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Highlights
proteins in cholangiocarcinoma
development and progression.
� NAE1-dependent protein NEDDylation is increased in hu-
man cholangiocarcinoma.

� NEDDylation contributes to cholangiocarcinogenesis favoring pro-
survival mechanisms.

� Abnormal NEDDylation alters the cholangiocarcinoma secretome,
impacting on the stroma crosstalk.

� Molecular and pharmacological targeting of NAE1 halts experi-
mental tumor growth.

� NAE1 inhibition with pevonedistat is a promising therapy for pa-
tients with cholangiocarcinoma.
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Background & Aims: Cholangiocarcinoma (CCA) comprises a fibroblasts (CAFs). Proteomic analyses were carried out by

heterogeneous group of malignant tumors associated with
dismal prognosis. Alterations in post-translational modifications
(PTMs), including NEDDylation, result in abnormal protein dy-
namics, cell disturbances and disease. Herein, we investigate the
role of NEDDylation in CCA development and progression.
Methods: Levels and functions of NEDDylation, together with
response to pevonedistat (NEDDylation inhibitor) or CRISPR/
Cas9 against NAE1 were evaluated in vitro, in vivo and/or in pa-
tients with CCA. The development of preneoplastic lesions in
Nae1+/- mice was investigated using an oncogene-driven CCA
model. The impact of NEDDylation in CCA cells on tumor-stroma
crosstalk was assessed using CCA-derived cancer-associated
tumor micro-
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mass-spectrometry.
Results: The NEDDylation machinery was found overexpressed
and overactivated in human CCA cells and tumors. Most NEDDy-
lated proteins found upregulated in CCA cells, after NEDD8-
immunoprecipitation and further proteomics, participate in the
cell cycle, proliferation or survival. Genetic (CRISPR/Cas9-NAE1)
and pharmacological (pevonedistat) inhibition of NEDDylation
reduced CCA cell proliferation and impeded colony formation
in vitro. NEDDylation depletion (pevonedistat or Nae1+/- mice)
halted tumorigenesis in subcutaneous, orthotopic, and oncogene-
driven models of CCA in vivo. Moreover, pevonedistat potentiated
chemotherapy-induced cell death in CCA cells in vitro. Mechanis-
tically, impaired NEDDylation triggered the accumulation of both
cullin RING ligase and NEDD8 substrates, inducing DNA damage
and cell cycle arrest. Furthermore, impaired NEDDylation in CCA
cells reduced the secretion of proteins involved in fibroblast acti-
vation, angiogenesis, and oncogenic pathways, ultimately
hampering CAF proliferation and migration.
Conclusion: Aberrant protein NEDDylation contributes to chol-
angiocarcinogenesis by promoting cell survival and proliferation.
Moreover, NEDDylation impacts the CCA-stroma crosstalk. Inhi-
bition of NEDDylation with pevonedistat may represent a po-
tential therapeutic strategy for patients with CCA.
022 vol. 77 j 177–190
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Lay summary: Little is known about the role of post-
translational modifications of proteins in cholangiocarcinoma
development and progression. Herein, we show that protein
NEDDylation is upregulated and hyperactivated in chol-
angiocarcinoma, promoting tumor growth. Pharmacological in-
hibition of NEDDylation halts cholangiocarcinogenesis and could
be an effective therapeutic strategy to tackle these tumors.
© 2022 The Authors. Published by Elsevier B.V. on behalf of European
Association for the Study of the Liver. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.
0/).

Introduction
Cholangiocarcinoma (CCA) comprises a heterogeneous group of
malignancies emerging at every point of the biliary tree.1 Ac-
cording to their anatomical location, CCAs are classified as
intrahepatic (iCCA), perihilar, or distal, displaying different clin-
icopathological and molecular features.1 The incidence of these
tumors (�5:100,000) is rising globally, becoming a major health
and social problem.1 CCA is generally asymptomatic in early
stages and, consequently, commonly diagnosed at advanced
phases when symptoms associated with biliary obstruction arise.
This situation severely compromises the access to potential
curative options, mainly based on surgery.1 Moreover, the high
risk of tumor recurrence and the elevated chemoresistance of
CCAs contribute to patients’ poor prognosis.

From a molecular point of view, CCAs are highly heteroge-
neous, with different genetic, epigenetic, and cell signaling ab-
normalities.2 These tumors are characterized by a highly
desmoplastic tumor microenvironment (TME), prevalently
composed of cancer-associated fibroblasts (CAFs) that produce
extracellular matrix components, and of inflammatory cells and
endothelial cells, which interact with each other to promote the
neoplastic transformation of the cells lining the bile ducts (i.e.,
cholangiocytes) and tumor progression.3 Given the complex
biology of CCA, it is fundamental to identify key, and if possible
cross-sectional, molecular mechanisms involved in chol-
angiocarcinogenesis. Interaction between transcriptional, post-
transcriptional and post-translational regulation is a subject of
cutting-edge research, as cells must respond immediately to
changes in the microenvironment to maintain homeostasis and
activate alternative mechanisms.

Post-translational modifications (PTMs) are highly dynamic
and often reversible processes whereby a protein or a chemical
group binds to another protein. These chemical changes alter the
structure and properties of individual proteins, affecting their
activity, stability, and localization.4 PTMs, which include phos-
phorylation, glycosylation, ubiquitination, SUMOylation, NED-
Dylation, disulfide bonding, acetylation, lipidation, methylation,
and hydroxylation, provide rapid mechanisms for the activation
or inhibition of signaling pathways and metabolism of proteins.
Given their relevance in physiological processes, perturbation of
PTMs commonly leads to cell disturbances and disease. Among
the variety of PTMs that can participate in the pathogenesis of
diseases, NEDDylation has recently been described and is still
poorly understood, although it seems to regulate a wide range of
cellular processes considered relevant for cancer.

Protein NEDDylation results from the covalent and reversible
attachment of NEDD8 to a lysine residue of the substrate pro-
tein.5 NEDD8 binding to proteins is catalyzed by a 3-step enzy-
matic cascade that involves the heterodimer NEDD8-activating
178 Journal of Hepatology 2
enzyme E1 (NAE, which comprises the NAE regulatory subunit
[NAE1] and the ubiquitin-activating enzyme 3 [UBA3]), NEDD8
conjugating E2 enzymes (ubiquitin-conjugating enzyme E2F
[UBE2F] and E2M [UBE2M]) and substrate-specific E3 ligases.
The best characterized substrate of NEDD8 is the cullin family of
proteins. Cullins act as a molecular scaffold, together with an
adaptor protein, a substrate acceptor, and a RING protein to form
the cullin RING ligases (CRLs), well-known E3 ubiquitin ligases.
Increased protein NEDDylation has already been reported in
several human diseases.6,7 Notably, pevonedistat, a first-in-class
selective NAE inhibitor has been developed, leading to the
accumulation of CRL substrates and destabilization of certain
oncoproteins, ultimately hindering increased cell growth.8

Therefore, we herein aimed to explore in detail the role of
NEDDylation in cholangiocarcinogenesis and evaluate the ther-
apeutic potential of pevonedistat in experimental models of CCA.

Material and methods
Human samples
CCA and surrounding control tissues (liver or normal bile ducts)
from 7 independent cohorts of patients (Copenhagen [Denmark;
GSE26566], The Cancer Genome Atlas [TCGA], The Thailand
Initiative in Genomics and Expression Research [TIGER-LC;
GSE76311], Job [E-MTAB-6389], Regensburg [Germany; #17-
1015-101], Nakamura [EGA00001000950] and Jusakul [GEO:
GSE89749]) were studied at transcriptomic level. Immunohisto-
chemistry (IHC) was performed in paraffin-embedded iCCA tis-
sues from the Institute of Pathology at University of Regensburg.
The research protocol was approved by the Clinical Research
Ethic Committee from the Medical University of Regensburg
(Germany, #17-1015-101), and all patients signed written con-
sents to allow the use of their samples for biomedical research.

Cell cultures
Normal human cholangiocytes (NHCs) were isolated from
normal liver tissue. Five human CCA cell lines were employed:
HUCCT1, TKKK (both iCCA), EGI1, TFK1, and WITT (all 3 extra-
hepatic CCAs). CAFs were isolated from resected iCCAs at the
Ospedale di Padova (Italy) and at Biodonostia Health Research
Institute (Spain). Cell isolation, culture and characterization are
described in the supplementary information.

RNA isolation and gene expression
Total RNA was isolated from both human liver samples (i.e., CCA
tumors and surrounding normal liver tissue) and cells in culture
using the TRI Reagent®, following the manufacturer’s instructions.
Subsequently, reverse transcription and quantitative real-time PCR
were conducted as described in the supplementary information.
Primer sequences (Sigma) are reported in Table S1.

Histological analyses
H&E staining was performed to analyze tissue morphology as
previously described.9 Detection of NAE1 and NEDD8 protein
expression (i.e., free NEDD8 and NEDD8-conjugated proteins) by
IHC was carried out on paraffin-embedded sections from normal
surrounding, biliary intra-epithelial neoplasia (BilIN), and CCA
human liver tissue, as previously described.10 Proliferating cell
nuclear antigen (PCNA) was detected by IHC in subcutaneous
CCA tumors as previously described.9 Antibodies are listed
in Table S2.
022 vol. 77 j 177–190
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Immunoblotting
Changes in protein expression were analyzed by immunoblotting
using whole cell lysates or NEDD8-immunoprecipitation (IP) cell
lysates of cultured NHC, CCA cells, CAFs and/or LX2, as described
in the supplementary information. Protein NEDDylation levels
were measured in CCA cells in the presence of increasing con-
centrations of VEGF, EGF, IL-6 and Wnt3a. The antibodies used
are listed in Table S2.

Immunofluorescence
DNA damage and DNA repair dynamics induced by pevonedistat
(0.3 lM) and/or cisplatin (10 lM) were analyzed by immuno-
fluorescence of phosphorylated-histone 2A family member X (p-
H2AX) as described in the supplementary information. Ki67 and
cleaved caspase-3 were detected by immunofluorescence in CCA
tumors from subcutaneous as indicated in the
supplementary information.

Cell viability, proliferation, cell cycle, and apoptosis
Cell viability, proliferation, cell cycle, and apoptosis assays in
normal and tumor cholangiocytes were evaluated in the pres-
ence or absence of pevonedistat at different concentrations (0.1-
1 lM) for 72 hours or Ro-3306 (9 lM) for 24 hours, as described
in the supplementary information. In addition, CAF viability was
assessed in the presence of pevonedistat, and CAF and CCA cell
proliferation were determined in the presence or absence of
conditioned media from CAFs or CCA cells.

Hanging droplet spheroids
3D spheroids were generated through the hanging droplet
method and monitored in the presence or absence of pevone-
distat (0.3 lM) for 72 hours. Details are outlined in the
supplementary information.

Colony formation
Colony formation capacity was explored by in vitro seeding EGI1 or
HUCCT1 cells into agar-coated 6-well plates and culturing themwith
pevonedistat (0.3 lM) or vehicle (DMSO) for 3 weeks. Detailed
culturing information is provided in the supplementary information.

Cell migration
Cell migration was evaluated in vitro with “wound-healing” as-
says, as described in the supplementary information.

CRISPR/Cas9
NAE1 was knocked-down by CRISPR/Cas9 methodology in CCA
cells as described in the supplementary information.

Reactive oxygen species detection
Intracellular reactive oxygen species were measured using the
CellROXTM Deep Red Reagent in CRISPR/Cas9 control and NAE1-
knockdown CCA cells following the manufacturer’s instructions,
as detailed in the supplementary information.

Immunoprecipitation
Whole cell lysates from NHC and CCA cells (EGI1) were incubated
withDynabeads ProteinG,whichwere crosslinked toNEDD8or IgG
antibodies. Proteins were eluted from the beads with 2% sodium
dodecyl sulfate, as described in the supplementary information.
Journal of Hepatology 2
Mass-spectrometry and proteomic analysis
Comparative shotgun proteomic analyses of NEDD8-IP, as well as
CRISPR control and NAE1-knockdown EGI1 clone lysates were
performed as described in the supplementary information.

Experimental animal models of CCA
Xenograft, orthotopic and oncogene-driven CCAmodels were gener-
ated and employed as described in the supplementary information.

Statistical analysis
Statistical analyses were performed as described in the
supplementary information.

Results
The NEDDylation machinery is upregulated in CCA
To evaluate whether NEDDylation was dysregulated in CCA, the
expression of the activating enzyme NAE1 and the ligand NEDD8,
was analyzed in human resected CCA and control tissues (i.e.,
surrounding liver or normal bile ducts) in 5 different cohorts of
patients (i.e., Copenhagen, TCGA, TIGER-LC, Job and Regensburg).
NAE1 and NEDD8 mRNA expression was consistently increased in
CCA tumor samples from all independent cohorts compared to
both controls (Fig. 1A). Notably, their expression was found
upregulated in resected CCA tissues from the Copenhagen and
Nakamura cohorts independently of underlying mutations (IDH1,
KRAS, TP53, or wild-type status for all 3 genes) (Fig. S1A), alto-
gether pinpointing the upregulation of the NEDDylation ma-
chinery as a common event in CCA. Interestingly, NAE1
upregulation was not associated with changes in gene promoter
methylation status (Fig. S1B). Furthermore, moderate/poorly-
differentiated tumors from the Copenhagen cohort were char-
acterized by higher NAE1 expression compared to well-
differentiated ones (Fig. 1B). Laser microdissection studies on
CCA tumor samples from the Copenhagen cohort revealed
increased NAE1 expression in CCA epithelia compared to
matched tumor stroma (mainly formed by CAFs, immune cells
such as tumor-associated macrophages, and endothelial cells)
(Fig. 1C). In contrast, no correlation was found between NAE1
expression and tumor size, perineural invasion, lymph node in-
vasion or metastasis (Fig. S2A-C). Patients with high tumor levels
of NAE1 or NEDD8 displayed a tendency to present worse overall
survival compared to patients with low NAE1 or NEDD8 levels
(Fig. S2D). Regarding CCA subtypes, NAE1 or NEDD8 expression
variability was observed depending on the cohort analyzed
(supplementary information and Fig. S3).

NAE1 and NEDD8 (i.e., the combination of free and protein-
conjugated) protein levels were evaluated in different disease
states within the Regensburg cohort (i.e., pre-invasive lesions,
such as BilIN, and iCCAs with distinct differentiation grades [G1
and G3]) by IHC. Immunoreactivity for NAE1 and NEDD8 was
almost absent in non-tumorous tissues, while similarly strong
nuclear and/or cytoplasmic immunoreactivity for NAE1 and
NEDD8 proteins was detected in pre-invasive lesions, as well as
in G1 and G3 iCCAs. These results demonstrate that increased
levels of NAE1 and NEDD8 are a general phenomenon in CCA,
being already evident in pre-malignant states (Fig. 1D).

To determine whether NEDDylation was also altered at
cellular level, the same array of genes was analyzed in 5 human
CCA cell lines (i.e., HUCCT1, EGI1, TFK1, WITT and TKKK)
compared to NHC. NAE1 was found overexpressed in all CCA cell
lines compared to NHCs, corroborating the results obtained in
022 vol. 77 j 177–190 179
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human tissue (Fig. 2A). Regarding NEDD8 expression, no signif-
icant differences were observed between CCA cells and NHCs,
except for TKKK cells (Fig. 2A). Importantly, increased levels of
NEDD8-conjugated proteins were found in all CCA cell lines
180 Journal of Hepatology 2
compared to NHCs by immunoblot (Fig. 2B), while such an in-
crease was not observed for free NEDD8 (Fig. 2B).

In order to understand the potential mechanisms behind the
upregulation of the NEDDylation pathway in CCA, the role of
022 vol. 77 j 177–190
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different ligands involved in cholangiocarcinogenesis (VEGF, EGF,
IL-6 and Wnt3a) was further evaluated on NEDD8-conjugation in
HUCCT1 and EGI1 cells. Immunoblotting analysis showed that
protein NEDDylation is upregulated by VEGF in EGI1 cells and by
IL-6 in HUCCT1 cells (Fig. S4), suggesting that angiogenic and
inflammatory factors might be involved in the regulation of the
NEDDylation pathway in CCA.

Increased NEDDylated proteins contribute
to cholangiocarcinogenesis
To identify the NEDDylation targets that could underlie chol-
angiocarcinogenesis, NEDD8-conjugated proteins were isolated
from CCA cell lines and NHCs after IP and analyzed by mass-
spectrometry. Immunoblotting confirmed enrichment of
NEDD8-IP proteins compared to controls (inputs or control IgG)
in respective cell cultures (Fig. 2C). Shotgun proteomic analysis
identified 69 differentially NEDDylated proteins between CCA
cells (EGI1) and NHCs. Specifically, the levels of 57 proteins (83%)
were increased (dark blue), while those of 12 proteins (17%)
decreased (light blue) in CCA cells compared to NHCs (Fig. 2D).
Gene ontology (GO) analysis of the NEDDylated proteins found
upregulated in CCA revealed that they participate in biological
processes related to protein stabilization (i.e., HSP90AA1,
HSPA1A, CCT3), localization (i.e., KPNA2, RAN) as well as to sur-
vival (i.e., p53), cell cycle (i.e., p53, CDK1), DNA repair (i.e., XRCC5,
XRCC6), and proliferation (i.e., PRKDC, PHB) (Fig. 2E). Notably,
several proteins of the NEDDylation pathway (i.e., NAE1, UBA3,
UBE2M) were found hyper-NEDDylated in EGI1 compared to
NHCs, supporting the increased activity of the pathway in CCA
cell lines. Moreover, the proteomic analysis identified increased
NEDDylated levels of cullins 1-3, 4A, and 5 in EGI1 cells
compared to NHCs. Further immunoblotting analysis including
all 5 CCA cell lines indicated that CUL-1, 4A and 5 are generally
found upregulated in almost all of them, when compared with
NHCs (Fig. S5).

Pevonedistat induces DNA damage and cell cycle arrest,
repressing CCA cell proliferation and inducing apoptosis
Considering the hyper-NEDDylation status of CCA cells and its
potential involvement in cholangiocarcinogenesis, we next
evaluated the effect of pevonedistat on CCA. Pevonedistat
reduced the levels of NEDD8-conjugated proteins in all CCA cell
lines, as well as in NHCs, in a dose-dependent manner (Fig. S6).
Moreover, pharmacological inhibition of NEDDylation resulted in
decreased cell viability of all CCA cell lines in a dose-dependent
manner, whereas NHC viability remained unaffected (Fig. S7A).
In this regard, the aberrant proliferation of CCA cells and their
ability to form anchorage-independent colonies were reduced
after incubation with pevonedistat (Fig. 3A,B; Fig. S7B). As ex-
pected, pevonedistat triggered the accumulation of CRL sub-
strates –including cell cycle inhibitors such as p21, p27, and
WEE1 – as well as the increment of the G2 phase marker cyclin
B1 in CCA cells (Fig. 3C); moreover, the p-CDK1/CDK1 ratio in
CCA cells was increased, altogether indicating that pevonedistat
induced cell cycle arrest in the G2/M phase in CCA (Fig. 3C,D and
Fig. S7C). Of note, the exposure of CCA cells to a selective in-
hibitor of the CDK1/cyclin B1 axis (Ro-3306) also resulted in G2/
M cell cycle arrest (Fig. S8A), highlighting the relevance of this
complex in CCA.

Cell cycle arrest in G2/M is regulated by the G2/M DNA
damage checkpoint, which prevents mitosis initiation until
Journal of Hepatology 2
damaged or incompletely replicated DNA is sufficiently repaired.
Thus, we next studied whether pevonedistat could induce DNA
replication stress or damage and, therefore, activate this check-
point and arrest the cell cycle. For this purpose, we evaluated the
abundance of CDT1 and ORC1, well-known substrates of CRLs
involved in DNA replication. Administration of pevonedistat
induced the accumulation of CDT1 and ORC1 (Fig. 4A), which
could cause replicative stress and DNA damage. Indeed, immu-
noblotting and immunofluorescence revealed a noticeable in-
crease of the DNA damage marker p-H2AX upon pevonedistat
incubation (Fig. 4A,B) and DNA damage response activation in
CCA cells (Fig. S8B). In contrast to cisplatin, pevonedistat
generated unrepairable DNA damage (Fig. S9). Notably, the triple
combination of pevonedistat and gemcitabine/cisplatin (Gem-
Cis), standard of care palliative chemotherapy for patients with
unresectable CCA,1 reduced CCA cell viability compared to
GemCis, each drug alone, or untreated cells (Fig. 4C).

The expression of several apoptotic markers (i.e., BAK, BAX,
BIM, and NOXA) was upregulated upon pevonedistat (Fig. S10A).
In agreement, pevonedistat increased cell death in both normal
and tumor cholangiocytes, with a milder effect in NHCs (Fig. 4D,
Fig. S10B). Additionally, incubation of 3D CCA (EGI1) spheroids
with pevonedistat caused spheroid shrinkage, while no differ-
ences were observed in 3D NHC spheroid cultures (Fig. 4E).

Pevonedistat halts CCA growth in vivo
Pevonedistat administration halted tumor growth in vivo, as
shown by the reduction of subcutaneous tumor volume
compared to vehicle-treated animals (Fig. 5A-D). Pevonedistat
increased cleaved caspase-3 levels in subcutaneous CCA tumors,
indicating that tumor shrinkage mainly happens due to
apoptosis induction rather than decreased cell proliferation
(Fig. 5E, Fig. S11). Moreover, the absence of orthotopic tumor
expansion over time, measured by luminescence, was observed
in mice receiving pevonedistat (Fig. 5F-I), presenting minimal
neoplastic areas in their livers compared to controls that showed
increased tumorigenesis (Fig. 5J).

CRISPR/Cas9-mediated NAE1 knockdown mimics the effects
of pevonedistat in CCA in vitro and in vivo
To compare the effects of pevonedistat, stable CRISPR/Cas9-
mediated NAE1-knockdown in CCA (EGI1) cells was evaluated.
Immunoblotting confirmed NAE1 silencing, as NAE1 protein
levels were reduced by 85% in CRISPR/Cas9-NAE1 CCA cells
compared to CRISPR/Cas9 control or wild-type (Fig. 6A).
Consistently, NAE1-knockdown CCA cells barely expressed NAE1
at the mRNA level (Fig. S12A) and exhibited reduced protein
NEDDylation (Fig. S12B). Similar to pevonedistat, NAE1 depletion
had an anti-proliferative effect on CCA cells compared to CRISPR/
Cas9 control cells (Fig. 6B) with a concomitant accumulation of
p21 (Fig. S12C). NAE1-knockdown CCA cells were unable to form
anchorage-independent colonies or 3D hanging-spheroids
(Fig. 6C,D). Importantly, these findings were recapitulated
when comparing CRISPR/Cas9 control or wild-type cells with a
second NAE1-knockdown clone (#2; supplementary information,
Table S4 and Fig. S13). The lack of spheroid-forming capacity
could be associated with a more differentiated and a less stem-
like phenotype. Thus, the expression of the stemness markers
CD133, OCT4, and SOX2 was downregulated in CRISPR/Cas9-NAE1
CCA cells (Fig. 6E). Shotgun proteomic analyses identified a total
of 781 differentially expressed proteins between CRISPR/Cas9-
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NAE1 and control CCA cells. Among them, 372 proteins (47.6%)
were upregulated (red) and 409 (52.4%) downregulated (blue) in
CRISPR/Cas9-NAE1 CCA cells compared to controls (Fig. S12D).
GO analysis revealed that the upregulated proteins in CRISPR/
Cas9-NAE1 CCA cells are involved in different biological pro-
cesses, including cellular respiration (e.g., NUFA8, UQCRC1),
vesicle transport (e.g., SEC22B, VAMP3), negative regulation of
Journal of Hepatology 2
MAPKKK pathway (e.g., PEBP1), tricarboxylic (TCA) cycle (e.g.,
DLST, SUCLA2) and oxidation/reduction activity (e.g., PRDX2,
TXN) (Fig. S12E), the latter being supported by increased
oxidative stress compared to control cells (Fig. 6F). In contrast,
translation (e.g., EIF3E, EIF3F), cell cycle (e.g., PCNA, DMC1),
intracellular transport (e.g., COPB1, KIF1C), protein biogenesis,
assembly and folding (e.g., CCT3, HSP90AA1), as well as DNA
022 vol. 77 j 177–190 185
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replication (e.g., MCM1, POLD3) and cell secretion-related pro-
teins (e.g., CATB, LAMC2) were mainly downregulated in CRISPR/
Cas9-NAE1 CCA cells (Fig. S12E). Most of the proteins upregu-
lated in CRISPR/Cas9-NAE1 CCA cells that were associated with
vesicle transport are involved in autophagy (e.g., BAP31, SNX4) or
assembly and activity of tight junctions (e.g., MRP, CAPZA1). In
this regard, defects in NEDDylation lead to the activation of
autophagy (Fig. S12F), probably to compensate for the loss of
ubiquitination and proteasome-mediated degrading capacity
due to inhibited CRL activation.9 Additionally, changes in tight
junction assembly and activity could result in the observed dis-
turbances of the migratory capacity of CRISPR/Cas9-NAE1 CCA
cells (Fig. S12G).

CRISPR/Cas9-NAE1 CCA cells injected subcutaneously in
immunodeficient mice showed lower tumorigenic capacity than
CRISPR/Cas9 control cells (Fig. 6G-J). Furthermore, constitutive
Nae1 heterozygosity in mice (Nae1+/-) prevented the develop-
ment of preneoplastic CCA lesions in the liver after intravenous
administration of plasmids encoding the NICD/AKT oncogenes
and a sleeping beauty transposase (Fig. 6K-M).

NAE1 regulates the secretome of CCA cells, which in turn
impacts on the proliferative and migratory capacities of
CAFs in vitro
Given the abundance of CAFs in CCA tumors, the differential
NAE1 expression observed between tumor epithelia and stroma
in microdissected tumor samples from the Copenhagen cohort,
and the downregulation of cell secretion-related proteins in
NAE1-knockdown CCA cells, the role of protein NEDDylation in
the crosstalk between CCA cells and CAFs, and its additional ef-
fect on CCA progression was studied. For this purpose, human
CCA-derived CAFs were isolated and further characterized
(Fig. S14A). As expected, CAF-derived conditioned media mark-
edly enhanced the proliferation, 3D growth, and migration of
CCA cells (Fig. S14B-D). Interestingly, CAF-derived media boosted
proliferation and migration in the CRISPR control and NAE1-
knockdown CCA cells (Fig. 7A,B). Proliferation was particularly
increased in NAE1-knockdown CCA cells upon CAF-derived me-
dia incubation, reaching the proliferation rates of control CCA
cells (Fig. 7A). However, even if CAF-derived culture media
stimulated migration in both CRISPR control and NAE1-knock-
down CCA cells, the latter migrated less (Fig. 7B). Besides, the
effect of CRISPR/Cas9-NAE1 in CCA cells was evaluated on CAF
proliferative capacity; we observed that control CCA cell-derived
media increased CAF proliferation to a greater extent than that
from NAE1-knockdown CCA cells (Fig. 7C). Moreover, NEDDyla-
tion inhibition in CCA cells affected CAF migration. Thus, CCA
control cell-derived culture media augmented the baseline
migratory capacity of CAFs, whereas conditional media derived
from NAE1-knockdown CCA cells reduced CAF migration
(Fig. 7D). Importantly, pevonedistat reduced CAF viability per se,
highlighting the relevance of the NEDDylation pathway in stro-
mal cells (Fig. S15).

Proteomic analysis of the secreted proteins in control and
NAE1-knockdown CCA cells identified 213 differentially
expressed proteins (Fig. S16). Among them, 110 proteins (51.6%)
were upregulated (red) and 103 (48.4%) downregulated (blue) in
NAE1-knockdown CCA cells compared to controls (Fig. S16). GO
analysis revealed that the downregulated proteins in the secre-
tome of CRISPR/Cas9-NAE1 CCA cells were involved in fibroblast
proliferation (e.g., HMGA1, HMGA2), fibroblast migration (e.g.,
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COL6A1, FAM3C), angiogenesis (e.g., ANXA2, AGRN), as well as
with different pro-tumorigenic signaling networks, including
NIK/NF-jB, TNF, Wnt, TGFb, and MAPK pathways (Fig. 7E). On the
other hand, proteins found upregulated in the secretome of
CRISPR/Cas9-NAE1 CCA cells are involved in reactive oxygen
species response (e.g., PRDX1), IL-12 signaling, necroptosis (e.g.,
VCP) and apoptosis (e.g., HMGB1) (Fig. 7E).

Discussion
Our study provides strong evidence that the expression levels of
core NEDDylation pathway components are upregulated in hu-
man CCA tissue and cells compared to respective controls. The
relevance of these findings is supported by the presence of
elevated levels of NEDD8-conjugated proteins in CCA tumor
epithelia and cell lines, which promote cholangiocarcinogenesis
in vitro and in vivo. The increased levels of NEDDylated proteins
seems to be a generalized and central event during chol-
angiocarcinogenesis, as it was found in CCA tumors from 5 in-
dependent international cohorts of patients regardless of the
underlying driver mutations, as well as in 5 CCA cell lines
compared to respective controls. These data are consistent with
previous findings showing increased levels of some NEDDylation
pathway components by IHC in human iCCA tumors.11

In an attempt to block the NEDDylation pathway, pevonedi-
stat was developed as a first-in-class pharmacological inhibitor
selectively targeting NAE.8 Consistently, immunoblotting assays
demonstrated a drastic reduction of NEDDylated protein levels in
both CCA cell lines and NHCs following pevonedistat incubation.
Besides, pevonedistat increased DNA damage, cell cycle arrest,
apoptosis, and impaired proliferation and colony formation, ul-
timately reducing CCA tumorigenicity. In subcutaneous and
orthotopic mouse models with human CCA cells, tumor growth
was markedly inhibited by pevonedistat, highlighting a potential
clinical value. Immunoprecipitation of NEDD8-conjugated pro-
teins identified increased levels of multiple NEDDylated proteins
in CCA cells compared to NHCs. For instance, the NEDDylated
levels of cullins were found increased, probably as a reflection of
their increased baseline protein expression in CCA cells
compared to NHCs. Cullin NEDDylation results in CRL activation,
which enhances ubiquitination of CRL substrates tagging them
for proteasomal degradation. Hence, pharmacological inhibition
of NEDDylation results in accumulation of CRL substrates.8,12–14

Herein, we demonstrated that pevonedistat led to CDT1 and
ORC1 accumulation and induced DNA damage. Thus, NEDDyla-
tion inhibition might activate the DNA damage G2/M checkpoint,
leading to the reported cell cycle arrest at G2/M, attenuating the
hyperproliferative capacity of CCA cells and concomitantly trig-
gering apoptosis. Additionally, NEDDylation has been observed
to be indispensable for DNA nucleotide excision repair and non-
homologous end joining, suggesting that pevonedistat could
impair these processes, and favor the accumulation of unre-
paired DNA damage,15 ultimately triggering CCA cell apoptosis.
Furthermore, the tumor suppressors p21, p27 and WEE1, estab-
lished substrates of CRLs,12,14 were found to accumulate with
pevonedistat. On the other hand, NEDDylated CDK1 levels were
found increased in CCA cells. To our knowledge, this is the first
evidence of CDK1 being a substrate for NEDD8. CDK1 and Cyclin
B1 constitute an important complex that regulates G2/M transi-
tion during cell cycle progression.16 However, WEE1-mediated
phosphorylation of CDK1 in Tyr15 prevents mitotic entry in
response to DNA damage.16 Interestingly, pevonedistat induced
022 vol. 77 j 177–190



DNA damage and accumulation of WEE1, and a consequent rise
in phosphorylated CDK1 levels in CCA cells. These, together with
the observed accumulation of Cyclin B1, seem to be involved in
the previously described pevonedistat induction of G2/M cell
cycle arrest.

The first-line treatment for advanced CCA is the combination
of GemCis, although it is considered merely palliative due to the
presence and/or acquisition of mechanisms of chemoresistance.1

Cisplatin predominantly causes single-strand breaks (99%),
whereas inter-strand breaks are scarce (1%).17 Hence, tumor cells
treated with cisplatin can evolve and develop adaptive DNA
repair mechanisms to survive.1 Our results corroborate previous
studies indicating that pevonedistat induces unrepairable DNA
damage18 that could prevent the development of adaptive
mechanisms and, thus, the appearance of chemoresistance.
Importantly, we demonstrated an augmented efficacy of the
triple combination of GemCis and pevonedistat in CCA cells
compared to GemCis or pevonedistat alone. Hence, pevonedistat
can cooperate with cisplatin to induce DNA damage,19 and
therefore, increase CCA cell sensitivity to GemCis.

Aiming to further study the implications of NEDDylation in CCA
and in order to confirm the anti-tumor capacity of pevonedistat,
NAE1-knockdown cells were generated using the CRISPR/Cas9
methodology, and these were able to recapitulate most of the ef-
fects observed with pevonedistat in vitro and in vivo. Furthermore,
NAE1-deficient CCA cells were characterized by downregulation of
stemness markers and were incapable of forming spheroids, sup-
porting our initial data where less-differentiated CCA tumors pre-
sented upregulated NAE1 expression levels compared to well-
differentiated ones. On the other hand, Nae1+/- mice, harboring
impaired NEDDylation, seemed to be protected against the devel-
opment of CCA preneoplastic lesions, supporting the role of this
pathway in CCA origin and progression.

The crosstalk between tumor epithelia and stroma is of
utmost importance in cancer. CCA presents an extensive TME,
and its interaction regulates most cancer hallmarks. We have
corroborated that CAF-derived media enhances CCA cell prolif-
eration and migration.20 Notably, pevonedistat was able to
reduce CAF viability per se, indicating the relevance of NEDDy-
lation in the TME. Focusing on CCA-TME interactions in the
context of NEDDylation, differences between the secretome of
CRISPR/Cas9 control and NAE1-knockdown CCA cells were
analyzed. Significant differences were particularly observed in
proteins related to fibroblast activation, proliferation, and
migration. A reduced number of proteins associated with CAF
activation and recruitment (HMGA1, HMGA2, and COL6A1,
among others) were identified in the secretome of NAE1-
knockdown CCA cells and could be involved in the reduction in
CAF proliferation and migration detected after incubating CAFs
with NAE1-knockdown cell-derived media. Furthermore, a
downregulation of proteins related to angiogenesis was identi-
fied in the NAE1-deficient CCA cell secretome. On the other hand,
the pro-tumorigenic effects of the secretome of CAFs seem to be
independent of the NEDDylation status of CCA cells, as similar
proliferation and migration results were obtained in CRISPR/Cas9
control and CRISPR/Cas9-NAE1 CCA cells.

Overall, this study unravels the crucial role of the NEDDyla-
tion of proteins in cholangiocarcinogenesis and demonstrates
the importance of the NEDDyation status of cancer cells in their
crosstalk with CAFs, pointing to the role of aberrant protein
NEDDylation not only in the behavior of the tumor or TME cells
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themselves, but also in their interaction. Furthermore, targeting
the NEDDylation pathway with pevonedistat appears to be an
attractive strategy to tackle CCA. Pevonedistat is safe and has
been approved by the U.S. Food and Drug Administration for the
treatment of patients with higher-risk myelodysplastic syn-
drome. Moreover, pevonedistat is currently being investigated in
26 clinical trials for different cancers and 7 additional ones have
been completed (www.clinicaltrials.gov). Altogether, our data
support the potential of pevonedistat (either alone or in com-
bination) for the treatment of patients with CCA, which warrants
further investigation.
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