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Abstract
The E3 ubiquitin ligase thyroid hormone receptor interacting protein 12 (TRIP12) has been implicated in pancreatic
adenocarcinoma (PDAC) through its role in mediating the degradation of pancreas transcription factor 1a (PTF1a).
PTF1a is a transcription factor essential for the acinar differentiation state that is notably diminished during the early
steps of pancreatic carcinogenesis. Despite these findings, the direct involvement of TRIP12 in the onset of pancreatic
cancer has yet to be established. In this study, we demonstrated that TRIP12 protein was significantly upregulated in
human pancreatic preneoplastic lesions. Furthermore, we observed that TRIP12 overexpression varied within PDAC
samples and PDAC-derived cell lines. We further demonstrated that TRIP12 was required for PDAC-derived cell
growth and for the expression of E2F-targeted genes. Acinar-to-ductal cell metaplasia (ADM) is a reversible process
that reflects the high plasticity of acinar cells. ADM becomes irreversible in the presence of oncogenic Krasmutations
and leads to the formation of preneoplastic lesions. Using two genetically modified mouse models, we showed that a
loss of TRIP12 prevented acini from developing ADM in response to pancreatic injury. With two additional mouse
models, we further discovered that a depletion of TRIP12 prevented the formation of KrasG12D-induced preneoplastic
lesions and impaired metastasis formation in the presence of mutated KrasG12D and Trp53R172H genes. In summary
our study identified an overexpression of TRIP12 from the early stages of pancreatic carcinogenesis and proposed this
E3 ubiquitin ligase as a novel regulator of acinar plasticity with an important dual role in initiation and metastatic
steps of PDAC.
© 2024 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of The Pathological Society of Great
Britain and Ireland.
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Introduction

Pancreatic adenocarcinoma (PDAC), or pancreatic cancer,
is the fourth leading cause of death by cancer in Western
countries with a 5-year survival rate below 10% [1] that is
attributed to the lack of early diagnostic markers and
effective treatments. Currently, surgery and a limited
number of therapeutic options are available to patients
[gemcitabine, folfirinox, Nab-paclitaxel, or poly-ADP

ribose polymerase (PARP) inhibitors] [2,3]; however,
those treatments continue in most cases to be ineffec-
tive against PDAC. Thus, gaining a deeper understand-
ing of the mechanisms governing the initiation and
progression of PDAC remains crucial. Numerous studies
have highlighted not only the remarkable plasticity of
acinar cells as a defensive response to prolonged stress
[4–8] but also the plasticity of every pancreatic cell type in
the setting of neoplastic transformation [9–14]. These
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studies have demonstrated that PDAC can arise from
ductal and nonductal cells. Moreover, it is known that
acinar cells lose their identity upon inflammation or
in vitro culture via acinar-to-ductal metaplasia (ADM)
[15–17]. They dedifferentiate to an intermediate embry-
onic state and subsequently transdifferentiate to a
ductal phenotype [5,18]. Changes in acinar identity
increase the malignant transformation of pancreatic cells
[19–23]. It is accepted that acinar cells contribute to the
development of preneoplastic pancreatic intraepithelial
neoplasms (PanIN). Moreover, preventing or reversing
tumor initiation in mice may be achieved by maintaining
or reintroducing pancreas transcription factor 1A
(PTF1A), a key regulator of acinar cell differentiation
[24,25], in the presence of KrasG12D and inflammation
[26–28]. Therefore, preserving a stable acinar cell differ-
entiation program acts as a protective barrier against
PDAC [29–31].

Among the proteins involved in the ubiquitin-
mediated degradation pathway, the protein thyroid
hormone receptor interacting protein 12 (TRIP12) belongs
to the homologous E6-AP carboxyl terminus (HECT) E3
ubiquitin ligase family. It participates in the control of
major biological processes such as cell proliferation, chro-
matin remodeling, and DNA damage repair [32–38].
TRIP12 expression is correlated with the prognosis of
hepatocellular carcinoma [39] and affects the radiosensi-
tivity of human papilloma virus-positive head and neck
squamous carcinoma [40]. It also constitutes a potential
marker of response to PARP inhibitors in BRCAness
patients [37]. We showed that TRIP12 expression was
tightly regulated during the cell cycle, which is important
for mitosis and chromosome stability [41]. Studies indi-
cate that TRIP12 regulates the stability of critical proteins
involved in determining the cellular origins of PDAC.
For example, TRIP12 targets the degradation of F-box
and WD repeat domain containing 7 (FBW7), a major
regulator of pancreatic ductal cell fate and a tumor sup-
pressor in a subset of PDAC patients [42]. We previously
showed that TRIP12 ubiquitinated PTF1A and induced
its degradation by the proteasome [43]. Yet the expression
level of TRIP12 and its role in pancreatic carcinogenesis
have not been thoroughly explored.

In this study, we examined the expression of the
TRIP12 protein in human preneoplastic lesions and
tumor samples. Employing various transgenic mouse
models, we assessed the impact of TRIP12 on acinar
cell plasticity and the development of pancreatic cancer.

Materials and methods

Clinical samples
Surgically resected PDAC specimens from 27 patients
and a human PDAC tissue microarray were obtained
from the Department of Pathology of the Cancer
University Institute of Toulouse (Toulouse, France)
following approval by the ethics committee of Toulouse
Hospital. Patients’ samples were obtained after informed

consent was obtained and in accordance with the
Declaration of Helsinki. Human tissue samples containing
intraductal papillary mucinous neoplasms (IPMN) were
provided by the Department of Pathology of Beaujon
Hospital (Clichy, France). Seventy-seven paraffin-
embedded IPMN lesions were included in a tissue
microarray. Samples were immunostained with anti-
TRIP12 antibodies (supplementary material, Table S1)
using standard procedures. The intensity of TRIP12
nuclear staining in PDAC tissue microarray was graded
as weak, moderate, and strong by four independent
observers (MB, JS, MD, and JT).

Mouse models, treatments, and orthotopic grafts
To generate conditional Trip12 knockout mice, embry-
onic stem (ES) cell clones carrying the targeted allele
(Trip12tm1a(KOMP)Wtsi) were obtained from the Knockout
Mouse Project repository (University of California,
Davis, CA, USA. mmrrc@ucdavis.edu). Targeted ES cell
clones were microinjected into blastocysts of C57BL/6
mice to generate the Tm1a line, which was crossed with a
Flpo-recombinase deleter strain (European Mouse Mutant
Archive repository, Neuherberg/Munich, Germany) to
generate Trip12tm1c Ciphe mice carrying the floxed allele.
All animal studies were approved by the Ministère de
l’Education Nationale, de l’Enseignement Supérieur et
de la Recherche (APAFIS#3600-201512160838611v3)
and performed in accordance with institutional guide-
lines. The following strains were previously described:
the LSL-KrasG12D and LSL-Trp53R172H knock-in
mice were obtained from the Mouse Models of Human
Cancers Consortium repository (NCI-Frederick, MD,
USA), and Pdx1-Cre mice were obtained from
Dr. D.A. Melton (Harvard University, Cambridge,
MA, USA). Elastase CreERT2 mice (Elas-CreERT2)
were generated by Dr. D.A. Stoffers (Philadelphia, PA,
USA) [44] and were provided by Dr. P. Jacquemin
(UCL, Belgium, Brussels). ZsGreen mice (B6.Cg-Gt
(ROSA)26Sortm6(CAG-ZsGreen1)Hze/J) were obtained from
the Jackson Laboratory (Bar Harbor, ME, USA). Mice
were interbred on a mixed background to obtain Pdx1-
Cre;Trip12f/f (CT mice), Elas-CreERT2;Trip12f/f

(ET mice), LSL-KrasG12D;Trip12f/f;Elas-CreERT2
(KET mice), and LSL-KrasG12D;LSL-Trp53R172H;
Trip12f/f;Pdx1-Cre (KPCT mice).
Seven-week-old ET and control (E) mice were treated

with tamoxifen (20 mg/ml; Sigma-Aldrich, St. Louis,
MO, USA) dissolved in corn oil with 10% ethanol.
Mice received three intraperitoneal (i.p.) injections
(1 mg/15 g body weight) on three consecutive days.
Acute pancreatitis was induced at 8 weeks by two sets
of 6-hourly i.p. injections of caerulein (50 μg/kg;
Sigma-Aldrich) on alternating days. Mice were sacrificed
after 2, 24, and 120 h and 7 weeks. Blood and tissue
samples were collected. Amylase concentration was
measured in plasma using alpha-amylase assay (Phadebas,
Kristiantad, Sweden). Glycemia was determined using a
glucose monitoring kit (Accu-Chek Performa, Roche,
Meylan, France). Glucose (2 g/kg, Sigma-Aldrich) was
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injected i.p., and glycemia was measured at the indicated
times.
GaussiaLuciferaseMIA PaCa-2 shScr and shTRIP12#1

(2 � 106 cells/injection) were injected into the pancreas of
severe combined immunodeficiencymice. Luciferase activ-
ity was determined after injection of coelenterazine
(Promega, Madison, WI, USA) every 4–5 days after injec-
tion as described previously [45].

Acinar cell isolation and ex vivo ADM formation
Pancreata were resected, and 100 mg of each was placed
in cold Hank’s balanced salt solution (Gibco/BRL,
Gaithersburg, MD, USA) containing 0.01% soybean
trypsin inhibitor (STI) (Sigma-Aldrich) and 1,000 U of
collagenase II (Thermo Fisher Scientific, Carlsbad,
CA, USA). Digestion was performed at 37 �C for 20 min
with mechanical dissociation. Digested pancreatic tissue
was pelleted, centrifuged, and suspended in DMEM
culture medium containing 4.5 g/l glucose, 10% fetal
bovine serum (FBS, Eurobio Scientific, Les Ulis,
France), 10% penicillin–streptomycin mixture, and
0.01% STI. Epidermal growth factor (EGF, 20 ng/ml;
Sigma-Aldrich) was added to the acinar cell suspension.
An equal volume of rat tail collagen (RTC)-type I
(Corning, Corning, NY, USA) was added, and 500 μl
were seeded on precoated 24-well dishes with 100 μl of
RTC then incubated at 37 �C in 5% CO2. After RTC
solidification, complete DMEM culture medium (Gibco/
BRL) was added and changed at days 1 and 4. ADM was
quantified using a Z1 microscope (Zeiss, Baden-
Wurttemberg, Germany) and Fiji software (https://imagej.
net/software/fiji/downloads).

Generation of mouse cancer cell lines and tail vein
injections
Pancreatic tumors from KPC and KPCT mice were cut
into �1-mm3 pieces and transferred to DMEM-F12
(Gibco/BRL) culture medium (with 10% FBS and anti-
biotics). The medium was renewed every 3 days.
Primary cultures were monitored for 15–35 days for
epithelial cell outgrowth. The primary outgrowing
epithelial cells were subcultured by trypsinization using
a 0.05% trypsin–0.02% EDTA solution (Thermo Fisher
Scientific). From the second passage, the cells were
maintained in DMEM-F12 medium containing 10%
FBS and antibiotics. Mouse pancreatic cancer cells
(1 � 106) were injected into the tail vein of 8-week-
old C57/B6 mice. Four weeks after injection, lungs
were inflated with formalin then embedded in
paraffin wax.

Histological analysis, immunohistochemistry, and
immunofluorescence
Pancreata were fixed in 10% neutral buffered formalin
and embedded in paraffin wax. For histopathological
analysis, pancreata were serially sectioned at 4 μm
and stained with hematoxylin and eosin (H/E).
Histopathological analysis and scoring of tissue damage

were performed using representative serial H/E-stained
sections. Immunostaining followed standard protocols.
Antibodies used for immunohistochemical analyses are
listed in supplementary material, Table S1. Sections
were imaged using a Hamamatsu Nanozoomer 2 slide
scanner (Hamamatsu Photonics, Shizuoka, Japan) or
a Pannoramic 250 flash II Scanner (3DHISTECH,
Budapest, Hungary). Images were analyzed and quan-
tified using CaseViewer (3DHISTECH) or QuPath 5.0
software [46].

Statistical analysis
The GraphPad Prism 9 software package (GraphPad
Software, Boston, MA, USA) was used to perform sta-
tistical tests as mentioned in the figure legends. A dif-
ference was considered significant when the p value was
less than 0.05. The number of independent experiments
is indicated in the figure legends. *, **, ***, and ****
indicate a p value <0.05, 0.01, 0.001, and 0.0001,
respectively.

Details for disease-free survival analysis, cell lines
and culture, comparative genomic hybridization array,
sodium bisulfite mapping, cell adhesion tests, cell cycle
synchronization, immunofluorescence on PDAC-derived
cell lines, shRNA lentiviral plasmids and lentiviral
production, flow cytometry, RNA isolation and semi-
quantitative real-time polymerase chain reaction (PCR)
analysis, western blot analysis, Agilent microarray
gene expression analysis, protein–protein interaction
network analysis, RNA sequence analysis, Gene Set
Enrichment Analysis (GSEA), and cell growth rate,
colony formation, and invasion assays are presented in
Supplementary materials and methods.

Results

TRIP12 is overexpressed in human preneoplastic
lesions and pancreatic tumors
The TRIP12 protein was observed in the nuclei of
exocrine acinar and ductal cells, as well as in the endo-
crine islets of healthy pancreas tissue, although the
staining intensity was notably weak and exhibited
heterogeneity (Figure 1A). A significant increase in
TRIP12 staining intensity was measured in pancreatic
intra-epithelial neoplasia (PanIN) (Figure 1B,C) and in
IPMN lesions (Figure 1D,E). We also found that
TRIP12 was markedly overexpressed in PDAC sam-
ples (Figure 1C–F), which was supported by TRIP12
mRNA expression in public datasets (Figure 1G).
Moreover, a tissue microarray revealed a great heteroge-
neity of TRIP12 expression in PDAC that was not cor-
related with gender, age, grade, or differentiation state
(Figure 1H and supplementary material, Table S3). A
similar heterogeneity of TRIP12 overexpression was mea-
sured in a panel of PDAC-derived cell lines (Figure 1I,
and supplementary material, Figure S1A,B). This het-
erogeneity was not explained by large Trip12 gene
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Figure 1. TRIP12 is overexpressed in human preneoplastic lesions and pancreatic tumors. (A) Representative TRIP12 immunohistochemistry
(IHC) staining in healthy pancreatic tissue: d, duct; I, islet. (B) Representative TRIP12 IHC staining in sections of human pancreas containing
PanINs: I, islet. (C) Quantification of TRIP12-positive nuclei in 29,000 acinar cells from seven PDAC patients, in 85 nonneoplastic ducts from
six PDAC patients, in 170 PanIN1, 62 PanIN2, and 29 PanIN3 from 17, 14, and 10 patients, respectively, and in 537 neoplastic ducts from
seven PDAC patients. Each symbol represents the mean percentage of TRIP12-positive nuclei in each sample. Each color corresponds to one
patient. The blue bars represent the mean of each group. A Mann–Whitney test was used. (D) Representative TRIP12 IHC staining in IPMN
with low-grade dysplasia, intermediate-grade dysplasia, and high-grade dysplasia and in PDAC. (E) Percentage of TRIP12-positive nuclei
scored in five cores of 27 IPMN with low-grade dysplasia (LD), 17 IPMN with intermediate-grade dysplasia (ID), 20 IPMN with high-grade
dysplasia (HD), and in 21 carcinoma (PDAC) cases assessed by two investigators. Blue bars represent the mean of each group.
(F) Representative TRIP12 IHC staining in human PDAC. (G) Expression of TRIP12mRNA in pancreatic tumors (n = 179) and normal pancreas
(n = 171), obtained from the Gene Expression Profiling Interactive Analysis (GEPIA) public database. A Mantel–Cox test was used.
(H) Representative TRIP12 IHC staining obtained on a tissue microarray of human PDAC displaying a weak (n = 6), moderate (n = 8), and strong
(n = 7) TRIP12 expression. The insets emphasize cancerous cells. (I) TRIP12 protein expression in five PDAC-derived cell lines determined by western
blot analysis. GAPDH protein level was used as loading control. The image is representative of at least three independent experiments. (J) Kaplan–
Meier plots of disease-free survival of high (red, n = 89) and low (blue, n = 89) TRIP12mRNA expressing PDAC patients (50th percentile). Datawere
obtained from the GEPIA database and expressed as survival fraction. A log-rank test was applied.
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alterations or promoter hypermethylation (supplementary
material, Figure S2A–C). TRIP12 mRNA variants with
short or long 3’-UTR (3’-UnTranslated Region) that dis-
play different translation efficiencies were reported [47].
The assessment of TRIP12 3’-UTR variants did not reveal
significant differences among PDAC-derived cell lines
(supplementary material, Figure S3 and Table S2).
Nevertheless, we noted a distinct regulation of
TRIP12 during the cell cycle, correlating with its
expression in PDAC-derived cell lines (supplementary
material, Figure S4A–C). Clinically, high TRIP12
expression in PDAC is associated with a shorter
disease-free survival (Figure 1J).
Collectively, our findings support the role of TRIP12

overexpression in the initiation and/or progression
of PDAC.

TRIP12 participates in human PDAC-derived cell
growth and modifies E2F-targeted gene expression
To investigate the implication of TRIP12 in the fate of
human PDAC-derived cells, we generated TRIP12
depleted-PANC-1 and MIA PaCa-2 cell lines
(Figure 2A, supplementary material, Figure S5A,B).
The main consequence of TRIP12 depletion was a sig-
nificant inhibition of cellular growth in vitro (Figure 2B
and supplementary material, Figure S5C) but also in vivo
(Figure 2C and supplementary material, Figure S6A)
without affecting cell adhesion (supplementary material,
Figure S6B). To better understand how TRIP12 affects
PDAC-derived cell growth, transcriptomic analysis and
GSEA were performed. Among the Molecular
Signatures DataBase (MSigDB) hallmark gene sets, the
most repressed pathway in both TRIP12-depleted
PDAC-derived cell lines was the E2F-targeted genes
(Figure 2D, supplementary material, Table S4 and
Figure S7). Among the 195 genes that constitute the
E2F target gene set, 90 genes were commonly repressed
in both TRIP12-depleted cell lines (Figure 2E). E2F
transcription factor family controls the transcription of
genes involved in G1-to-S, G2-to-M transition and
DNA damage repair [48]. A functional interaction net-
work of the 195 E2F target gene products illustrated
their implication in DNA replication, DNA repair,
G2/M transition of mitotic cycle, and chromosome seg-
regation (supplementary material, Figure S8, top
panel). Interestingly, the two latter functional
networks were largely conserved in the analysis of
E2F target genes repressed in TRIP12-depleted MIA
PaCa-2 cells (supplementary material, Figure S8, bottom
panel). Moreover, the TRIP12 depletion led to an accu-
mulation of cells in S and G2 phases suggesting a
functional defect in these phases (Figure 2F). Taken
together, these findings indicate that TRIP12 is impor-
tant for the appropriate growth of PDAC-derived cells.
Moreover, they support the involvement of TRIP12 in
regulating the expression of E2F target genes that are
crucial for mitotic division.

TRIP12 deficiency during embryogenesis induces
pancreatic abnormalities in adults
To investigate the implication of TRIP12 in the initiation
steps of PDAC, we generated conditional Trip12 knock-
out mice by crossing mice carrying floxed alleles of the
Trip12 gene with Pdx1-Cre mice to deplete the TRIP12
protein in embryonic pancreatic progenitors
(Figure 3A). TRIP12-deficient mice (CT) were viable
and indistinguishable in appearance from the control
(C) littermates. As expected, the depletion of TRIP12
was observed in all pancreatic cell types of CT mice
pancreas (supplementary material, Figure S9A). While
the body weights of CT and Cmice were similar at the age
of 3 months, we measured a significant alteration of pan-
creas weight and pancreas to body weight ratio in CTmice
that persists in older mice (Figure 3B). Interestingly, H/E
staining revealed a pancreatic steatosis in all CT mice
pancreases examined at the age of 3–4 months but no other
cytological and degenerative changes (Figure 3C).

We conducted i.p. glucose tolerance tests to assess
whether the depletion of TRIP12 in islets influences
blood glucose homeostasis. Fasting glycemia was not
significantly different in CT mice at the age of 3 months
(Figure 3D). However, the response to glucose overload
was improved indicating that Trip12 gene depletion
affects pancreatic endocrine function of young adults
with no significant difference of islet size (Figure 3E)
or insulin and glucagon staining (Figure 3F). We
expanded the study of TRIP12 depletion in acinar cells
by a transcriptome analysis. A total of 566 genes were
significantly altered (supplementary material, Figure S9B).
The analysis of the top 25most downregulated genes in CT
acinar cells underscores the importance of TRIP12 in
maintaining the acinar cell phenotype. Notably, eight of
these genes were associated with enzyme production, and
seven were involved in the regulation of differentiation
(Figure 3G). Gene enrichment analyses revealed changes
in genes associated with metabolic and cell morphogenesis,
organelles, vacuoles, extracellular matrix, pancreatic
secretion, and Notch pathway (supplementary material,
Figure S9C). We also identified an effect of TRIP12
depletion on genes related to acinar cell identity (Figure 3H).
Altogether, our results suggest that TRIP12 deficiency
during embryogenesis leads to an altered mature acinar
cell identity.

In parallel, we generated an Elas-CreERT2 acinar
cell-specific conditional disruption of Trip12 gene by
the administration of tamoxifen (supplementary material,
Figure S10A). We confirmed an acinar TRIP12 depletion
in ET pancreas (supplementary material, Figure S10B).
The pancreas-to-body-weight ratio of TRIP12-deficient
mice (ET) significantly decreased at 5 months of age.
The same trendwas observed in oldermice (supplementary
material, Figure S10C). Unlike Pdx1-Cre;Trip12f/f model,
ET mice exhibited no macroscopic modifications of their
pancreas, and H/E staining showed similar pancreas
phenotypes in E and ET mice (supplementary material,
Figure S10D).
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Figure 2. TRIP12 participates in human PDAC-derived cell growth and modifies E2F-targeted gene expression. (A) TRIP12 protein level in
PANC-1 and MIA PaCa-2 cells stably expressing three shRNAs directed against TRIP12 mRNA (ShTRIP12#1, #2, #3) measured by western
blotting and compared to its level in PANC-1 and MIA PaCa-2 expressing a control shRNA (ShScr). Proliferating cell nuclear antigen (PCNA)
protein level was used as loading control. The image is representative of three independent experiments. Western blot analysis was performed
prior to cell growth measurements presented in (B). (B) Cell growth of TRIP12-depleted PANC-1 and MIA PaCa-2 cells determined by seeding
at 5 � 105 cells/well and counting every 24 h for 72 h. Mean ± SEM compared to t = 0 h (set as 1). A Mann–Whitney test was used. (C) In
vivo growth of TRIP12-depleted and control MIA PaCa-2 cells was determined after orthotopic implantation in the pancreas of nude mice.
MIA PaCa-2 cells stably expressing Gaussia luciferase (GLuc) were stably transfected with ShTRIP12 or Scr shRNA. Luciferase activity in blood
was measured every 4–6 days over 29 days. The results show the luciferase activity (LU) across four mice for each condition. The inset represents
the level of TRIP12 protein in ShScr and ShTRIP12 GLucMIA PaCa-2 cells determined by western blotting. PCNA protein level was used as loading
control. (D) Graphical representation of E2F target gene set enrichments after TRIP12-depleted PANC-1 and MIA PaCa-2 cell transcriptomic
analysis using GSEA software with a nominal p value <0.001 and a false discovery rate (FDR) <0.001. NES, normalized enrichment score. The blue
rectangles indicate leading edge genes. (E) Venn diagram representing E2F target leading edge genes in TRIP12-depleted PANC-1 andMIA PaCa-
2 cell transcriptomic analysis. (F) Cell-cycle distribution of TRIP12-depleted (ShTRIP12 #1, #2, and #3) and control (ShScr) MIA PaCa-2 cells
measured by flow cytometry after propidium iodide incorporation. The results are expressed as percentage of cells in the different phase of the
cell cycle and are the mean ± SEM of at least four independent experiments. An unpaired t-test was used.
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Figure 3. TRIP12 deficiency during embryogenesis induces pancreatic abnormalities in adults. (A) Schematic representation of CT model in
which the Cre recombinase expression is driven by the Pdx1 promoter. Black triangles indicate loxP sequences. (B) Body weight, pancreas
weight, and pancreas/body weight ratio of control (C) mice (n = 22) and TRIP12-deficient (CT) mice (n = 17) at age 3 months and of
C (n = 12) and CT mice (n = 14) older than 6 months. Mean ± SEM. A Mann–Whitney test was used. (C) Representative hematoxylin/eosin
staining of Pdx1-Cre;Trip12+/+ (C) and Pdx1-Cre;Trip12fl/fl (CT) pancreas at age 3 months. Boxes indicate enlarged regions: d, duct: I, islet.
Black arrows indicate pancreatic steatosis areas. (D) Glycemia after i.p. glucose injection in C (n = 21) and CT (n = 15) mice at age 1 to
3 months. A Mann–Whitney test was used. (E) Islets were counted and their diameters measured in two sections of pancreas of C (n = 4) and
CT (n = 4) mice. Mean ± SEM. A Mann–Whitney test was used. (F) Representative immunofluorescence image of INSULIN (red) and
GLUCAGON (yellow) in islets from C and CT mice (n = 3). Nuclei were counterstained with DAPI. (G) Graphical representation of 25 most
significantly increased or decreased mRNA in CT versus C acinar cells: mRNAs with adjusted p value lower than 0.05 were considered
significantly altered. Pink bars represent mRNAs related to acinar cell identity; black bars represent mRNAs related to epithelial phenotype.
(H) Graphical representation of acinar cell identity mRNA expression.
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TRIP12 is required for ADM formation ex vivo and
in vivo
ADM precedes the formation of PanIN in response to
inflammation. Considering the increased expression of
TRIP12 observed in early-stage preneoplastic lesions
(Figure 1B–E), we explored its role in the regulation of
acinar cell plasticity. For these assays we used an
established ex vivo 3D-acinar cell culture that models
the conversion of acinar cells to ductal cells. To this
end, CT and ET mice were crossed with ZsGreen Cre
reporter mice to generate ZsG-CT and ZsG-ETmice [49]
(supplementary material, Figure S11A,B, left panel). As
expected, ZsGreen was expressed in acinar, ductal, and
islet cells of ZsG-C mice (supplementary material,
Figure S11A, right panel) and specifically in acinar cells
of ZsG-E mice (supplementary material, Figure S11B,
right panel). Acinar cells were isolated from ZsG-CT
and ZsG-ET mice and controls (ZsG-C and ZsG-E).
Following the addition of EGF, control acini converted
to ductal structures after 4 days (Figure 4A,B). In contrast,
TRIP12-depleted acinar cells did not transdifferentiate into
ductal cells. Interestingly, the ductal structures visible in
TRIP12-deficient acinar preparations did not express
ZsGreen and corresponded to cells that had failed
Cre-mediated recombination (Figure 4A,B, lower
panels). The absence of TRIP12 was associated with
the presence of abnormal ZsGreen-positive cell clusters
corresponding to multilobed structures with lumen or
vacuoles devoid of ductal epithelium (Figure 4C,D).
These results demonstrate that TRIP12 is required for
ADM and contributes to acinar cell plasticity.

We delved deeper into the function of TRIP12 in
acinar cell dedifferentiation in vivo utilizing a
caerulein-induced acute pancreatitis model in E versus
ET mice (Figure 4E). The onset of pancreatitis was
validated by elevated plasma amylase levels in both
groups (Figure 4F). Vacuolization of acinar cells that is
indicative of autophagy, stressed acini, or necrosis was
noticed in E and ET mice (Figure 4G). In control mice,
the initiation of ADM was marked by the distension of
acinar lumens, whereas in ET mice, features included
acinar hypertrophy, more uniformly distributed eosino-
philic zymogen granule zones, and reduced basophilic
areas at the base of acinar cells. After 1 day, entire
lobules of control mice displayed extensive ADM. In
contrast, ET acini retained a hypertrophied acinar phe-
notype with numerous vacuoles. While the interstitial
edema area was similar in both groups, inflammatory
cells were less numerous in ET pancreas (supplementary
material, Figure S12A,B). After 5 days, most control
acinar tissue reverted back to its original morphology,
whereas ET acinar tissue retained several defects.
Indeed, vacuoles were still present, suggesting that a
longer period was required for complete recovery. As
expected during ADM, caerulein-treated control mice
displayed a peak of cytokeratin 19 (CK19) staining in
acinar cells after 1 day that returned to basal level after
5 days (Figure 4H). In ET acini, CK19 expression
increased to a lower extent after 1 day, confirming an

altered transdifferentiation.Moreover, CK19 stainingwas
restricted to apical pole around acinar lumen and did not
extend in basolateral location as observed in ADM.
Taken together, our experiments demonstrated that

TRIP12 was necessary for ADM formation not only
ex vivo but also in vivo. Additionally, its depletion
affects the differentiation response to caerulein in the
pancreas of mice.

TRIP12 participates in PDAC initiation, metastatic
dissemination, and CLAUDIN 18 expression
It is known that KrasG12D oncogene expression in adult
acinar cells initiates PDAC [50]. We hypothesized that
altered ADM observed in the absence of TRIP12 affected
PDAC initiation. We generated TRIP12-deficient (KET)
and TRIP12-expressing (KE) control mice (Figure 5A).
The activation ofKrasG12D concomitantly with the loss of
TRIP12 was obtained by an administration of tamoxifen.
Mice were sacrificed 3 months after tamoxifen treatment
(Figure 5B). No difference in pancreas/body weight ratio
was measured (supplementary material, Figure S13).
Histological analyses revealed the presence of low-grade
PanINs in four out of seven KE mice but no evidence of
PanINs in any of the six KET mice (Figure 5C,D). To
confirm these results, KE andKETmice were treated with
caerulein a week after tamoxifen treatment (Figure 5E).
After 7 weeks, mice were sacrificed and analyzed. As
expected, caerulein injections increased the proportion
of mice harboring PanIN lesions stained by Alcian blue
and (four out of four) displaying an activation of ERK1/2
pathway (Figure 5F,G). In contrast, the absence of
preneoplastic lesions in KET was associated with an
absence of ERK1/2 pathway activation, confirming that
TRIP12 is necessary for the initiation steps of PDAC
initiated by oncogenic KrasG12D.
Finally, we posited that TRIP12 played a role in the

formation and progression of PDAC. To test this hypoth-
esis, we generated mice cohorts of the consensus KPC
mouse PDAC model [51] (KrasG12D and Trp53R172H)
expressing TRIP12 (KPC) or not (KPCT) (Figure 6A).
Autopsy and histological analyses revealed that both
KPC and KPCT mice developed PDAC (Figure 6B,C),
indicating that the depletion of TRIP12 was not able to
counteract PDAC formation in the combined expression
of KrasG12D and Trp53R172H oncogenes. Nevertheless,
KPCT mice displayed a lower tumor incidence (four out
of seven versus six out of seven in KPC mice) and
less frequent metastasis mainly located on liver and
kidneys (Figure 6B). Body and tumor weights of both
groups were similar, although the perimeter of KPCT
tumors tended to be smaller (supplementary material,
Figure S14A,B). The relative surface occupied by
tumor cells, pancreatic lesions, and normal acini
was not statistically different between the two groups
(supplementary material, Figure S14C).
Interestingly, histological analysis revealed that KPC

tumors displayed a mesenchymal cellular component
that was not observed in KPCT tumors (Figure 6C,D).
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The median survival of KPC and KPCT mice was not
statistically different but a death delay of KPCT mice
was observed (Figure 6E). Subsequently, we generated
cell lines from KPC and KPCT tumors (Figure 6F).

Using Boyden chambers, we measured the capacity of
KPC and KPCT cells to invade extracellular matrix pro-
teins. Our experiments revealed that the loss of TRIP12
affects the invasive capacity of pancreatic cancer cells

Figure 4 Legend on next page.
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(supplementary material, Figure S14D). Moreover, to
determine their capacity to form metastasis, KPC and
KPCT cells were injected in mice tail vein, a commonly
used to model lung metastasis [52]. Injected cells transit
through the vena cava and the right heart and reach the
lung capillary system. The appearance of metastasis in
the lung was measured 4 weeks after injection. This
experiment showed that the depletion of TRIP12 inhibits
the in vivo metastatic dissemination of pancreatic cancer
cells (Figure 6G).We further characterizedmurine tumor-
derived cell lines by analyzing their transcriptome. RNA
sequencing (RNA-seq) analysis identified 609 altered
genes in KPCT cell lines with a dramatic loss of
CLAUDIN18 mRNA expression (Figure 6H). The tight
junction CLAUDIN 18 protein is known as an early
marker of pancreatic carcinogenesis [53,54]. The specific
loss of the gastric CLAUDIN 18.2 isoform in KPCT cells
was demonstrated by RT-qPCR (supplementary material,
Figure S14E). Moreover, CLAUDIN 18 loss was
confirmed in KPCT-derived cells as well as in KPCT
tumors (Figure 6I,J).

Taken together, our findings indicated that TRIP12
was required for PDAC initiation and that it participated
in metastatic dissemination. Moreover, they showed that
TRIP12 was necessary for the expression of CLAUDIN
18, an early marker of pancreatic carcinogenesis.

Discussion

In this study, we have shown that TRIP12 is expressed at
low levels in normal pancreas but is significantly
overexpressed in pancreatic preneoplastic lesions and
PDAC. Employing two conditional Trip12 knockout
mouse models, we revealed that TRIP12 expression
was necessary for the formation of ADM, a critical initial
step in the initiation of PDAC. Using two novel murine
models, we further showed that TRIP12 deficiency
impedes PanIN formation in the presence of KrasG12D

and reduces the metastatic capacity of tumor cells when
Trp53R172H is concomitantly expressed.

As mentioned earlier, TRIP12 overexpression in PDAC
samples was also observed in other studies [32]. We
unveiled a high heterogeneity of TRIP12 expressionwithin
PDAC samples that is supported by the human Protein
Atlas data. Similarly, TRIP12 heterogeneity was observed
in PDAC-derived cell lines that we could not explain by
large genomic alterations, DNA hypermethylation, or
the level of Trip12 mRNA 30-UTR variants [47]. We
previously showed that TRIP12 protein expression was
tightly regulated during the cell cycle [41]. Herein, we
showed that an altered cell cycle regulation of TRIP12 is
associated with its expression level and could explain
TRIP12 heterogeneous expression in PDAC-derived cells.
We established that TRIP12 was important for the pro-

liferation of human PDAC-derived cell lines. Through
transcriptomic analyses, we found that depletion of
TRIP12 significantly downregulated the expression of
genes targeted by the E2F transcription factors. It is
known that E2F transcription family controls the expres-
sionof genes implicated inG1–S andG2/M transition [55].
Interestingly, our analysis further uncovered that TRIP12
depletion specifically affected the expression of E2F-
target genes associated with cell division, suggesting
that TRIP12 plays a crucial role in the appropriate
expression of genes essential for this phase transition.
This observation aligns with the finding that TRIP12 is
necessary for cell division and chromosome segregation [41].
Moreover, our findings highlighted the key role of

TRIP12 in acinar cell identity and plasticity by showing
that a loss of TRIP12 prevented the reprogramming process
in response to pancreatic inflammation. Of importance,
TRIP12 deficiency also impedes the formation of ADM
in the presence ofKrasG12D,which favors a role for TRIP12
in oncogenic transformation. We demonstrated that
TRIP12 induces a poly-ubiquitination-dependent degrada-
tion of the transcription factor PTF1A, a maintenance
keeper of acinar phenotype [43]. Therefore, it is possible
that TRIP12 ablation in acinar cells stabilizes PTF1A
expression, which could maintain an acinar phenotype
even in the presence of inflammation or KrasG12D expres-
sion. Moreover, during ADM, epigenetic repression of
acinar enzymes and transcription factors is initiated and

Figure 4. TRIP12 is required for ADM formation ex vivo and in vivo. (A and B) Representative bright field images (top panels) and bright field
+ fluorescence images (bottom panels) of acinar cell clusters and ductal cyst structures from isolated acinar cells from control ZsG-C and
ZsG-E and TRIP12-deficient ZsG-CT and ZsG-ET pancreas 1 and 4 days after isolation and treatment with EGF. Both Trip12+/+ and Trip12fl/fl

mice were bred with ZsGreen reporter mice prior to crossing with Elas-CreERT2 mice or Pdx1-Cre mice yielding ZsGreen expression in control
ZsG-C and ZsG-E and in ZsG-CT and ZsG-ET TRIP12-deficient acinar cells: d, ductal cyst structures formed after ADM; ab, abnormal cell
clusters with enlarged lumen or vacuoles. Images are representative of three independent experiments. (C and D) Quantification of
fluorescent cellular structures: acinar cell clusters, ductal cyst structures, and abnormal cell clusters 4 days after acinar cell isolation from
ZsG-E and ZsG-C control and ZsG-ET and ZsG-CT pancreas and treatment with EGF. The bars represent the mean ± SEM of three independent
experiments. A Kruskal–Wallis test was used. (E) Experimental design of caerulein-induced acute pancreatitis in ET and E control mice. Inactivation
of Trip12was induced by injections of tamoxifen at age 7 weeks. Controls were also treated with tamoxifen. Pancreatitis was induced 1 week later.
Mice were sacrificed 2 h, 1 day, and 5 days after last injection. (F) Plasma amylase levels of E and ET mice were determined at 2 h, 1 day, or 5 days
after the last injection of caerulein. Results were obtained from three independent experiments and expressed as mean ± SEM. A Mann–Whitney
test was applied. (G) Representative H/E staining of E and ET mice (n = 3) pancreas 2 h, 1 day, and 5 days after the last injection of caerulein.
Green arrowheads indicate control acinar cells with central distended lumen at 2 h that evolve toward a ductal phenotype 1 day after treatment
(yellow asterisks). Yellow arrows indicate vacuoles of various sizes that sometimes contain amorphous material (green asterisks). Yellow hashes
correspond to apoptotic cells. Gray arrows indicate inflammatory cells in interstitial edema. (H) Representative immunofluorescence images of
cytokeratin 19 (CK19) expression at indicated times after last caerulein injection obtained from three experiments with three different mice. Nuclei
were counterstained with DAPI. d, duct; yellow asterisks, transdifferentiating acini; yellow arrows, vacuoles.
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maintained by repressive histone marks H2AK119Ub
and H3K27me3 added by histone-modifying enzymes
of the Polycomb repressive complexes (PRC) 1 and
2 [56,57]. TRIP12 is reported to interact with several
components of PRC (e.g., EED, SUZ12, and ASXL1)

[58–60] or to control the stability of chromatin
remodeling complexes such as switch/sucrose
nonfermentable (SWI/SNF) [35,38]. Given these
multiple roles on chromatin, it is likely that
TRIP12 depletion in acinar cells perturbs the

Figure 5. TRIP12 participates in PDAC initiation. (A) Schematic representation of KET mouse model. Black triangles indicate loxP sequences.
(B) Experimental design of Trip12 deletion and KrasG12D activation induced by tamoxifen at 7 weeks. Mice were sacrificed and analyzed at
19 weeks. (C) Incidence of precancerous PanIN lesions in KE (n = 7) and KET mice (n = 6). (D) Representative H/E staining of KE and KET mice
pancreas at 19 weeks. Boxes indicate enlarged regions in insets. Black arrows indicate PanIN lesions. d, duct; i, islet. (E) Experimental design of
Trip12 deletion and KrasG12D activation induced by tamoxifen at 7 weeks and treated by caerulein at 8 weeks. Mice were sacrificed and
analyzed at 15 weeks. (F) Incidence of precancerous PanIN lesions in KE (n = 4) and KETmice (n = 5) treated with caerulein. (G) Representative
H/E, Alcian blue staining and phospho-ERK1/2 IHC images of KE and KETmice pancreas treated with caerulein. Boxes indicate enlarged regions.
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regulation of transcription, which would lead to an
inhibition of reprogramming processes required
for ADM.

Finally, our research uncovered that while TRIP12 is
essential for the initiation of cancer, it becomes dispensable
for PDAC progression when the oncogenic mutation

Figure 6 Legend on next page.
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KrasG12D is associated with the TP53R172H oncogene.
Interestingly, the survival curves of mice mirror those
observed in human patients. While the median survival
time is not impacted by the level of TRIP12 expression,
both human patients with tumors expressing low levels
of TRIP12 and TRIP12-knockout KPC mice exhibit,
on average, longer lifespans. We also noticed that,
whereas the absence of TRIP12 does not suppress
tumorigenic potential in the presence of KrasG12D and
Trp53R172H, TRIP12 participates in the invasive capac-
ity of tumor cells and the presence of a mesenchymal
component. Previous data from the literature reported that
TRIP12 represses EMT andmesenchymal traits [61]. Our
transcriptome analysis did not unveil significant impacts
of TRIP12 depletion on EMT mRNA signatures.
However, it demonstrated that TRIP12 was likely nec-
essary for the expression of the tight junction protein
CLAUDIN 18. Two CLAUDIN18 transcripts are
produced by an alternative splicing [62]. The silencing
of the CLAUDIN18.2 isoform in the vast majority
of normal tissues has been related to its promoter
hypermethylation [63,64] and transcriptional activation
[63–65]. Moreover, in KC mice, the depletion of
Arid1a gene expression (AT-rich interactive domain
1) that encodes a subunit of the SWI/SNF chromatin
remodeling complex induces a dramatic expression of
CLAUDIN 18 [66]. TRIP12 regulates the stability of
the SWI/SNF remodeling complex by targeting the
protein BAF57 [35,67]. It is therefore tempting to spec-
ulate that TRIP12 modulates CLAUDIN 18 expression
via its action of the SWI/SNF complex. In pancreatic
oncogenesis, CLAUDIN 18.2 appears in precancerous
lesions [53,68–70], and an increased expression correlates
with the presence of distant metastasis [71]. In human
PDAC, CLAUDIN 18 expression is associated with well-
differentiated tumors and a better prognosis [53,72].
Therefore, the fact that a TRIP12 depletion reduces
the metastatic dissemination of KPC tumors and the
invasive capacity of KPC tumor-derived cells remains
to be explained. However, the main function of the
ubiquitin ligase TRIP12 is to provoke the degradation
of target proteins. TRIP12 depletion likely induces the
expression of other proteins, which leads to a reduced

invasion capacity of PDAC cancer cells regardless of
CLAUDIN 18 expression.

In summary, the involvement of HECT E3 ubiquitin
ligases in the initiation and progression of PDAC
has been insufficiently explored until now. Our
research has pinpointed TRIP12 as a crucial factor in
acinar-to-ductal reprogramming, in the formation of
KrasG12D-driven PanINs and in tumor invasion. These
findings could give rise to new strategies aimed at
maintaining acinar differentiation. Therefore, the
targeting of overexpressed TRIP12 would contribute
to inhibiting KrasG12D-driven tumorigenesis.
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Figure 6. TRIP12 participates in PDAC metastatic dissemination and CLAUDIN 18 expression. (A) Schematic representation of KPC and KPCT
models. Black triangles indicate loxP sequences. (B) Incidence of PDAC and metastasis in KPC (n = 7) and KPCT (n = 7) mice. The number of mice
with PDAC (top panel) and metastasis (bottom panel) is represented in black. (C) Representative H/E staining of KPC and KPCT tumors. Black boxes
indicate enlarged regions of dedifferentiated, differentiated, mesenchymal, and desmoplastic areas. (D) Surface occupied by dedifferentiated,
differentiated, mesenchymal, and desmoplastic cells in KPC (n = 6) and KPCT (n = 4) tumors expressed as percentage of total tumor area. Mouse
IDs are indicated on x-axis. (E) Percentage of survival of KPC and KPCT mice. (F) TRIP12 protein expression in murine cell lines derived from
indicated KPC and KPCT tumors was determined by western blot analysis. PCNA protein level was used as loading control. The image is
representative of three independent experiments. (G) Representative H/E staining of lung metastases in mice obtained after indicated cell lines
were injected via tail vein (left panel). Black boxes indicate enlarged regions. Relative area of metastases in mouse lungs after injection of indicated
cell lines via tail vein (n = 12 per cell line) (right panel). The surface area of metastases was measured on two whole lung sections per mouse and
normalized to the total lung area. Results are presented as relative area of all metastases for each mouse. Mouse IDs are indicated on x-axis.
(H) Volcano plot of mRNA with differential expression in three KPCT cell lines compared to three KPC cell lines as determined using RNA-seq. Blue
and red dots indicate mRNA with reduced or increased expression, respectively. Gray dots correspond to mRNA with a p value lower than 0.05.
(I) Representative immunofluorescence images of CLAUDIN 18 expression in indicated KPC and KPCT cell lines. Nuclei were counterstained with
DAPI. (J) Representative IHC staining of CLAUDIN 18 expression in indicated KPC and KPCT tumors. Black boxes indicate enlarged regions.
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