded protein response and stress-related
apoptosis.
Conclusions: Cystic cholangiocytes exhibit increased SUMOylation of proteins involved in cell survival and proliferation, thus
promoting hepatic cystogenesis. Inhibition of protein SUMOylation with SAMe halts PLD, representing a novel therapeutic
strategy.
Lay summary: Protein SUMOylation is a dynamic posttranslational event implicated in numerous cellular processes.
This study revealed dysregulated protein SUMOylation in
polycystic liver disease, which promotes hepatic cystogenesis.
Administration of S-adenosylmethionine (SAMe), a natural UBC9dependent SUMOylation inhibitor, halted polycystic liver disease
in experimental models, thus representing a potential therapeutic
agent for patients.
© 2020 European Association for the Study of the Liver. Published by
Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction
Polycystic liver disease (PLD) is a collection of heterogeneous
genetic disorders marked by the presence of numerous ﬂuidﬁlled hepatic cysts (>10) arising from the intrahepatic biliary
epithelia. PLD manifests as either isolated liver cysts in autosomal dominant polycystic liver disease (ADPLD) or in conjunction with renal cysts in autosomal dominant polycystic kidney
disease (ADPKD) and autosomal recessive polycystic kidney
disease (ARPKD).1 Progressive liver cyst growth gives rise to
debilitating symptoms related to organ compression, like dyspnea, early satiety and pain in the abdomen and/or back. Complications occur infrequently and consist of cyst hemorrhage,
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infection or rupture in cysts, as well as obstructive jaundice and
portal hypertension. Current therapies include percutaneous (i.e.,
aspiration sclerotherapy), surgical (i.e., liver fenestration, resection) and pharmacological (i.e., somatostatin analogs) approaches, which usually show short-term and modest beneﬁts.1
As a corollary, there is high demand for novel therapeutic strategies, as liver transplantation remains the only curative treatment. Unraveling the molecular mechanisms implicated in the
pathogenesis of PLD aims to fulﬁll this unmet need.
The majority of PLD-related genes (i.e., PRKCSH, SEC63, PKD2,
GANAB, ALG8, ALG9, and SEC61B) encode for endoplasmic reticulum (ER)-resident proteins involved in the synthesis, maturation, folding and transport of nascent proteins.2 On the other
hand, mutations in the PLD-causative genes PKD1, PKD2 and
PKHD1 directly affect proteins located into the primary cilium of
cholangiocytes, leading to abnormalities in cell polarity and
calcium homeostasis, which compromise multiple cell processes
including protein biogenesis, proliferation, differentiation and
secretion.3 Consequently, these gene mutations provoke global
abnormalities in both cellular protein homeostasis (i.e., proteostasis) and function of the protein products, resulting in ER stress
and the activation of pro-survival mechanisms.4 Taken this
knowledge into account, we hypothesized that cystic cholangiocytes might be characterized by abnormal protein dynamics linked to adaptive post-translational modiﬁcation (PTM)
processes, leading to the promotion of hepatic cystogenesis.
Among the different PTMs, protein SUMOylation has drawn
increasing attention as it is an essential and reversible process,
governing a plethora of cellular actions such as gene transcription, protein stability, nucleo-cytoplasmic trafﬁcking, cell cycle
regulation, and apoptosis. However, its role in the pathobiology
of biliary diseases, particularly in PLD, is unknown.
Protein SUMOylation involves the covalent and reversible
binding of a small ubiquitin-like modiﬁer (SUMO) to a substrate
acceptor lysine residue. SUMO binding to proteins is regulated
through an enzymatic cascade that involves the heterodimer E1
activating enzyme (SAE1/UBA2), E2 conjugating enzyme (UBC9)
and an E3 ligating enzyme. Three SUMO paralogs (SUMO1-3)
have been identiﬁed, SUMO1 being the most ubiquitous conjugated form.5 SUMO2 and SUMO3 share a sequence identity of
97%, and are therefore often referred as SUMO2/3. Dysregulated
protein SUMOylation has recently been demonstrated to
contribute to human pathobiology, including liver conditions
such as hepatocellular carcinoma (HCC) and non-alcoholic fatty
liver disease (NAFLD).6–8 Prominently, S-adenosylmethionine
(SAMe), mainly synthesized in the liver in the ﬁrst reaction of the
methionine cycle by the action of the enzyme methionine adenosyltransferase (MAT) I/III, is a natural inhibitor of UBC9, the
sole E2-conjugating enzyme.6 The present study aims to unveil
the role of SUMOylation in PLD and evaluate the therapeutic
efﬁcacy of SAMe.

Material and methods
Human samples
Cystic wall tissue from patients with PLD (n = 16), as well as healthy
human gallbladder (n = 14) and liver (n = 14) biopsies were obtained from Radboud University Medical Center (Nijmegen, The
Netherlands) and Donostia University Hospital (San Sebastian,
Spain), respectively. Immunohistochemistry (IHC) was performed
in parafﬁn-embedded liver tissue from the Mayo Clinic (Rochester,
MN, USA), Radboud University Medical Center and Donostia

University Hospital. Table S1 summarizes the main demographic
and clinical features of the patients included in the study. Research
protocols were approved by the Clinical Research Ethics Committees
of supporting Institutions [MSA-MMR-2017-01 (Donostia), 2012/
317 (Radboud) and Mayo Clinic-IRB], and all patients signed written consent for the use of their samples for biomedical research.
PLD animal model
The polycystic (PCK) rat (PCK/CrljCrl-Pkhd1pck/Crl; Charles River
Laboratory) carries a spontaneous mutation in the polycystic
kidney and hepatic disease 1 (Pkhd1) orthologous gene,
responsible for an ARPKD/congenital hepatic ﬁbrosis phenotype
characterized by bile duct dilation and progressive development
of intrahepatic biliary cysts (i.e., isolated cysts at 6-months-old)
and hepatic ﬁbrosis.9,10 This animal model is widely used to
study PLD pathobiology, although it has some differences with
ADPLD/ADPKD phenotypes in terms of pathogenesis and
ﬁbrosis.2 8-week-old PCK rats (n = 12) were treated with 20 mg/
kg/day S-adenosyl-l-methionine disulfate p-toluenesulfonate
(SAMe, kindly provided by Gnosis S.p.A., Desio, Italy) for 5
months by oral gavage. SAMe dosage was based on published
studies.11 As non-treated controls, 8-week-old wild-type (WT,
Sprague-Dawley, Charles River Laboratory) (n = 8) and PCK (n =
14) rats were maintained in parallel (Fig. S1). Analysis of serum
biochemical markers, physical parameters, and endpoints of
hepatic cystogenesis and ﬁbrosis are described in the
Supplementary data. All animal experimental procedures were
approved by the Animal Experimentation Ethics Committee of
Biodonostia Health Research Institute (CEEA17/007).
Human and rat cholangiocyte primary cultures
Normal and polycystic human cholangiocytes, NHCs and PHCs
respectively, were isolated as previously described.12 PHCs harbor a missense mutation [c.2515C>T, p.(Arg839Trp)] in the
GANAB gene.13 Likewise, normal rat cholangiocytes (NRCs) and
Pkhd1-mut rat cholangiocytes (PCKs) were isolated and
cultured.14 All primary cells were cultured in fully supplemented
DMEM/F-12 medium as previously described.12
RNA isolation, retrotranscription and gene expression
RNA isolation was performed in human and rat liver tissue, as
well as in cell cultures, using TRI Reagent (Sigma). Subsequently,
reverse transcription and quantitative real-time PCRs (qPCRs)
were carried out as described in the Supplementary data.
Expression of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) served as normalizing control. Primer sequences (Sigma)
are included in Table S2 and the supplementary CTAT table.
Immunohistochemistry
Detection of SUMO1 protein expression (i.e., free SUMO1 and
SUMO1-conjugated proteins), ubiquitin and p62 by IHC was
carried out on parafﬁn-embedded sections from normal, ADPKD
and ARPKD human liver tissues, as well as in normal rat and PCK
tissues, as previously described.12 In addition, UBC9 protein
expression was stained in normal and PCK rat liver tissues. The
antibodies used are listed in Table S3 and the CTAT table.
Immunoblotting
Changes in levels of SUMO1, SUMO1-conjugated proteins,
ubiquitin-conjugated proteins, p62 and acetylated a-tubulin
were analyzed by immunoblotting using whole cell lysates or
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SUMO1-immunoprecipitation (IP) cell lysates of cultured human
cholangiocytes, as described in the Supplementary data.
3D cystic growth
Biliary cysts were isolated from PCK rats and cultured as previously reported.12 Twenty-four hours after isolation, 1.0 mM
SAMe was added daily into the culture medium and the 3D
expansion of cysts was monitored (at 24 h and 48 h) by light
microscopy. The circumferential area of the cystic cholangioids
was assessed using ImageJ software (National Institutes of
Health, USA).
Cell viability, proliferation and apoptosis
Cell viability, proliferation and apoptosis assays in human and rat
cholangiocytes in culture were evaluated in the presence or
absence of different compounds (i.e., SAMe and/or the proteasome inhibitor MG132 [Sigma]) as described in the
supplementary information.
Primary cilia
The number of ciliated PHCs in the presence or absence of SAMe
in the culture media was analyzed by immunoﬂuorescence, as
described in the supplementary information.
Cell transfection with short-hairpin RNA
PHCs were either transfected with control short-hairpin RNA
(shRNA, Sigma) or shRNA against UBE2I (Sigma) using FuGENE
HD (Promega), or left untransfected as experimental control.
Stable transfected cells were obtained by selecting puromycin
(Sigma) resistant cells, and UBE2I knockdown was veriﬁed by
protein expression using immunoblotting. Details are outlined in
the supplementary information.
Immunoprecipitation
Whole cell lysates from NHCs and PHCs were incubated with
Dynabeads Protein G (Invitrogen), which were crosslinked to
SUMO1 or immunoglobulin G (IgG) antibodies (Abcam). The
proteins were eluted from the beads with 2% SDS as described in
the supplementary information.
Mass spectrometry and proteomic analysis
Comparative shotgun proteomic analyses of control-shRNA and
shRNA-UBE2I samples, as well as SUMO1-IP lysates, were performed as described in the supplementary information.
Proteasome activity
Proteasomal degradation of proteins was determined using the
Proteasome-GloTM Cell-Based Assay (Promega, Madison, WI) in
NHCs and PHCs at baseline conditions and after incubation with
1.0 mM SAMe, following manufacturer’s instructions and as
detailed in the supplementary information.
Statistical analysis
Statistical analysis was performed using GraphPad Prism software (Version 8.3, San Diego, CA, USA). First, Shapiro-Wilk
normality test was evaluated, and then, parametric Student’s
t tests or non-parametric Mann-Whitney tests were applied to
compare statistical signiﬁcance between 2 groups. For comparisons between more than 2 groups, parametric one-way analysis
of variance (ANOVA) or non-parametric Kruskal-Wallis tests
followed by a posteriori Tukey or Dunns tests were used,
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respectively. Data are expressed as means ± SEM, and differences
of p <0.05 were considered statistically signiﬁcant.
For further details regarding the materials and methods used,
please refer to the CTAT table and supplementary information.

Results
The SUMOylation machinery is upregulated in PLD
To determine whether SUMOylation and genes involved in SAMe
synthesis are altered in PLD, expression (mRNA) levels were
determined in cystic tissue of patients with PLD and compared to
healthy human gallbladder (GB, which is enriched in cholangiocytes) and liver tissue. Cystic tissue of patients with PLD
showed higher expression of E2 conjugating enzyme, UBC9
(UBE2I), and E1 activating enzyme subunit 1, SAE1 (SAE1), when
compared to both GB and liver tissues (Fig. 1A). In addition, E1
activating enzyme subunit 2, UBA2 (UBA2), and the substrate
itself, SUMO1 (SUMO1), were overexpressed in cystic tissue
compared to GB tissue (Fig. 1A). On the other hand, the genes
involved in the generation of MAT, which catalyze SAMe synthesis, MAT2A and MAT2B (widely expressed in extrahepatic
tissues), were found overexpressed in PLD when compared to GB
tissue (Fig. 1A). No signiﬁcant differences were seen in MAT1A
(mainly expressed in liver tissue) or MAT2A-B expression between PLD and liver tissue, whereas decreased MAT1A expression was observed in GB compared to liver tissue (Fig. 1A). In
parallel, the expression (mRNA) levels of the key enzymes
involved in SUMOylation and SAMe synthesis were measured in
liver tissue of normal and PCK rats. Similar trends of expression
were seen in liver tissue of PCK compared to WT rats, with
upregulation of Ube2i, Sae1, Uba2, Sumo1 and Mat2a. On the
other hand, the expression of Mat1a was found downregulated,
whereas Mat2b expression remained unchanged, in PCK vs. WT
livers (Fig. 1B). Moreover, immunostaining of the liver showed an
enrichment of SUMO1 (i.e., combination of free SUMO1 ligand
and SUMO1-conjugated proteins) in the cystic epithelium of
patients with ADPKD and ARPKD, as well as in PCK rats,
compared to the biliary epithelium of healthy controls (Fig. 1C).
In particular, SUMO1 overexpression was preferentially found in
the nucleus of cystic cholangiocytes, indicating an upregulation
of SUMO1 conjugation to proteins.
To examine whether SUMOylation and SAMe synthesis were
also dysregulated at the cellular level, the same array of genes
was evaluated in primary cultures of NHCs, PHCs, NRCs and PCK
cholangiocytes. In human cells, upregulation of every gene was
observed in PHCs (Fig. 2A), corroborating the results obtained in
tissue. Comparable alterations were observed in PCK cholangiocytes, with the exception of Sae1 and Sumo1. While the
expression of Sae1 is comparable in both normal and cystic rat
cholangiocytes, Sumo1 is downregulated in PCK cholangiocytes
compared to NRCs (Fig. 2B). On the other hand, MAT1A or Mat1a
expression was not detected in either human or rat cell culture
(data not shown). Importantly, the analysis of SUMOylation at
the protein level demonstrated substantially higher levels of
SUMO1 and SUMO1-conjugated proteins in PHCs compared to
NHCs (Fig. 2C). In view of the hyper-SUMOylation state in cystic
cholangiocytes, the effect of SAMe administration, a natural inhibitor of UBC9, was further evaluated.6 Incubation of PHC with
SAMe abolished the increased levels of SUMO1-conjugated
proteins in PHCs, restoring the SUMOylation status to similar
levels seen in NHCs (Fig. 2C). On the other hand, the levels of free
SUMO1 were unaffected by SAMe in PHC (Fig. 2C).
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PCK, polycystic; PLD, polycystic liver disease; SAMe, S-adenosylmethionine; WT, wild-type.

SAMe halts hepatic cystogenesis and ﬁbrosis in PCK rats
To further investigate whether modulation of SUMOylation with
SAMe represents a potential therapeutic strategy for patients with
PLD, PCK rats were chronically administered with SAMe (20 mg/
kg/day for 5 months). Administration of SAMe halted hepatic
cystogenesis in PCK rats, reﬂected by the lower liver weight, liver/
body weight ratio and liver volume, when compared to nontreated PCK rats (Fig. 3A). In addition, a partial normalization of
the decreased serum albumin levels of PCK rats was evident after

SAMe treatment (Fig. 3A). Mitigation of hepatic cystogenesis was
further strengthened by changes seen at macroscopic and
microscopic levels (Fig. 3B). Hepatic cystic and ﬁbrotic areas, as
well as liver cystic volume from PCK rats, were reduced after
SAMe treatment (Fig. 3C). Importantly, SUMO1 (i.e., combination
of free SUMO1 ligand and SUMO1-conjugated proteins) and UBC9
protein overexpression in PCK biliary cysts was lowered after
SAMe treatment (Fig. 3D). On the other hand, SAMe treatment did
not alter: bile ﬂow; the levels of serum biomarkers of liver injury
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(i.e., alanine aminotransferase and aspartate aminotransferase
[AST]) and cholestasis (i.e., alkaline phosphatase); the expression
of tissue biomarkers of liver injury (i.e. pro-inﬂammatory and proﬁbrotic genes) and SUMOylation genes; or renal cystogenesis
(Fig. S2; Table S4). Finally, 3D cultures of biliary cysts isolated
from PCK rats were incubated in the presence or absence of SAMe
(1.0 mM) and followed up for 3 days. In these conditions, PCK
cystic cholangioids grew overtime (Fig. 3E). Interestingly, the
presence of SAMe (for 48 h) decreased the cystic cholangioid
growth compared to control conditions (Fig. 3E), resembling the
effects observed with SAMe in vivo.
SAMe inhibits cystic growth in vitro by impacting on cell
survival, proliferation and differentiation
To further address the direct effects of SAMe on cystic cholangiocytes, cell survival, proliferation and apoptosis assays were
performed. First, cell viability was measured using different
concentrations of SAMe in both human and rat normal and cystic

398

cholangiocyte cultures. Of note, SAMe decreased cell viability of
both PHCs and PCK cholangiocytes in a dose-dependent manner
when compared to their respective untreated controls (Fig. 4A
and Fig. S3A, respectively); moreover, the effect of SAMe on cell
viability was signiﬁcantly stronger in cystic cholangiocytes than
in normal cholangiocytes (both human and rat). Since cell
viability is the result of the balance between survival and proliferation, both cellular processes were investigated next. The
exposure of cystic cholangiocytes to SAMe induced a dosedependent apoptosis in both PHCs and PCK cholangiocytes
compared to normal controls where SAMe had no or minor effect
(Fig. 4B and Fig. S3B, respectively). A main feature of cystic
cholangiocytes is their baseline hyperproliferation compared to
normal cholangiocytes.2,14 Interestingly, SAMe caused a dosedependent reduction of cell proliferation in both PHC and PCK
cholangiocytes (Fig. 4C and Fig. S3C, respectively), which was of
greater magnitude in the latter. Furthermore, incubation of PHCs
and NHCs with 1.0 mM SAMe induced the expression of biliary

Journal of Hepatology 2021 vol. 74 j 394–406

A

Liver weight

**

60

Liver/body weight

*

15

***

**

Liver volume

*

**

80

Albumin

**

*

***

80

*

Wild-type rat
PCK

20

40

B

40
20

20

0

0

0
PCK

C

PCK+SAMe

40
% of tissue

Wild-t ype

g/L

ml

5

0

60

60

10
%

Grams

PCK + SAMe

40

Hepatic cysts

*

30

PCK
PCK + SAMe

20
10
0
Cystic volume
20

Wild-type

PCK

Picrosirius red

PCK+SAMe

Wild-type

PCK

*

15

PCK+SAMe

ml

Hematoxylin & eosin

10
5
0
Fibrosis

*
% of tissue

2

1

0

E
Rat liver
PCK

PCK+SAMe

24 h

48 h

SAMe
(1 mM)

Wild-type

T0
Untreated

D

PCK cysts (3D-culture)

SUMO1

Untreated cystic cholangioids

250
Cystic area
(% of change)

UBC9

SAMe (1 mM)

**

200
150
100
50
0

0

24

48 hours

Fig. 3. Effect of SAMe administration on hepatic cystogenesis and ﬁbrosis in PCK rats. (A) Physical parameters and serum albumin levels in WT (n = 8) and
PCK (untreated [n = 14] and SAMe-treated [n = 12]) rats. (B) Representative liver images (scale bar: 1 cm), H&E and picrosirius red staining (scale bar: 500 lm). (C)
Hepatic cystogenesis and ﬁbrosis quantiﬁcation in PCK (untreated and SAMe-treated) rats. (D) Representative IHC images of SUMO1 and UBC9 in rat liver tissue.
(E) 3D-cultured PCK cysts in the presence/absence of SAMe (n = 12) (T0: time zero). *p <0.05; **p <0.01; ***p <0.001 (one-way ANOVA, Kruskal-Wallis, MannWhitney or 2-tailed t-tests, except ﬁbrosis [one-tailed t test]). IHC, immunohistochemistry; PCK, polycystic; SAMe, S-adenosylmethionine; WT, wild-type.

differentiation (SOX9 and SOX17) and cell polarity (ZO-1) markers
(Fig. 4D). Notably, SAMe increased the levels of acetylated
a-tubulin (a primary cilium marker) in PHCs, as well as the
number of ciliated cells (Figs. 4E,F, respectively).

Experimental knockdown of UBE2I mimics SAMe effects in
cystic cholangiocytes in vitro
As mentioned above, SAMe has been described to regulate
SUMOylation by inhibiting UBC9, the sole E2-conjugating
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Fig. 4. Biological impact of SAMe on survival and proliferation of normal and cystic cholangiocytes in culture. Cell (A) viability (n = 6), (B) apoptosis (n = 4)
and (C) proliferation (n = 3) in untreated or SAMe-treated NHCs and PHCs. (D) mRNA levels of epithelial and polarity markers in the presence/absence of SAMe.
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enzyme in SUMOylation. To validate whether the functional effects exerted by SAMe were through UBC9 inhibition, stable
shRNA-mediated UBE2I knockdown in PHCs was evaluated.
Immunoblotting conﬁrmed UBE2I silencing, as UBC9 protein
levels were reduced by 65–75% in shRNA-UBE2I compared
shRNA-control or non-transfected cystic cholangiocytes respectively (Fig. 5A). In accordance, shRNA-UBE2I PHCs presented
reduced protein SUMOylation (Fig. 5B). Consistent with SAMe
treatment, UBC9 depletion had pro-apoptotic and anti-
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proliferative consequences in PHCs compared to both controls
(Figs. 5C,D). Furthermore, shotgun proteomic analyses were
performed to determine the protein proﬁle regulated by UBC9 in
cystic cholangiocytes and their potential role in the pathogenesis
of PLD. In total, 3,681 and 3,585 proteins were identiﬁed in
controls (non-transfected cystic cholangiocytes and shRNAcontrol) and shRNA-UBE2I transfected PHCs, respectively
(Fig. S4A). Among the differentially expressed proteins, 29 proteins (24%) were downregulated (grey) and 91 proteins (76%)
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upregulated (dark blue) in shRNA-UBE2I transfected PHCs
compared to controls (Figs. 5E; Fig. S4B; Table S5). Gene ontology
(GO) analysis indicated that the upregulated proteins in shRNAUBE2I transfected PHCs are involved in different cellular processes including apoptosis (i.e., TRADD, PEA15, PDPK1, PML),
ciliogenesis (i.e., DYNLL2, RAB8, TAGLN2, EHD1), as well as
intracellular transport of proteins (i.e., IPO11, RABGAP1) (Fig. 5F).
Finally, the STRING analysis showed numerous protein-protein
interactions (PPIs) between the identiﬁed proteins, with a PPI
enrichment p value of 2.95E-06, indicating that the predicted
functional associations between these proteins are signiﬁcant
(Fig. S4C).
Most SUMOylated proteins that are elevated in cystic
cholangiocytes are involved in protein biogenesis
To elucidate and compare the SUMOylated proteins in both NHCs
and PHCs, SUMO1-conjugated proteins were isolated by IP and
identiﬁed by mass spectrometry (MS). Immunoblotting

conﬁrmed enrichment of SUMO1-IP proteins compared to inputs
in respective cell cultures (Fig. 6A). Next, shotgun proteomic analyses identiﬁed 67 SUMOylated proteins in NHCs and/or PHCs.
Among them, 26 proteins were differentially expressed between
both cell lines, with increased levels of 22 proteins (85%) and
decreased levels of 4 proteins (15%) in PHCs compared to NHCs
(Fig. 6B; Fig. S5; Table S6). GO analysis pointed out that most of
the SUMOylated proteins found increased in PHCs participate in
biological processes related to actin ﬁlament organization (i.e.,
ACTR3, RAN, DBNL), oxidation-reduction process (GLUD1, ASPH,
G6PD), and the protein translation machinery (i.e., RPL7A, RPL17)
(Fig. 6C). The PPI analysis identiﬁed different associations predominantly linked to the protein translational machinery (i.e.,
protein modiﬁcation, transport, localization and metabolism)
(Fig. 6D). Interestingly, PSMC2, a regulatory subunit of the 26S
proteasome, was found SUMOylated and upregulated in PHCs,
suggesting that the modulation of the proteasome activity might
be a potential mechanism behind the therapeutic effects of SAMe.
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SAMe reduces the proteasome activity in cystic
cholangiocytes and induces stress-related apoptosis
Based on the identiﬁcation of increased PSMC2 SUMOylation
levels in PHCs and the previously described proteasome hyperactivity of PHCs vs. NHCs4 – together with the baseline increase
of ubiquitinated proteins and p62 (marker of autophagy)
expression in cystic tissue from PLD patients and PCK rats
compared to controls (Fig. S6A–D) – we evaluated the impact of
SAMe on proteasome activity. Interestingly, the chymotrypsin-,
trypsin- and caspase-like proteasome hyperactivities of PHCs
were normalized to baseline NHC values by SAMe administration
(Fig. 7A). Consequently, SAMe induced transcriptional activation
of ubiquitin expression in cystic cholangiocytes (Fig. 7B). Nonetheless, this effect was not mirrored by an accumulation of
ubiquitinated proteins in PHCs after SAMe treatment (Fig. S6C,D).
In this regard, several autophagy markers (i.e., SQSTM1/p62, LC3B,
ATG5 and Beclin-1) were overexpressed in cystic cholangiocytes
after SAMe treatment (Fig. 7C), suggesting that autophagy
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activation might compensate, at least in part, for the loss of
proteasome degrading capacity. Interestingly, accumulation of
p62 and ubiquitin-conjugated proteins was found in the liver of
SAMe-treated PCK rats (Fig. S6E,F), suggesting the inability of
autophagy to fully compensate for the long-term accumulative
effects of SAMe-driven proteasome inhibition. Next, the effect of
SAMe on the unfolded protein response (UPR) was assessed; we
observed increased expression of the UPR sensors (i.e., ATF6,
IRE1a and PERK) and effectors (i.e., s-XBP1, CHOP and GRP78) on
SAMe-treated cystic cholangiocytes (Fig. 7D). Furthermore,
various stress-related apoptosis markers (i.e., BIM, BAX and DR5)
were likewise elevated in PHCs upon SAMe administration
(Fig. 7F). Notably, the combination of SAMe and MG132, a selective and strong 26S proteasome complex inhibitor, did not
have additive or synergic effect on the apoptosis of PHCs
(Fig. 7G), suggesting a common pathway of apoptosis induction
for these 2 compounds.
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Discussion
Our data showed that the expression levels of nearly all core
SUMO pathway components are upregulated in both hepatic
cystic tissue and cultured cystic cholangiocytes from humans
and mutant rats with PLD, compared to (corresponding
normal) controls. The relevance of our ﬁndings is corroborated
by the presence of increased levels of SUMO1-conjugated
proteins in cystic tissue and cholangiocytes that promote hepatic cystogenesis in vitro and in vivo. SUMOylation may be
substantially enhanced in response to diverse stimuli, as
illustrated in various conditions such as cancer, certain
neurological conditions, heart failure and diabetes mellitus.5
Earlier reports observed upregulation of SUMO1 and UBC9 in
colorectal cancer and HCC, whereas increased expression of
SAE1/UBA2 was found in HCC.15 Moreover, increased SUMOylation of proteins has been associated with the ER stressdriven UPR, as it directs the cell into survival or death
depending on the degree of stress.16 Indeed, as a result of the
mutated genes in PLD, misfolded proteins accumulate in the

ER, thereby inducing prolonged ER stress and subsequently
UPR hyperactivity.4 This suggests that enhanced protein
SUMOylation in PLD could be related with the UPR, driving
disease progression.
Considering the inhibitory capacity of SAMe on the SUMOylation enzyme UBC9, the homeostasis of this essential endogenous
metabolite was analyzed in detail under baseline conditions in
PLD. SAMe plays a pivotal role in transmethylation, transsulfuration and polyamine biosynthesis, thus impaired SAMe homeostasis may lead to pathological conditions. SAMe is synthesized from methionine by the enzymes MATI and MATIII (gene
products of MAT1A), which are primarily expressed in the liver, and
MATII (gene product of MAT2A and MAT2B), which is widely
expressed in extrahepatic tissues.17 Data derived from clinical
studies support the favorable tolerability proﬁle of SAMe supplementation, also improving the serum biochemistries (i.e., AST and
bilirubin) in certain chronic liver conditions.18 The most common
side effect of SAMe is nausea and, less frequently, diarrhea,
abdominal discomfort, or vomiting.19 In view of the excellent
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safety proﬁle of SAMe, it is likely that prolonged treatment for a
condition such as PLD will be acceptable. Dysregulated SAMe
homeostasis was observed in PLD, with increased MAT2A and
MAT2B expression (and absence of expression of MAT1A) in both
human and rat cystic cholangiocytes compared to normal cholangiocytes. Notably, the administration of SAMe normalized the
protein hyper-SUMOylation levels and upregulated several
markers of biliary and epithelial differentiation in cystic cholangiocytes in vitro. Therefore, in order to study the impact of the
protein hyper-SUMOylation state in PLD, SAMe was administrated
to experimental models of PLD in vivo and in vitro. Indeed, chronic
treatment of PCK rats with SAMe (20 mg/kg/day for 5 months)
mitigated hepatic cystogenesis and ﬁbrosis compared to untreated
PCK controls. Importantly, liver weight, liver/body weight ratio
and liver volume of treated PCK rats were reduced, coupled with
improved serum albumin levels. These therapeutic beneﬁts
mediated by SAMe were associated with the normalization of
SUMO1 and UBC9 protein levels in cystic cholangiocytes (in both
nucleus and cytoplasm), and with pro-apoptotic and antiproliferative responses. However, the possibility that other molecular processes modulated by SAMe are involved in the observed
effects cannot be excluded. Interestingly, acute treatment with
higher doses of SAMe in vivo (50 or 100 mg/kg/day for 2 months)
barely led to changes in physical and serum biochemical parameters, apart from improved blood urea values (in the 50 mg/kg/day
SAMe group) and improved AST values (in the 100 mg/kg/day
SAMe group) (Fig. S7; Table S7). This implies that SAMe might be
more efﬁcient as a long-term rather than short-term treatment in
PLD. Moreover, oral SAMe treatment was well tolerated and no
adverse effects were noticed in all of the treated PCK groups (i.e.,
20 mg, 50 mg and 100 mg SAMe), corresponding with published
data on SAMe clinical trials.18
UBC9 has a critical role as the single E2 conjugating enzyme
in the multistep pathway of SUMOylation. Since a high proportion of the SUMO substrates appear to be nuclear resident proteins in PLD, alterations in UBC9 expression and activity may
impact numerous cellular processes related to gene transcription. To conﬁrm whether the effects of SAMe are due to UBC9
inhibition, as well as to identify potential UBC9 targets by MS,
stable shRNA-UBE2I transfected PHCs were investigated.
Consistent with the results seen in SAMe-treated PHCs, UBE2I
silencing achieved comparable pro-apoptotic and antiproliferative effects. Furthermore, proteomic analyses of UBE2I
shRNA-transfected PHCs identiﬁed an extensive number (>100)
of differentially expressed proteins, with the majority (~75%)
being upregulated compared to controls. UBE2I silencing in PHCs
elicited functional enrichments of proteins involved in biological
processes such as protein transport, ciliogenesis, and apoptosis.
To identify speciﬁc SUMO target proteins, proteomic analyses of
immunoprecipitated SUMO1 proteins were performed. The
number of SUMOylated proteins was increased in PHCs
compared to NHCs. Several biological processes of these
SUMOylated proteins were analogous to the ones found dysregulated under UBE2I silencing in PHC, in particular protein
biogenesis, transport and actin ﬁlament organization. On
another note, the abundance of a SUMOylated protein does not
reveal whether its function is altered (i.e., reduced, increased or
unchanged), yet it allows for identiﬁcation of SUMO targets, such
as PSMC2, a subunit of the 26S proteasome, in which the
SUMOylation status could play an important role in protein
stability and/or function. Interestingly, SAMe was able to
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normalize the baseline proteasome hyperactivity in cystic
cholangiocytes; this resulted in transcriptional activation of
ubiquitin, and induction of autophagy markers, UPR and stressrelated apoptosis. Furthermore, combined administration of
SAMe and MG132 did not increment the apoptotic effects exerted by MG132 alone, indicating a shared mechanism of apoptosis
induction for these 2 compounds. This indicates that SUMOylation of PSMC2 may enhance proteasome stability, promoting the
degradation of un/misfolded proteins, partially alleviating ER
stress and leading to cell survival. Therefore, SAMe administration, and the consequent PSMC2 de-SUMOylation, could affect
the 26S proteasome conformation and inhibit proteasomal
degradation of proteins, ultimately resulting in increased
apoptosis due to exacerbated stress, as occurs in the MG132mediated proteasomal inhibition.17,20 Of note, increased
apoptosis was also observed in UBE2I-silenced PHCs, which
presented an upregulation of various apoptosis-related proteins
(i.e., TRADD, PEA15, PDPK1, PML). The chaperone CDC37 was
found to be downregulated in shRNA-UBE2I cystic cholangiocytes; this could affect protein folding, further increase
cellular stress and contribute to enhanced apoptosis. Importantly, duration and severity of ER stress can determine the
switch between survival and apoptosis.21 Thus, SUMOylation
inhibition may lead to apoptosis in highly stressed cells, whereas
it may favor cell differentiation, polarization and primary cilium
restoration in less-stressed PHCs, suggesting that ﬁne tuning of
stress is crucial for cell fate.
In summary (Fig. 8), this study reveals the important role of
the SUMOylation of proteins in the hepatic cystogenesis of PLD.
Cystic cholangiocytes are characterized by abnormal proteostasis
associated with adaptive PTM mechanisms that promote protein
dynamics. In particular, increased UBC9-dependent SUMOylation
of certain proteins plays a central role in the pathogenesis of PLD,
promoting the activation of pro-survival pathways in cystic
cholangiocytes. Targeting of UBC9 with SAMe halts hepatic cystogenesis, thus representing a promising new therapeutic strategy for patients with PLD that deserves clinical evaluation.
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1; UBA2, ubiquitin-like modiﬁer activating enzyme 2; UBC9,
SUMO-conjugating enzyme UBC9; UBE2I, ubiquitin conjugating
enzyme E2 I; UPR, unfolded protein response; WT, wild-type; ZO1, zona occludens-1.

CON14/00129 and CPII19/00008); M.J. Perugorria (FIS PI14/00399,
PI17/00022 and PI20/00186); P.M. Rodrigues (Sara Borrell CD19/
00254)] coﬁnanced by “Fondo Europeo de Desarrollo Regional”
(FEDER); Ministerio de Ciencia, Innovación y Universidades
(MICINN; M.L. Martinez-Chantar: SAF2017-87301-R); “Instituto de
Salud Carlos III” [CIBERehd: J.M. Banales, M.J. Perugorria, M.L.
Martinez-Chantar and L. Bujanda], Spain; “Diputación Foral
Gipuzkoa” (J.M. Banales: DFG15/010, DFG16/004), Department of
Health of the Basque Country (M.J. Perugorria: 2019111024,
2015111100 and J.M. Banales: 2017111010), “Euskadi RIS3” (J.M.
Banales: 2016222001, 2017222014, 2018222029, 2019222054,
2020333010), BIOEF (Basque Foundation for Innovation and
Health Research: EiTB Maratoia BIO15/CA/016/BD to J.M. Banales
and M.L. Martinez-Chantar) and Department of Industry of the
Basque Country (J.M. Banales: Elkartek: KK-2020/00008). La Caixa
Scientiﬁc Foundation (J.M. Banales and M.L. Martinez-Chantar:
HR17-00601). “Fundación Cientíﬁca de la Asociación Española
Contra el Cáncer” (AECC Scientiﬁc Foundation, to J.M. Banales and
M.L. Martinez-Chantar). “Ayudas para apoyar grupos de investigación del Sistema Universitario Vasco” (IT971-16 to P.A.). Università Politecnica delle Marche PSA2017_UNIVPM grant (to M.
Marzioni). National Institutes of Health (NIH) of United States of
America (DK24031 to N.F. LaRusso). MJ Perugorria was funded by
the Spanish Ministry of Economy and Competitiveness (MINECO:
“Ramón y Cajal” Program RYC-2015-17755), P.Y. Lee-Law by the
European Association for the Study of the Liver (EASL; Sheila
Sherlock Award 2017), F.J. Caballero-Camino by the Spanish
Ministry of Science and Innovation (BES-2014-069148), and P.
Olaizola and A. Santos-Laso by the Basque Government
(PRE_2016_1_0269, PRE_2015_1_0126). We thank MINECO for the
Severo Ochoa Excellence Accreditation to CIC bioGUNE (SEV2016-0644). The funding sources had no involvement in study
design, data collection and analysis, decision to publish, or preparation of the article.

Conﬂict of interest
The authors declare no conﬂicts of interest that pertain to this
work.
Please refer to the accompanying ICMJE disclosure forms for
further details.

Authors’ contributions
PYL-L, PO, FJC-C, LI-S, PMR, AS-L, MA, FE, MLM-C, MJP, PA, MM,
NFL, LB, JPHD, JMB: study concept and design, analysis and
interpretation of data, drafting of the manuscript. PYL-L, PO, FJCC, LI-S, PMR, AS-L, MA, JMB: acquisition of data. PYL-L, PO, MA,
FJC-C, LI-S, JMB: statistical analysis. JPHD, LB, JMB: obtained
funding.

Data availability statement
Research data is conﬁdential except for the proteomics data,
which have been deposited and are available in PRIDE repository
with the dataset identiﬁers PXD021139 and PXD021140.

Financial support

Supplementary data

Spanish Carlos III Health Institute (ISCIII) [J.M. Banales (FIS PI12/
00380, PI15/01132, PI18/01075 and Miguel Servet Program

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jhep.2020.09.010.

Journal of Hepatology 2021 vol. 74 j 394–406

405

Research Article

Experimental and Translational Hepatology

References
Author names in bold designate shared co-ﬁrst authorship
[1] van Aerts RMM, van de Laarschot LFM, Banales JM, Drenth JPH. Clinical
management of polycystic liver disease. J Hepatol 2018;68:827–837.
[2] Perugorria MJ, Masyuk TV, Marin JJ, Marzioni M, Bujanda L, LaRusso NF,
et al. Polycystic liver diseases: advanced insights into the molecular
mechanisms. Nat Rev Gastroenterol Hepatol 2014;11:750–761.
[3] Banales JM, Huebert RC, Karlsen T, Strazzabosco M, LaRusso NF, Gores GJ.
Cholangiocyte pathobiology. Nat Rev Gastroenterol Hepatol 2019;16:
269–281.
[4] Santos-Laso A, Izquierdo-Sánchez L, Rodrigues PM, Huang BQ,
Azkargorta M, Lapitz A, et al. Proteostasis disturbances and endoplasmic
reticulum stress contribute to polycystic liver disease: new therapeutic
targets. Liver Int 2020;40:1670–1685.
[5] Pichler A, Fatouros C, Lee H, Eisenhardt N. SUMO conjugation - a mechanistic view. Biomol Concepts 2017;8:13–36.
[6] Tomasi ML, Tomasi I, Ramani K, Pascale RM, Xu J, Giordano P, et al. Sadenosyl methionine regulates ubiquitin-conjugating enzyme 9 protein
expression and sumoylation in murine liver and human cancers. Hepatology 2012;56:982–993.
[7] Zubiete-Franco I, García-Rodríguez JL, Lopitz-Otsoa F, Serrano-Macia M,
Simon J, Fernández-Tussy P, et al. SUMOylation regulates LKB1 localization
and its oncogenic activity in liver cancer. EBioMedicine 2019;40:406–421.
[8] Stein S, Lemos V, Xu P, Demagny H, Wang X, Ryu D, et al. Impaired
SUMOylation of nuclear receptor LRH-1 promotes nonalcoholic fatty liver
disease. J Clin Invest 2017;127:583–592.
[9] Mason SB, Liang Y, Sinders RM, Miller CA, Eggleston-Gulyas T, CrislerRoberts R, et al. Disease stage characterization of hepatorenal ﬁbrocystic
pathology in the PCK rat model of ARPKD. Anat Rec (Hoboken)
2010;293:1279–1288.
[10] Masyuk TV, Huang BQ, Masyuk AI, Ritman EL, Torres VE, Wang X,
et al. Biliary dysgenesis in the PCK rat, an orthologous model of
autosomal recessive polycystic kidney disease. Am J Pathol
2004;165:1719–1730.

406

[11] Mato JM, Cámara J, Fernández de Paz J, Caballería L, Coll S, Caballero A,
et al. S-adenosylmethionine in alcoholic liver cirrhosis: a randomized,
placebo-controlled, double-blind, multicenter clinical trial. J Hepatol
1999;30:1081–1089.
[12] Urribarri AD, Munoz-Garrido P, Perugorria MJ, Erice O, MerinoAzpitarte M, Arbelaiz A, et al. Inhibition of metalloprotease hyperactivity
in cystic cholangiocytes halts the development of polycystic liver diseases.
Gut 2014;63:1658–1667.
[13] Porath B, Gainullin VG, Cornec-Le Gall E, Dillinger EK, Heyer CM, Hopp K,
et al. Mutations in GANAB, encoding the glucosidase II$a$ subunit, cause
autosomal-dominant polycystic kidney and liver disease. Am J Hum Genet
2016;98:1193–1207.
[14] Muff MA, Masyuk TV, Stroope AJ, Huang BQ, Splinter PL, Lee SO, et al.
Development and characterization of a cholangiocyte cell line from the
PCK rat, an animal model of autosomal recessive polycystic kidney disease. Lab Invest 2006;86:940–950.
[15] Tomasi ML, Ramani K. SUMOylation and phosphorylation cross-talk in
hepatocellular carcinoma. Transl Gastroenterol Hepatol 2018;3:20.
[16] Guo C, Henley JM. Wrestling with stress: roles of protein SUMOylation
and deSUMOylation in cell stress response. IUBMB Life 2014;66:71–77.
[17] Mato JM, Lu SC. Role of S-adenosyl-L-methionine in liver health and
injury. Hepatology 2007;45:1306–1312.
[18] Guo T, Chang L, Xiao Y, Liu Q. S-adenosyl-L-methionine for the treatment
of chronic liver disease: a systematic review and meta-analysis. PLoS One
2015;10:e0122124.
[19] Sharma A, Gerbarg P, Bottiglieri T, Massoumi L, Carpenter LL, Lavretsky H,
et al. S-adenosylmethionine (SAMe) for neuropsychiatric disorders: a
clinician-oriented review of research. J Clin Psychiatry 2017;78:
e656–e667.
[20] Park HS, Jun DY, Han CR, Woo HJ, Kim YH. Proteasome inhibitor MG132induced apoptosis via ER stress-mediated apoptotic pathway and its
potentiation by protein tyrosine kinase p56lck in human Jurkat T cells.
Biochem Pharmacol 2011;82:1110–1125.
[21] Vandewynckel Y-P, Laukens D, Geerts A, Bogaerts E, Paridaens A,
Verhelst X, et al. The paradox of the unfolded protein response in cancer.
Anticancer Res 2013;33:4683–4694.

Journal of Hepatology 2021 vol. 74 j 394–406

