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INTRODUCTION

Polycystic liver diseases (PLDs) are genetic disorders characterized

Methods: Levels and functional effects of NEDDylation, including response to
Pevonedistat (first-in-class selective inhibitor of the NEDDylation E1 enzyme NAE),
were assessed in vitro, in vivo, and/or in patients with PLD. NEDDylated
protein levels in normal and cystic human cholangiocytes were assessed by
immunoprecipitation, and the proteomic profile was further analyzed by mass
spectrometry.

Results and Conclusion: The genes involved in the NEDDylation pathway were
found overexpressed (mMRNA) in polycystic human and rat liver tissue, as well as in
cystic cholangiocytes in culture, compared to controls. Elevated levels of NEDDy-
lated proteins were further confirmed in cystic cholangiocytes in vitro, which
diminished under Pevonedistat incubation. Pevonedistat promoted apoptotic cell
death and reduced proliferation in cystic cholangiocytes in vitro. Comparative
proteomic profiling of NEDD8-immunoprecipitated proteins between normal and
cystic cholangiocytes in culture reported candidate proteins involved in cysto-
genesis, mostly associated with protein biogenesis and quality control. All these
data indicate that cystic cholangiocytes display increased protein NEDDylation,
contributing to cell survival and proliferation, ultimately supporting hepatic cysto-
genesis. Targeting of protein hyper-NEDDylation in cystic cholangiocytes inhibits
cystogenesis in experimental

models, representing a novel therapeutic

opportunity in PLD.
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Key summary

Summarize the established knowledge on this subject

by progressive growth of numerous (>10) fluid-filled intrahepatic
biliary cysts.! PLD includes a wide spectrum of heterogeneous he-
reditary disorders that exhibit either isolated liver cysts in autosomal
dominant polycystic liver disease or coexists with kidney cysts in
autosomal dominant polycystic kidney disease (ADPKD) or autosomal
recessive polycystic kidney disease. Most common comorbidities
include abdominal pain or distension, shortness of breath, and
gastroesophageal reflux, which are aggravated by mechanical pres-
sure of cysts. Infrequently, PLD is complicated by portal hyperten-
sion, hepatic cyst rupture, infection, or hemorrhage. Current
therapeutic strategies (i.e., radiological, surgical, and pharmacolog-
ical) only mildly ameliorate symptomatology and display short-term
benefits, thus positioning liver transplantation as the only potential
curative option.! To develop effective therapies, understanding the
complex pathogenesis and providing insights into the molecular
mechanisms of PLD is of pivotal importance.

The great majority of mutations so far described in patients with
PLD (i.e., PKD2, PRKCSH, SEC63, GANAB, SEC61B, ALG8, and ALG9) are
mapped to genes that code for proteins localized in the endoplasmic
reticulum (ER) and thus associated with protein biogenesis and

Polycystic liver diseases (PLDs) are genetic inherited
disorders characterized by progressive growth of intra-
hepatic biliary cysts.

Most PLD-associated genes code for endoplasmic retic-
ulum (ER)-resident proteins.

Cystic cholangiocytes are characterized by ER stress,
aberrant post-translational modification (PTM) of pro-
teins and abnormal protein homeostasis.

Protein hyper-SUMOylation promotes PLD patho-
biology.

What are the significant and/or new findings of this study?

Protein NEDDylation is dysregulated in PLD, reinforcing
the abnormal protein dynamics.

Hyper-NEDDylated proteins in PLD are mostly associ-
ated with protein biogenesis and quality control.
Targeting protein hyper-NEDDylation increases apo-
ptosis and reduces proliferation of cysticcholangio-

cytes.
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transport, triggering general abnormalities in cell protein homeostasis.
Thus, aberrant proteostasis and ER stress are common features of
cystic cholangiocytes, contributing to disease pathogenesis. Indeed,
strategies aiming at reducing ER stress modify disease burden in
experimental models of PLD.? Furthermore, perturbations in post-
translational modifications (PTMs), particularly in SUMOylation, result
in aberrant protein dynamics contributing to the pathology.® There is
elevated protein SUMOylation in cystic cholangiocytes, which drives
hepatic cystogenesis in experimental models. Administration of SAMe,
an inhibitor of the SUMO-conjugating enzyme UBC9, decreased pro-
liferation and increased apoptotic cell death of cystic cholangiocytes,
thus reducing hepatic cystogenesis in vitro and in vivo.®

Protein NEDDylation results from a covalent and reversible
attachment of neural precursor cell expressed developmentally down-
regulated protein 8 (NEDDS8) to a lysine residue in the substrate
protein. This type of PTM is catalyzed by a three-step enzymatic
cascade involving the heterodimer NEDDB8-activating enzyme E1
(NAE1/UBA3), NEDDS8-conjugating E2 enzymes (UBE2F and
UBE2M), and substrate-specific E3 ligases. Deregulated protein
NEDDylation has been found in several human diseases, including
different types of cancers, as well as neurodegenerative and cardiac
disorders.* A number of hepatic disorders such as liver fibrosis, he-
patocellular carcinoma (HCC), and cholangiocarcinoma (CCA) exhibit
aberrant protein NEDDylation.>"® Evidence for a role of protein
NEDDylation remains to be identified for PLDs. Interestingly, Pevo-
nedistat, a potent first-in class selective inhibitor of the sole E1
activating enzyme NAE (a dimeric protein composed of regulatory
[NAE1] and catalytic [UBA3] subunits) has emerged as a potential
therapeutic agent for disorders presenting aberrant protein hyper-
NEDDylation.” Overall, taking this into account, we hypothesize
that protein NEDDylation might be aberrantly increased in PLDs and
therefore we aim to investigate the role of NEDDylation in PLD and
ascertain the therapeutic value of Pevonedistat.

MATERIALS AND METHODS
Patients and specimens

Biliary cyst tissue specimens were obtained from patients with
PLD (n = 16; Radboud University Medical Center, Nijmegen, The
Netherlands), while human gallbladder (GB; n = 14) and healthy liver
(n = 14) biopsies were collected from human individuals undergoing
cholecystectomy due to benign conditions or with colorectal cancer
undergoing surgery (Donostia University Hospital, San Sebastian,
Spain), respectively. Immunohistochemistry (IHC) was carried out in
paraffin-embedded liver tissue from the Radboud University Medical
Center. Clinical and biochemical characteristics of the study popu-
lation are provided in Supplementary Table S1. This study received
the approval from the Clinical Research Ethics Committees [MSA-
MMR-2017-01 (Donostia) and 2012/317 (Radboudumc)]. All partic-
ipants provided written consents for the use of their samples and

clinical information in biomedical research.

Primary cell cultures

Primary human normal and polycystic cholangiocytes (NHCs and
PHCs, respectively), as well as normal and polycystic rat chol-
angiocytes (NRC and PCK, respectively), were isolated and main-
tained as previously described.’®*! Of note, a missense mutation
[c.2515C > T,p.(Arg839Trp)] in the GANAB gene is present in PHCs.'?
PCK cholangiocytes, isolated from PCK rats, bear a splicing mutation
(IVS35-2A > T) in the PKHD1 orthologous gene.*®>!* All cells were
cultured in fully supplemented DMEM/F-12 medium as previously
described. 23111516

RNA isolation, reverse transcription, and quantitative
polymerase chain reaction

RNA was isolated from human cystic wall and rat liver tissues as
well as from cell cultures with TRl Reagent (Sigma-Aldrich). RNA
was reverse transcribed into cDNA and quantitative real-time po-
lymerase chain reactions (QPCRs) were performed as described in
the Supplementary data. Glyceraldehyde-3-phosphate dehydrogenase
was utilized as a housekeeping endogenous control. The sequences
of the PCR primers (Sigma-Aldrich) are outlined in Supplementary
Table S2.

Immunohistochemistry

NAE1, UBAS3, free NEDDS8, and NEDDS8-conjugated protein
levels were detected by IHC in hepatic paraffin-embedded sec-
tions from human patients with ADPKD or PCK rat tissue and
compared with respective normal controls as previously
described.!” The used antibodies are described in Supplementary

Table S3.

Immunoblotting

Whole-cell lysates or NEDD8-immunoprecipitated (IP) cell lysates
obtained from cultured PHCs and NHCs were isolated to determine
alterations in NEDD8 and NEDD8-conjugated proteins by immuno-
blotting as described in the Supplementary data.

Three-dimensional cystic organoids

Isolation of intrahepatic biliary cystic organoids from PCK rats was
performed and cultured as previously reported.!? In the next day,
0.05 uM Pevonedistat was supplemented in cell culture media on a
daily basis. Images of three-dimensional (3D) cystic organoids were
taken by light microscopy 24 and 48 h post-incubation. The circum-
ference of cystic organoids was assessed by Image) (National In-
stitutes of Health, USA).
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Cell proliferation and apoptosis

Cell proliferation and apoptotic cell death were evaluated in NHCs
and PHCs under the presence or the absence of different dosages of
Pevonedistat using Celltrace CFSE Cell Proliferation Kit (Invitrogen)
and FITC Annexin (BioLegend) and TO-PRO-3 iodide (Invitrogen)
staining by flow cytometry, respectively, as described in the Sup-
plementary data.

Immunoprecipitation

Incubation with Dynabeads Protein G (Invitrogen) and cross-linking
with anti-NEDD8 or immunoglobulin G antibodies (Abcam) was
conducted on whole-cell lysates from NHCs and PHCs. Elution of IP
proteins from the beads was achieved with 2% sodium dodecyl sul-

fate as described in the Supplementary data.

Mass spectrometry and proteomic analysis

Comparative shotgun proteomic analyses of NEDD8-IP lysates were
performed in a nanoACQUITY UPLC System (Waters), online con-
nected to an LTQ Orbitrap XL mass spectrometer (Thermo Electron).
Protein identification was carried out against a database consisting of
human entries (Uniprot/Swissprot). Functional analyses of proteins
were performed in the STRING database and by gene ontology (GO)
enrichment using DAVID Bioinformatics Resources. Details are
shown in the Supplementary data.

Statistical analysis

Data are expressed as means + SEM. Normality was assessed with
Shapiro-Wilk normality tests. When comparing two groups, para-
metric Student’s t-tests or nonparametric Mann-Whitney tests were
applied according to the distribution of the population. On the other
hand, one-way analysis of variance or nonparametric Kruskal-Wallis
tests followed by a posteriori Tukey or Dunns tests, respectively, were
used when comparing more than two groups. Results were consid-
ered statistically significant when p < 0.05. Statistical analysis was
performed with GraphPad Prism software (Version 8.4.3, San Diego,
CA, USA).

RESULTS

The NEDDylation system is upregulated in human
PLD tissue and cystic cholangiocytes in culture

To explore the global status of the NEDDylation pathway in PLD, the
expression (MRNA) levels of NAE1, UBA3, and NEDD8 were assessed

in cystic tissue of patients with PLD as well as in healthy human GB

and liver tissue. An overexpression of the regulatory subunit of the
E1 activating enzyme NAE1 was observed in the cystic tissue of
patients with PLD in comparison with both healthy GB and liver
tissues (Figure 1a). When evaluating the expression of the catalytic
subunit (UBA3) and the ligand itself (NEDD8), a significant upregu-
lation was found in cystic tissue compared to healthy GB tissue,
while no changes were found when compared to healthy liver tissue
(Figure 1a). In parallel, we also investigated the expression of key
NEDDylation pathway components (i.e., NAE1, UBA3, UBE2F, UBE2M,
and NEDDS) in primary NHCs and PHCs. An upregulation of NAE1,
UBA3, and UBE2F was detected in PHCs, when compared to NHCs,
while UBE2M was found downregulated and NEDD8 remained un-
altered (Figure 1b). Moreover, immunohistochemical staining in liver
tissue of patients with PLD demonstrated a nuclear NEDD8
enrichment (i.e., total sum of NEDD8-conjugated proteins and free
NEDDS8 ligand) within the biliary cysts compared to the normal bile
ducts of healthy controls (Figure 1c). Increased nuclear and cyto-
plasmic immunoreactivity was also seen in NAE1 and UBA3

(Figure 1c).

The NEDDylation machinery is also upregulated in rat
PLD tissue and cystic cholangiocytes in culture

Similarly, an equivalent array of genes was evaluated to establish the
global NEDDylation status in cystic liver tissue of PCK rats as well as
healthy liver tissue of wild-type rats. Nael was upregulated in cystic
rat tissue, while Uba3 and Nedd8 showed no significant changes when
compared to normal rat tissue (Figure 2a). Furthermore, over-
expression of nearly every key NEDDylation pathway components
(i.e., Nael, Uba3, Ube2m, and Nedd8) was observed in the PCK chol-
angiocytes compared to normal controls (NRC), with the only
exception of Ube2f that was found downregulated (Figure 2b). The
overexpression of NEDD8 in vitro was further supported by an
NEDDS8 enrichment in the nuclei of cyst-lining cholangiocytes in liver
tissue of PCK rats compared to bile duct epithelium of wild-type rats
(Figure 2c). Additionally, increased immunoreactivity in NAE1 and
UBA3 was detected in PCK rats compared to wild-type animals
(Figure 2c). Taking into account these data and the results obtained
in patients, hyper-NEDDylation seems to be a common event in PLD,

independently of the underlying mutations.

Pevonedistat inhibits protein NEDDylation in cystic
human cholangiocytes

In agreement with the above-mentioned upregulation of the NED-
Dylation system in cystic cholangiocytes, immunoblotting revealed
increased levels of NEDD8 and NEDD8-conjugated proteins, under
baseline conditions, in PHCs when compared to NHCs in culture
(Figure 3). Consequently, we evaluated the effect of Pevonedistat, a
selective inhibitor of NAE, on the protein NEDDylation levels. Of

note, the levels of NEDD8-conjugated proteins were dramatically
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FIGURE 1 Aberrant expression of NEDDylation pathway components in cystic human tissue and cholangiocytes. (a) mRNA levels of
NEDDylation core components in healthy human tissue [gallbladder (n = 12) and liver (n = 13-16)] and cystic tissue of patients with
polycystic liver disease (PLD) (n = 13-16). (b) mRNA levels of NEDDylation core components in normal (n = 6) and cystic (n = 6) human
cholangiocytes. (c) Representative images of immunostaining of NEDD8, NAE1 and UBAS3 in healthy liver tissue and cystic tissue of

patients with PLD. Scale bar: 100 um, 50 um (cropped). *p < 0.05; **p < 0.01; ***p < 0.001. (One-Way analysis of variance or Kruskal-
Wallis tests)
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FIGURE 2 Dysregulated expression of NEDDylation pathway components in cystic rat tissue and cholangiocytes. (a) mRNA levels of
NEDDylation core components in wild-type rat tissue (n = 5-6) and cystic tissue of PCK rats (n = 14). (b) mRNA levels of NEDDylation core
components in normal (n = 10-11) and cystic (n = 11) rat cholangiocytes. (c) Representative images of immunostaining of NEDD8, NAE1 and
UBAZ3 in wild-type rat tissue and cystic tissue of PCK rats. Scale bar: 100 um, 50 um (cropped). *p < 0.05; **p < 0.01; ***p < 0.001. (One-way
analysis of variance or Kruskal-Wallis tests)
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FIGURE 3 Pevonedistat blocks protein NEDDylation in cystic cholangiocytes in vitro. Representative immunoblotting images and
quantification of NEDD8 and NEDD8-conjugated proteins in normal and cystic human cholangiocytes (NHC and PHC, respectively) cultured in
the presence or in the absence of Pevonedistat. *p < 0.05; ***p < 0.001. (One-way analysis of variance tests)

diminished upon incubation of cells with Pevonedistat, whereas no
significant changes on NEDDS8 protein levels were observed.

Pevonedistat impacts on cystic growth by reducing
cell proliferation and survival

The effect of Pevonedistat on cysts growth was investigated by
analyzing its impact on cell proliferation and survival. Initially, iso-
lated biliary cysts from PCK rats were cultured on a 3D collagen type
| matrix to monitor their growth for 3 days. Remarkably, Pevonedi-
stat completely abrogated the 3D growth of cystic organoids
(Figure 4a). Furthermore, exposure to several dosages of Pevonedi-
stat had a substantial dose-dependent antiproliferative effect in both
NHCs and PHCs (Figure 4b). The half maximal inhibitory concen-

tration (ICsp) for Pevonedistat in both cell lines was established at

0.05 uM. Interestingly, Pevonedistat (0.05 uM) inhibited proliferation
but did not induce apoptosis in NHCs or PHCs (Figure 4c). However,
higher concentrations significantly triggered apoptotic cell death in
both normal and cystic cholangiocytes (Figure 4c). Finally, Pevone-
distat (0.05 uM) increased the expression of several biliary epithelia
(CK7 and SOX17) and cell polarity (ZO-1) markers in those viable

PHCs, while no alterations were observed in NHCs (Figure 4d).

NEDDylated proteins in PHCs are mostly associated
with the regulation of protein homeostasis

To identify the proteins that are being NEDDylated in PLD, these
NEDDylated proteins were immunoprecipitated with an NEDD8-
specific antibody and subjected to proteomic analysis by mass
spectrometry. The isolation of NEDD8-IP proteins was verified by
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FIGURE 4 Pevonedistat inhibits cholangiocyte proliferation and survival in vitro. (a) Representative images and quantification of three-
dimensional-cultured PCK cysts in the absence or in the presence of Pevonedistat (n = 12). (b) Cell proliferation (n = 3) and (c) apoptosis

(n = 5) in the presence or in the absence of Pevonedistat in normal and cystic human cholangiocytes (NHC and PHC, respectively).

(d) mRNA levels of epithelial and polarity markers in the presence or in the absence of Pevonedistat. **p < 0.01; ***p < 0.001. (Two-

tailed t tests or one-way analysis of variance tests)
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FIGURE 5 Increased NEDDylated proteins in cystic cholangiocytes, mostly involved in the translational machinery. (a) Representative
immunoblotting of NEDDS8-IP proteins in normal and cystic human cholangiocytes (NHC and PHC, respectively). (b) Volcano plot of all
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showing enrichment of these proteins by immunoblotting, when
comparing to the inputs of their respective cell controls (Figure 5a).
Afterward, shotgun proteomic analyses identified 140 NEDDylated
proteins in both cell lines. Of those 140 proteins, 27 proteins were
differentially identified between NHCs and PHCs. In PHCs, the levels
of two proteins were found downregulated (7%; in blue), whereas the
levels of the other 25 proteins were upregulated (93%; in red) in
comparison with NHCs (Figure 5b,c, Supplementary Table S4). Ac-
cording to GO analysis, the upregulated NEDDylated proteins in
PHCs are engaged in several biological processes, mostly related to
response to unfolded protein (i.e., HSPD1 and HSP90AB1) and cell-
cell adhesion (i.e., RPL23A and PRDX1) (Figure 5d). Furthermore,
protein-protein interaction analysis revealed various associations
linked to cytoskeleton organization, cellular protein localization, E3
ubiquitin protein ligase complex and yet again to, response to
unfolded protein and cell-cell adhesion (Figure 5e). Therefore, the
analyses revealed a connection of protein hyper-NEDDylation with

protein biogenesis and quality control in PLD.

DISCUSSION

This study reveals that abnormal protein NEDDylation has a signifi-
cant role in the pathogenesis of PLD. Our key findings demonstrate
that (i) expression of enzymes involved in the NEDDylation pathway
is increased in liver tissue from patients and rats with PLD, as well as
in cystic cholangiocytes in vitro, compared to respective controls;
(ii) protein NEDDylation is upregulated in cystic cholangiocytes in
vitro; (iii) Pevonedistat causes depletion of NEDD8-conjugated pro-
teins in cystic cholangiocytes in culture; (iv) cyst growth, cell prolif-
eration, and survival are reduced by Pevonedistat in vitro; and lastly
(v) proteomic analyses of NEDD8-IP proteins reveal that the majority
of the upregulated NEDDylated proteins are involved in protein
synthesis and quality control. These data suggest that increased
NEDDylation of certain proteins promotes cell proteostasis, survival,
and ultimately cystogenesis. Hence, targeting protein NEDDylation
(such as Pevonedistat) might serve as a potential therapeutic tool to
halt disease progression of PLD.

Previous studies have also reported overactivation of the NED-
Dylation pathway in patients with liver fibrosis® and HCC.®” NED-
Dylation inhibition with Pevonedistat has been shown to halt tumor

growth®1®

as well as to reduce hepatic stellate cell activation and
decrease liver fibrosis, ultimately diminishing liver injury.” Thus,
Pevonedistat administration might not only halt hepatic cystogenesis
but also attenuate liver fibrosis in PLD. Besides, studies in CCA have
shown increased protein levels of NEDD8, NAE1, UBA3, and
UBE2M2 Interestingly, increased NAE1 levels were shown to
correlate with worse prognosis (i.e.,, overall and recurrence-free
survival) in patients with HCC and CCA, as well as in other types
of cancers such as lung and colorectal.®®1%2° Consequently, the
NEDDylation pathway is commonly deregulated in different liver
diseases, including PLD, thus being amenable for therapeutic

targeting.

The mechanism of action of Pevonedistat in PLD was evaluated
by immunoblotting and conducting several functional assays. At
baseline conditions, PHCs showed increased levels of NEDDylated
proteins, which drastically decreased after the administration of
Pevonedistat. Furthermore, Pevonedistat considerably restricted the
growth of 3D-cultured cysts and reduced the proliferation and sur-
vival of cystic cholangiocytes in culture. Multiple mechanisms to
explain the antiproliferative properties of Pevonedistat have been
proposed. For instance, it is thought that chromatin licensing and
DNA replication factor 1, a DNA replication-related protein accu-
mulates after Pevonedistat administration, consequently leading to
the activation of DNA damage checkpoints, cell cycle arrest, and
ultimately apoptosis or senescence.?!

Pevonedistat is a small first-in-class inhibitor of NAE, which
processes NEDD8 before its conjugation to target substrates.
Noteworthy, the therapeutic efficacy of Pevonedistat is currently
being investigated in several clinical trials for hematological malig-
nancies and advanced solid tumors, presenting good tolerability and
clinical response in already published phase | studies.??2* Hepato-
toxicity and sepsis syndromes have been reported as side effects of
high doses (beyond 100 mg/m?) of Pevonedistat used for hemato-
logical malignancies.??

Most mutated genes in PLD encode for ER-resident proteins that
are mainly required for proper protein folding, transport, and matu-
ration. Experimental studies highlighted polycystin-1 (PC1) as the
main key determinant in PLD pathogenesis since most of the muta-
tions in PLD result in decreased functional PC1 levels and therefore
in cyst formation.?> These findings emphasize the importance of the
ER in the pathobiology of PLD. In this regard, we have previously
reported abnormal protein homeostasis (i.e., proteostasis) and ER
stress in PLD, together with a significant upregulation of the unfolded
protein response pathway.? Importantly, treatment with the chemical
chaperone, 4-phenylbutyric acid, normalized the ER stress and
aberrant proteostasis and inhibited hepatic cystogenesis in vivo. In
this regard, most of the NEDDylated candidates identified upregu-
lated in PHCs after high throughput proteomic analysis on NEDD8-
immunoprecipitated proteins corresponded to proteins involved in
response to unfolded protein (i.e., HSPD1 and HSP90AB1). Notably,
the HSP90 family (i.e., HSP90AB1) includes important chaperone
proteins that mediate correct protein folding and maturation of
hundreds of target proteins involved in cell proliferation, apoptosis,
and survival.?® These data indicate that NEDDylation of HSPD1 and
HSP90AB1 are pro-survival mechanisms compensatory to the aber-
rant proteostasis and ER stress present in cystic cholangiocytes.

On the other hand, the most widely characterized substrates of
NEDDylation are the cullins. The cullins are the substrates of Cullin-
RING Ligases (CRL), functioning as scaffold proteins and providing
support for E3 ubiquitin ligases. CRL are the largest known family of
E3 ubiquitin ligases, controlling the degradation of approximately
20% of proteasome-regulated proteins.2”-?8 The activation of CRL by
NEDDylation is required to facilitate degradation via the ubiquitin-
proteasome system (UPS).2” Another potential candidate protein

that was also found upregulated in NEDD8-immunoprecipitated
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proteins from cystic cholangiocytes is CULS5. This protein is a
component of an E3 ubiquitin protein ligase complex that was also
previously related with HSP90 proteins. A previous study showed
CUL5-mediated degradation via UPS of several HSP90 client pro-
teins (i.e., ErbB2 and Hifl-a) through interaction with the HSP90
chaperone complex and respective HSP90 client protein.?’ The
regulation of HSP90 client proteins is controlled by UPS and many of
them are aberrantly overexpressed in diseases.?® As such, CUL5
hyper-NEDDylation could lead to the activation of CRLs and degra-
dation of HSP90 client proteins, maintaining protein homeostasis.
Pevonedistat was shown to effectively block NEDDylation of the
cullins, inactivating CRLs.” Therefore, Pevonedistat might result in
the accumulation of multiple CRL substrates, and thus, increasing
cellular stress and, ultimately, inducing apoptosis of cystic
cholangiocytes.’

In summary, our study provides new molecular insights on the
role of NEDDylation in the pathobiology of hepatic cystogenesis and
reveals the therapeutic value of Pevonedistat in PLD. These data
support the evaluation of Pevonedistat in vivo, although its economic
high cost is a current limitation. Furthermore, studying the potential
crosstalk between NEDDylation and SUMOylation, two PTMs known
to be deregulated in PLD would be of great interest. Overall, new
effective therapies might emerge to treat patients with PLD and to

increase their outcome and welfare.

ACKNOWLEDGMENTS

Jesus M. Banales received funding from Spanish Carlos Il Health
Institute (ISCIII; FIS PI112/00380, P115/01132, P118/01075 and
Miguel Servet Program CON14/00129 and CPI119/00008); “Diputa-
cién Foral Gipuzkoa” (DFG15/010 and DFG16/004); Department of
Health of the Basque Country (2017111010); “Euskadi RIS3"
(2016222001, 2017222014, 2018222029, 2019222054, and
2020333010); Department of Industry of the Basque Country
(Elkartek: KK-2020/00008). Maria J. Perugorria received funding
from ISCIIl (FIS PI14/00399, PI17/00022, and PI120/00186);
Department of Health of the Basque Country (2019111024 and
2015111100); Spanish Ministry of Economy and Competitiveness
(MINECO: “Ramén y Cajal” Program RYC-2015-17755). Pedro M.
Rodrigues was funded by ISCIII (Sara Borrell CD19/00254). Maria L.
Martinez-Chantar received funding from Ministerio de Ciencia,
Innovacién y Universidades (MICINN; Maria L. Martinez-Chantar:
SAF2017-87301-R). Patricia Aspichueta was funded by “Ayudas para
apoyar grupos de investigacion del Sistema Universitario Vasco”
(IT971-16). Marco Marzioni got financial support from Universita
Politecnica delle Marche PSA2017_UNIVPM grant. Pui Y. Lee-Law
received a grant from the European Association for the Study of
the Liver (EASL; Sheila Sherlock Award 2017), Francisco J. Caballero-
Camino from the Spanish Ministry of Science and Innovation (BES-
2014-069148), and Paula Olaizola from the Basque Government
(PRE_2016_1_0269). Jesus M. Banales and Maria L. Martinez-
Chantar were also supported by BIOEF (Basque Foundation for
Innovation and Health Research: EiTB Maratoia BIO15/CA/016/BD),

“Fundacién Cientifica de la Asociacion Espariola Contra el Cdncer” (AECC

Scientific Foundation) and La Caixa Scientific Foundation (HR17-
00601). Jesus M. Banales, Maria J. Perugorria, Maria L. Martinez-
Chantar, and Luis Bujanda received funding from CIBERehd (ISCIII).
ISCIIl was cofinanced by “Fondo Europeo de Desarrollo Regional”
(FEDER). The authors are thankful to MINECO for the Severo Ochoa
Excellence Accreditation to CIC bioGUNE (SEV-2016-0644). 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 that there is no conflict of interest.

DATA AVAILABILITY STATEMENT
Proteomics data has been deposited in PRIDE repository with the
dataset identifier PXD022571. The remaining research data is

confidential.

ORCID
Joost P. H. Drenth

Jesus M. Banales

https://orcid.org/0000-0001-8027-3073
https://orcid.org/0000-0002-5224-2373

REFERENCES

1. van Aerts RMM, van de Laarschot LFM, Banales JM, Drenth JPH.
Clinical management of polycystic liver disease. J Hepatol. 2018;68:
827-37.

2. Santos-Laso A, lzquierdo-Sanchez L, Rodrigues PM, Huang BQ,
Azkargorta M, Lapitz A, et al. Proteostasis disturbances and endo-
plasmic reticulum stress contribute to polycystic liver disease: new
therapeutic targets. Liver Int. 2020;40:1670-85.

3. Lee-Law PY, Olaizola P, Caballero-Camino FJ, Izquierdo-Sanchez L,
Rodrigues PM, Santos-Laso A, et al. Targeting UBC9-mediated
protein hyper-SUMOylation in cystic cholangiocytes halts polycy-
stic liver disease in experimental models. J Hepatol.
2020;74:394-406. Epub 2020 Sep 17.

4. Delgado TC, Barbier-Torres L, Zubiete-Franco |, Lopitz-Otsoa F,
Varela-Rey M, Fernandez-Ramos D, et al. Neddylation, a novel
paradigm in liver cancer. Transl Gastroenterol Hepatol. 2018;3:37.

5. Zubiete-Franco |, Fernandez-Tussy P, Barbier-Torres L, Simon J,
Fernandez-Ramos D, Lopitz-Otsoa F, et al. Deregulated neddylation
in liver fibrosis. Hepatology. 2017;65:694-709.

6. Barbier-Torres L, Delgado TC, Garcia-Rodriguez JL, Zubiete-Franco
I, Fernandez-Ramos D, Buqué X, et al. Stabilization of LKB1 and Akt
by neddylation regulates energy metabolism in liver cancer. Onco-
target. 2015;6:2509-23.

7. Yu J, Huang W-L, Xu Q-G, Zhang L, Sun S-H, Zhou W-P, et al.
Overactivated neddylation pathway in human hepatocellular carci-
noma. Cancer Med. 2018;7:3363-72.

8. Gao Q, Yu GY, Shi JY, Li L-H, Zhang W-J, Wang Z-C, et al. Neddy-
lation pathway is up-regulated in human intrahepatic chol-
angiocarcinoma and serves as a potential therapeutic target.
Oncotarget. 2014;5:7820-32.

9. Soucy TA, Smith PG, Milhollen MA, Berger AJ, Gavin JM, Adhikari S,
et al. An inhibitor of NEDD8-activating enzyme as a new approach
to treat cancer. Nature. 2009;458:732-6.

10. Masyuk TV, Radtke BN, Stroope AJ, Banales JM, Gradilone SA,
Huang B, et al. Pasireotide is more effective than octreotide in
reducing hepato-renal cystogenesis in rodents with polycystic kid-
ney and liver diseases. Hepatology. 2013;58:409-21.

11. Urribarri AD, Munoz-Garrido P, Perugorria MJ, Erice O, Merino-
Azpitarte M, Arbelaiz A, et al. Inhibition of metalloprotease


https://orcid.org/0000-0001-8027-3073
https://orcid.org/0000-0001-8027-3073
https://orcid.org/0000-0002-5224-2373
https://orcid.org/0000-0002-5224-2373
https://orcid.org/0000-0001-8027-3073
https://orcid.org/0000-0002-5224-2373

LEE-LAW ET AL

859

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

hyperactivity in cystic cholangiocytes halts the development of
polycystic liver diseases. Gut. 2014;63:1658-67.

Porath B, Gainullin VG, Cornec-Le Gall E, Dillinger EK, Heyer CM,
Hopp K, et al. Mutations in GANAB, encoding the glucosidase lla
subunit, cause autosomal-dominant polycystic kidney and liver dis-
ease. Am J Hum Genet. 2016;98:1193-207.

Muff MA, Masyuk TV, Stroope AJ, Huang BQ, Splinter PL, Lee S-O,
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;86:940-50.

Ward CJ, Hogan MC, Rossetti S, Walker D, Sneddon T, Wang X,
et al. The gene mutated in autosomal recessive polycystic kidney
disease encodes a large, receptor-like protein. Nat Genet. 2002;30:
259-69.

Caballero-Camino FJ, Rivilla |, Herraez E, Briz O, Santos-Laso A,
Izquierdo-Sanchez L, et al. Synthetic conjugates of ursodeoxycholic
acid inhibit cystogenesis in experimental models of polycystic liver
disease. Hepatology. 2021;73:186-203.

Munoz-Garrido P, Marin JJG, Perugorria MJ, Urribarri AD, Erice O,
Saez E, et al. Ursodeoxycholic acid inhibits hepatic cystogenesis in
experimental models of polycystic liver disease. J Hepatol. 2015;
63:952-61.

Erice O, Labiano |, Arbelaiz A, Santos-Laso A, Munoz-Garrido P,
Jimenez-Agliero R, et al. Differential effects of FXR or TGR5 acti-
vation in cholangiocarcinoma progression. Biochim Biophys Acta
Mol Basis Dis. 2018;1864:1335-44.

Luo Z, Yu G, Lee HW, Li L, Wang L, Yang D, et al. The Nedd8-
activating enzyme inhibitor MLN4924 induces autophagy and
apoptosis to suppress liver cancer cell growth. Cancer Res.
2012;72:3360-71.

Ferris J, Espona-Fiedler M, Hamilton C, Holohan C, Crawford N,
Mclntyre AJ, et al. Pevonedistat (MLN4924): mechanism of cell
death induction and therapeutic potential in colorectal cancer. Cell
Death Discov. 2020;6:61.

Li L, Wang M, Yu G, Chen P, Li H, Wei D, et al. Overactivated
neddylation pathway as a therapeutic target in lung cancer. J Natl
Cancer Inst. 2014;106. Epub 2014 Jun 11.

Lin JJ, Milhollen MA, Smith PG, Narayanan U, Dutta A. NEDD8-
targeting drug MLN4924 elicits DNA rereplication by stabilizing
CDT1 in S phase, triggering checkpoint activation, apoptosis, and
senescence in cancer cells. Cancer Res. 2010;70:10310-20.
Swords RT, Erba HP, Deangelo DJ, Bixby DL, Altman JK, Maris M,
et al. Pevonedistat (MLN4924), a first-in-class NEDD8-activating
enzyme inhibitor, in patients with acute myeloid leukaemia and

23.

24.

25.

26.

27.

28.

29.

myelodysplastic syndromes: a phase 1 study. Br J Haematol. 2015;
169:534-43.

Bhatia S, Pavlick AC, Boasberg P, Thompson JA, Mulligan G, Pickard
MD, et al. A phase | study of the investigational NEDD8-activating
enzyme inhibitor pevonedistat (TAK-924/MLN4924) in patients
with metastatic melanoma. Invest New Drugs. 2016;34:439-49.
Sarantopoulos J, Shapiro Gl, Cohen RB, Clark JW, Kauh JS, Weiss
GJ, et al. Phase | study of the investigational NEDD8-activating
enzyme inhibitor pevonedistat (TAK-924/MLN4924) in patients
with advanced solid tumors. Clin Cancer Res. 2016;22:847-57.
Besse W, Dong K, Choi J, Punia S, Fedeles SV, Choi M, et al. Isolated
polycystic liver disease genes define effectors of polycystin-1 func-
tion. J Clin Invest. 2017;127:1772-85.

Schopf FH, Biebl MM, Buchner J. The HSP90 chaperone machinery.
Nat Rev Mol Cell Biol. 2017;18:345-60.

Ying J, Zhang M, Qiu X, Lu Y. Targeting the neddylation pathway in
cells as a potential therapeutic approach for diseases. Canc Che-
mother Pharmacol. 2018;81:797-808.

Zhou L, Jiang Y, Luo Q, Li L, Jia L. Neddylation: a novel modulator
of the tumor microenvironment. Mol Cancer. 2019;18. Epub 2019
Apr 3.

Ehrlich ES, Wang T, Luo K, Xiao Z, Niewiadomska AM, Martinez T,
et al. Regulation of Hsp90 client proteins by a Cullin5-RING E3
ubiquitin ligase. Proc Natl Acad Sci USA. 2009;106:20330-5.

SUPPORTING INFORMATION
Additional supporting information may be found online in the Sup-

porting Information section at the end of this article.

How to cite this article: Lee-Law PY, Olaizola P, Caballero-
Camino FJ, Izquierdo-Sanchez L, Rodrigues PM, Perugorria
MJ, et al. Inhibition of NAE-dependent protein hyper-
NEDDylation in cystic cholangiocytes halts cystogenesis in
experimental models of polycystic liver disease. United
European Gastroenterol J. 2021;9(7):848-859. https://doi.
org/10.1002/ueg2.12126



https://doi.org/10.1002/ueg2.12126
https://doi.org/10.1002/ueg2.12126

	Inhibition of NAE‐dependent protein hyper‐NEDDylation in cystic cholangiocytes halts cystogenesis in experimental models of ...
	INTRODUCTION
	MATERIALS AND METHODS
	Patients and specimens
	Primary cell cultures
	RNA isolation, reverse transcription, and quantitative polymerase chain reaction
	Immunohistochemistry
	Immunoblotting
	Three‐dimensional cystic organoids
	Cell proliferation and apoptosis
	Immunoprecipitation
	Mass spectrometry and proteomic analysis
	Statistical analysis

	RESULTS
	The NEDDylation system is upregulated in human PLD tissue and cystic cholangiocytes in culture
	The NEDDylation machinery is also upregulated in rat PLD tissue and cystic cholangiocytes in culture
	Pevonedistat inhibits protein NEDDylation in cystic human cholangiocytes
	Pevonedistat impacts on cystic growth by reducing cell proliferation and survival
	NEDDylated proteins in PHCs are mostly associated with the regulation of protein homeostasis

	DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT


