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AbsTrACT
background and aims Besides well-defined genetic 
alterations, the dedifferentiation of mature acinar cells is 
an important prerequisite for pancreatic carcinogenesis. 
acinar-specific genes controlling cell homeostasis are 
extensively downregulated during cancer development; 
however, the underlying mechanisms are poorly 
understood. now, we devised a novel in vitro strategy 
to determine genome-wide dynamics in the epigenetic 
landscape in pancreatic carcinogenesis.
Design With our in vitro carcinogenic sequence, 
we performed global gene expression analysis 
and chiP sequencing for the histone modifications 
H3K4me3, H3K27me3 and H2aK119ub. Followed 
by a comprehensive bioinformatic approach, we 
captured gene clusters with extensive epigenetic and 
transcriptional remodelling. relevance of ring1b-
catalysed H2aK119ub in acinar cell reprogramming was 
studied in an inducible ring1b knockout mouse model. 
criSPr/cas9-mediated ring1b ablation as well as drug-
induced ring1b inhibition were functionally characterised 
in pancreatic cancer cells.
results the epigenome is vigorously modified during 
pancreatic carcinogenesis, defining cellular identity. 
Particularly, regulatory acinar cell transcription factors are 
epigenetically silenced by the ring1b-catalysed histone 
modification H2aK119ub in acinar-to-ductal metaplasia 
and pancreatic cancer cells. ring1b knockout mice 
showed greatly impaired acinar cell dedifferentiation 
and pancreatic tumour formation due to a retained 
expression of acinar differentiation genes. Depletion or 
drug-induced inhibition of ring1b promoted tumour cell 
reprogramming towards a less aggressive phenotype.
Conclusions Our data provide substantial evidence 
that the epigenetic silencing of acinar cell fate genes is 
a mandatory event in the development and progression 
of pancreatic cancer. targeting the epigenetic repressor 
ring1b could offer new therapeutic options.

InTroDuCTIon
Pancreatic ductal adenocarcinoma (PDAC) is a 
devastating disease with a current 5-year survival 
rate of 9% and is predicted to be the second 
leading cause of cancer-related death in the 
USA by 2030.1 2 Consequently, the identifica-
tion of tumour-initiating mechanisms is of great 

importance to enable early detection and to provide 
new therapeutic options. PDAC precursor lesions, 
such as pancreatic intraepithelial neoplasia (PanIN) 
or atypical flat lesions (AFLs),3 primarily originate 
from reprogrammed acinar cells.4 5 Acinar cells 
display a remarkable cellular plasticity in pancre-
atic inflammation (pancreatitis) and transiently 
transform into a progenitor-like cell type displaying 
ductal morphology. This process, called acinar-to-
ductal metaplasia (ADM), is assumed to facilitate 
organ recovery after tissue damage.6 Notably, PDAC 
development can be triggered through oncogenic 

significance of this study

What is already known on this subject?
 ► Pancreatic acinar cells show a high cellular 
plasticity in inflammation-induced regeneration 
and pancreatic carcinogenesis.

 ► In acinar-to-ductal metaplasia (ADM) and 
pancreatic tumour cells, acinar-specific genes 
are suppressed, whereas embryonic progenitor 
genes are reactivated.

 ► Epigenetic modifications largely define 
gene expression programmes and cellular 
differentiation.

What are the new findings?
 ► The analysis of an in vitro pancreatic 
carcinogenesis model revealed a broad 
dynamic epigenetic remodelling of acinar-
specific lineage and tumour-associated genes, 
establishing transcriptional alterations.

 ► The histone modifier Ring1b catalyses the 
epigenetic silencing of acinar regulatory 
transcription factors in ADM and pancreatic 
cancer cells.

 ► A conditional depletion of Ring1b prevents 
ADM and KrasG12D-dependent pancreatic 
tumour formation due to a persistent 
expression of acinar differentiation genes.

 ► The epigenetic silencing of acinar cell fate 
genes is an essential step in pancreatic 
carcinogenesis, uncovering cellular 
differentiation as a tumour-suppressive 
mechanism.
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Kras expression in either embryonic acinar or ADM cells.5 7 In 
contrast, the expression of mutant KrasG12V in fully differenti-
ated, adult acinar cells (AA) rarely induces PDAC.7 ADM cells 
are characterised by the establishment of a progenitor-like tran-
scriptional profile due to re-expression of embryonic progenitor 
genes, such as Pdx1, Rbpj and Hes1,6 8 9 and downregulation of 
genes encoding acinar key transcription factors, such as Ptf1a, 
Rbpjl, Bhlha15 and Nr5a2, as well as exocrine enzymes, like 
elastase or amylase.6 10 Thus, the fundamental changes in gene 
expression could be an important prerequisite in rendering the 
cells susceptible to oncogenic cell transformation. However, the 
molecular mechanisms behind these phenomena are still not 
fully understood.

In the past decades, driver mutations in KRAS, CDKN2A 
(commonly known as p16), TP53 and SMAD4 were identified in 
pancreatic cancer,11 and global genetic changes were extensively 
studied within the last years.12 13 Besides genetic alterations, 
epigenetic mechanisms were recently found to play a major role 
in the evolution of metastases of pancreatic cancer14 15 or in the 
generation of well and poorly differentiated pancreatic cancer 
cell types.16 Methylation, acetylation or ubiquitination of specific 
lysine residues on histones regulate chromatin compaction, DNA 
accessibility and gene expression patterns, which define cell 
identity and differentiation.17 The methylation of histone H3 
on lysine 4 (H3K4me3) promotes active gene expression.18 In 
contrast, the monoubiquitination of lysine 119 on histone H2A 
(H2AK119ub) and the trimethylation of lysine 27 on histone H3 
(H3K27me3) act as transcriptional repressors of lineage specific 
genes or tumour suppressor genes, such as CDKN2A, favouring 
tumour progression.19 Both modifications are catalysed by the 
polycomb repressive complexes (PRC) 1 or 2, respectively.20 21 
Until now, the contribution of epigenetic dynamics to acinar cell 
reprogramming and pancreatic tumour formation has not been 
specified.

MATerIAl AnD MeThoDs
Mice and cell lines
STOCK Ptf1atm2(cre/ESR1)Cvw/J (Ptf1aERT); B6.129S4-Krastm4Tyj/J 
(K*); B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (tdTomato) 
were ordered from The Jackson Laboratory, and Ring1bflox/

flox (R1bf/f) were kindly provided by Miguel Vidal, Centro de 
Investigaciones Biológicas-CSIC and Magdalena Götze, Helm-
holtz Center Munich, Germany. All mice were previously 
described.22–25 Ptf1aERT-mediated recombination was induced in 
6-week-old mice through the administration of 4 mg tamoxifen, 
bloated in 200 µL of water, by oral gavage on three alternating 

days. All mouse experiments and procedures were in accor-
dance with the German Federal Animal Protection Laws and 
approved by the government of Upper Bavaria for Laboratory 
Animal Welfare with the reference number 55.2.1.54-2532-119-
2015. Pancreatic cancer cell lines were previously isolated from 
Ptf1aCre/+;LSL-KrasG12D/+ (KC) and Ptf1aCre/+;LSL-KrasG12D/+;Tr-
p53lox/+ (KPC) mice. Further information are provided in online 
supplementary materials and methods section.

All other methods are described in detail in the online supple-
mentary materials and methods section. Primer sequences are 
listed in online supplementary table 1.

resulTs
Transcriptional changes in pancreatic carcinogenesis are 
defined by a dynamic epigenetic landscape
To evaluate the sequence of epigenetic reprogramming in 
PDAC development, we set up an in vitro carcinogenesis model 
consisting of freshly isolated adult acinar (AA), extracted ADM 
cells from a three-dimensional (3D) collagen matrix (ADM) and 
low-passage pancreatic tumour cells (TCs) from a Ptf1aCre/+;LSL-
KrasG12D/+ mouse model (figure 1A). Following our isolation 
procedures, we yielded single cell populations of AA and ADM 
cells with a purity of more than 90% (online supplementary 
figure 1A). We further included immature embryonic acinar cells 
(E18.5) (EA) since ADM and cancer cells exhibit a progenitor-like 
profile (figure 1A). First, we investigated genome-wide gene 
expression by conducting mRNA microarray analysis. Hierar-
chical clustering highlighted a combined cluster of EA, ADM and 
TC, with EA and ADM showing the closest similarity, whereas 
AA displayed a distinct gene expression pattern (figure 1B). We 
detected a good correlation of our AA and TC samples to previ-
ously published data sets of murine normal pancreatic tissue and 
cell lines isolated from tumour specimens (online supplementary 
figure 1B, online supplementary table 2).8 26–28

To uncover gene expression dynamics in EA, AA, ADM 
and TC, we performed a cluster analysis based on the relative 
gene expression and identified eight profiles (figure 1C, online 
supplementary figure 1C and online supplementary table 3). 
Gene ontology (GO) enrichment analysis was performed for all 
clusters (online supplementary table 4). Genes in clusters 1 and 
4 are associated with the terms ‘regulation of Ras protein signal 
transduction’ or ‘chromatin modification’ (figure 1C and online 
supplementary table 4). Histone modifiers, such as Kdm5a and 
Rtf1, modulating H3K4me3 levels29 30 or the polycomb group 
proteins Ezh2 and Rnf2 (in the following designated as Ring1b), 
catalysing H3K27me3 and H2AK119ub, respectively, demon-
strated an increased expression in EA, ADM and TC, though 
Kdm5a and Rtf1 expression was absent at the protein level in 
EA (figure 1C, online supplementary figure 1D and E). These 
results corroborated our previous findings of an increased 
Ring1b expression in pancreatic carcinogenesis.31 Moreover, 
we confirmed the existence of an elevated level of H2AK119ub 
in EA, ADM and TC, whereas H3K4me3 and H3K27me3 
showed an equal distribution among the four biological groups 
(online supplementary figure 1D,E).31 Genes in clusters 3 and 
8 were upregulated in AA and functionally annotated to the 
GO terms ‘digestion’, encompassing acinar digestion enzymes 
or ‘protein transport’ (figure 1C and online supplementary 
table 4). To clarify if these broad transcriptional changes were 
defined by epigenetic alterations, we performed genome-wide 
chromatin immunoprecipitation DNA sequencing (ChIP-seq). 
Here, we globally mapped the transcription activating modifica-
tion H3K4me3 as well as the PRC-catalysed, repressive histone 

significance of this study

how might it impact on clinical practice in the foreseeable 
future?

 ► The comprehensive epigenetic profiling highlights the 
dimensions of cellular reprogramming in pancreatic tumour 
development. By defining epigenetic signatures, benign 
and malignant cell states might be distinguished, offering a 
promising strategy for cancer diagnostics.

 ► Due to the reversible nature of epigenetic modifications, the 
restoration of cellular differentiation should be considered as 
a future therapeutic option. Thus, the epigenetic remodeller 
Ring1b could be used as a therapeutic target, inducing 
tumour cell reprogramming in patients with pancreatic ductal 
adenocarcinoma.
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modifications H3K27me3 and H2AK119ub. H3K4me3 signals 
were dominantly (~80%) located in promoter regions, whereas 
H3K27me3 and H2AK119ub were mainly distributed within 
promoter, intron, enhancer and distal intergenic regions, which 
is in agreement with previous publications (online supplemen-
tary figure 1F).32 33 For each expression cluster, the distribution 

of ChIP-seq signals around the transcriptional start sides is repre-
sented as a read density plot (figure 1D and online supplemen-
tary figure 1G). Genes from clusters 1 and 4, associated with an 
increased expression in ADM and TC, showed a strong loss of 
the repressive H3K27me3 and H2AK119ub in these conditions. 
In contrast, genes of clusters 3 and 8, related to acinar function, 

Figure 1 Transcriptional changes in pancreatic carcinogenesis are defined by a dynamic epigenetic landscape. (A) In vitro carcinogenesis model. 
Embryonic acinar cells (EA) were isolated from E18.5-staged embryos. Adult acinar cells (AA) were isolated from 8-week-old C57BL/6 mice. AA 
explants were embedded in collagen to induce acinar-to-ductal metaplasia (ADM) in vitro. Pancreatic tumour cells (TCs) were isolated from a 
Ptf1aCre/+;LSL-KrasG12D/+ mouse model. Scale bars: 100 µm. (B) Hierarchical clustering of microarray samples (each condition, n=3) from the in vitro 
carcinogenesis model visualised in a dendrogram. (C) Four of the eight clusters determined by k-means clustering of relative gene expression changes 
were chosen, and related genes were annotated into gene ontology (GO) terms (biological process). A selection of four GO terms with indicated 
−log10 p values is shown. (D) Read density plots of ChIP-seq peaks for the three histone modifications H3K4me3, H3K27me3 and H2AK119ub 
in clusters 1, 3, 4 and 8 around ±3 kb of the transcriptional start site (TSS). (E) ChIP signal intensity, measured within 2 kb downstream and 4 kb 
upstream of the TSS, and relative mRNA expression values from the microarray study are shown in a heatmap for selected acinar and tumour-related 
genes for each condition. (F) ChIP-seq results at the Cpa1 and Mmp14 gene locus. (G) Summarised ChIP signal intensity of H3K4me3, H3K27me3 
and H2AK119ub at the selected acinar versus tumour-related genes for each condition. Data are presented as box plots with whiskers indicating 
the 10th and 90th percentile, respectively; p values were calculated by two-way analysis of variance with multiple comparison; *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001.
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were characterised by a gain of H3K27me3 and H2AK119ub 
in EA, ADM and TC (figure 1D). Furthermore, we generated 
heatmaps, visualising H3K4me3, H3K27me3 and H2AK119ub 
levels for the genes associated to clusters 1, 3, 4 and 8 (online 
supplementary figure 2A). We selected previously described 
acinar or tumour-related genes from each cluster and illustrated 
the signal intensity of the histone modifications together with 
the relative mRNA expression levels (figure 1E). Importantly, 
established acinar differentiation genes, such as Cpa1, Rbpjl or 
Ptf1a, showed enriched H3K27me3 and H2AK119ub levels 
along with reduced H3K4me3 and mRNA expression in EA, 
ADM and TC (figure 1E,F). In contrast, tumour-associated 
genes, such as Mmp14 or Cd44 displayed a strong accumulation 
of H3K4me3 and a loss of H3K27me3 and H2AK119ub, coin-
ciding with an elevated transcription in TC (figure 1E,F). Alto-
gether, the selected tumour-related genes displayed a significant 
loss of H3K27me3 and H2AK119ub in ADM and TC. A strong 
gain of H3K4me3 was solely present in TC. In contrast, known 
acinar genes were epigenetically silenced by an enrichment of 
H3K27me3 and H2AK119ub in ADM and TC (figure 1G). 
Interestingly, a huge loss of H3K4me3 was only observed in 
TC, suggesting a simultaneous presence of active and repressive 
histone modifications at acinar genes in ADM.

Acinar-specific structural and regulatory genes are 
epigenetically silenced in PDAC development
To uncover further epigenetically regulated target genes in 
acinar cell reprogramming and pancreatic carcinogenesis, we 
performed a combined analysis using both our transcriptomic 
and epigenomic datasets. For the analysis, we selected genes 
associated with a gain (log2 FC >1) or a loss (log2 FC <−1) of 
H3K4me3, H3K27me3 and H2AK119ub within their promoter 
regions in EA, ADM and TC compared with AA (figure 2A). 
Notably, the read density of H2AK119ub peaks in promoter and 
distal regions was the most elevated in EA and ADM, indicating 
that the enrichment of H2AK119ub in ADM is an important 
step in acinar cell reprogramming (figure 2B and online supple-
mentary figure 2B). Although H3K27me3 and H2AK119ub 
showed a broad distribution in distal regions and were highly 
dynamic in promoter, enhancer and distal regions between EA, 
AA, ADM and TC (figure 2B, online supplementary figure 1F 
and 2B), we focused our analysis on promoter regions, since the 
effect of H3K4me3, H3K27me3 and H2AK119ub on regulating 
gene expression was previously well defined.34 Importantly, 
increased H3K4me3 levels in EA, ADM and TC compared with 
AA correlated with an upregulated gene expression, whereas the 
accumulation of the repressive H3K27me3 and H2AK119ub 
modifications was associated to gene repression (supplementary 
figure 2C). We performed a gene cluster analysis based on the 
relative changes in mRNA and histone modification levels and 
identified eight clusters (A–H), for which we also conducted GO 
term analysis (figure 2C and online supplementary table 5 and 
6). We focused on cluster E (161 genes), since it showed the 
most dramatic decrease in gene expression together with a loss 
of H3K4me3 and a gain of H3K27me3 and H2AK119ub in EA, 
ADM and TC in comparison with AA. This cluster encompassed 
acinar digestion enzymes, such as Amy2b, Ctrc, Prss1 or Pnlip, 
which were functionally assigned to the GO terms ‘proteolysis’ 
and ‘digestion’ (figure 2D and online supplementary table 6). 
Moreover, in this group, we detected five transcription factors 
in total, of which Ptf1a, Rbpjl, Bhlha15 and Nr5a2 were previ-
ously described in controlling acinar cell development and 
homeostasis.35–38 So far, the Kruppel-like factor 15 (Klf15) 

was only described in adipocyte and podocyte differentiation 
(figure 2D),39 40 though it may have a role in acinar cell fate 
determination. As illustrated by figure 2E, the five transcrip-
tion factors were marked by H3K4me3 in AA, were bivalent 
in EA and ADM reflected by the simultaneous presence of 
H3K4me3 and H3K27me3 and/or H2AK119ub and resolved 
bivalency through a complete loss of H3K4me3 in TC. Dynamic 
histone patterns correlated appropriately with gene expression 
(figure 2E). Bivalent chromatin domains are usually established 
at developmental regulatory genes to maintain an undiffer-
entiated cell identity.41 Consistently, we detected the highest 
proportion of bivalent genes in EA and ADM (figure 2F). Of 
further note, in all conditions, bivalent genes, which exhibited 
H3K4me3 and H3K27me3 and additionally Ring1b-catalysed 
H2AK119ub, demonstrated an elevated percentage of regula-
tory transcription factors (figure 2G). Altogether, by analysing 
our in vitro carcinogenesis model, we detected a high correla-
tion between changes in gene expression and histone modifi-
cation dynamics. This study proposes that the accumulation of 
H3K27me3 and H2AK119ub at acinar differentiation genes in 
ADM establishes a bivalent status, contributing to the expression 
of a progenitor-like cell programme, which is also prevalent in 
EA. A subsequent loss of H3K4me3 during tumour progression 
strengthens the epigenetic silencing and may manifest TC iden-
tity. We confirmed our previous data detecting H2AK119ub 
accumulation at known acinar cell fate genes31 and identified 
novel Ring1b target genes, such as Klf15. Based on the preva-
lence of H2AK119ub at regulatory genes and the increased peak 
accumulation in ADM, we further aimed to clarify the impor-
tance of Ring1b-mediated gene silencing in acinar cell dediffer-
entiation and pancreatic carcinogenesis.

loss of ring1b impairs pancreatitis-induced ADM
To assess the functional relevance of H2AK119ub gene targeting 
in acinar cell reprogramming, we generated an inducible 
Ptf1aCreERT;Ring1bflox/flox;tdTomatoflox/flox (Ptf1aERT;R1bf/f) 
mouse model. Depletion of Ring1b in acinar cells was induced 
at 6 weeks of age, and a recombination rate of ~70% was deter-
mined by the tdTomato-reporter expression (online supple-
mentary figure 3A). Under physiological conditions, pancreas 
histology of adult Ptf1aERT;R1bf/f and Ptf1aERT control mice was 
indistinguishable (online supplementary figure 3B). Inflamma-
tion-induced ADM was recapitulated through cerulein injec-
tions on two consecutive days. In Ptf1aERT control mice, severe 
ADM formation was detected at days 1 and 2, accompanied by 
greatly elevated levels of Ring1b and H2AK119ub (figure 3A 
and online supplementary figure 3C). After 7 days, tissue 
morphology was restored and Ring1b and H2AK119ub levels 
descended to normal values (figure 3A and online supplementary 
figure 3C).31 Strikingly, Ptf1aERT;R1bf/f mice exhibited signifi-
cantly fewer ADM and greatly reduced tissue inflammation and 
fibrosis after cerulein treatment (figure 3A and online supple-
mentary figure 3D). Similarly, 3D acinar cell explants cultured 
from Ptf1aERT;R1bf/f mice showed reduced ADM formation, 
validated by a significant reduction in the size and quantity of 
ADM structures (figure 3B). Immunohistochemical quantifica-
tion of the acinar marker amylase and clusterin, a marker for 
cell stress,42 revealed higher levels of amylase but lower levels of 
clusterin in cerulein-treated Ptf1aERT;R1bf/f animals (figure 3C). 
In addition, a lower number of CD45-positive cells was detected 
in Ptf1aERT;R1bf/f mice (online supplementary figure 3E). More-
over, immunoblot analysis confirmed decreased protein levels 
of Ring1b and H2AK119ub in cerulein-treated Ptf1aERT;R1bf/f 
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Figure 2 Acinar-specific structural and regulatory genes are epigenetically silenced in PDAC development. (A) Log2 fold changes (FCs) of H3K4me3, 
H3K27me3 and H2AK119ub levels in EA, ADM and TC in comparison with AA. Only ‘active genes’ exhibiting a substantial number of reads (H3K4me3: 
64 reads; H3K27me3 and H2AK119ub: 32 reads) in at least one condition were considered (n=8329, 3847 and 6643 for H3K4me3, H3K27me3 
and H2AK119ub, respectively). A log2 FC >1 was considered as a gain, whereas a log2 FC <−1 was regarded as a loss of the histone modification. 
(B) Distribution of the average read density of H3K27me3 and H2AK119ub ChIP-seq peaks located in promoter regions is plotted ±3 kb around 
the peak centre for EA, AA, ADM and TC. (C) A total of 9778 ‘active genes’ showing differential mRNA expression as well as ChIP signal changes 
relative to AA were subjected to k-means clustering and visualised using t-distributed stochastic neighbor embedding (tSNE). Gene expression 
(mRNA) and histone modification dynamics of the eight clusters are represented. (D) Candidate genes from cluster 5, involved in acinar-specific 
cell function and regulation, are depicted. The five most significant GO terms are listed, and p values are represented as −log10. (E) ChIP-seq reads 
of the five regulatory transcription factors within a 5 kb frame containing the TSS. The corresponding relative gene expression levels are indicated 
below. (F) Genes with a simultaneous presence of H3K4me3 and H3K27me3 or H3K4me3, H3K27me3 and H2AK119ub in their promoter regions 
were considered as bivalent. (G) The two groups of bivalent genes were compared with a list of 2329 transcription factors (defined by GO:0006355, 
GO:0003700 and GO:0043565) to determine the number of regulatory genes. AA, adult acinar cell; ADM, acinar-to-ductal metaplasia; EA, embryonic 
acinar cell; GO, gene ontology; TC, tumour cell.
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Figure 3 Loss of Ring1b impairs pancreatitis-induced acinar-to-ductal metaplasia (ADM). (A) Ptf1aERT and Ptf1aERT;R1bf/f mice were treated with 
tamoxifen (6-week-old) and cerulein (8-week-old). Representative H&E staining is shown for 1, 2 and 7 days after the last cerulein injection. Scale 
bars: 200 µm. Quantity of ADM remodelling was estimated in per cent to the whole slide. Severity of inflammation and fibrosis was scored. Data are 
represented as mean±SEM; p values for the inflammation and fibrosis score were calculated by Mann-Whitney test (n=6–11). (B) Representative 
images of three-dimensional acinar cell explant cultures from ten Ptf1aERT and nine Ptf1aERT;R1bf/f mice. Scale bars: 100 µm. Total number of ADM 
was quantified per mm2 and ADM size was determined as mean area [µm2] by using QuPath. (C) Representative pictures of amylase and clusterin 
immunohistochemistry from animals sacrificed 2 days after the last cerulein administration. Scale bars: 100 µm. Whole tissue staining was quantified 
with QuPath through positive pixel count (n=9–11). (D) Representative immunoblot analysis of protein lysates from control and cerulein-treated 
(2-day time point) Ptf1aERT and Ptf1aERT;R1bf/f mice with the indicated antibodies. Histone H3 served as loading control (n=2). (E) mRNA expression 
analysis of acinar differentiation and progenitor genes in control and in cerulein-injected Ptf1aERT and Ptf1aERT;R1bf/f mice (1-day time point) (n=6). (F) 
ChIP analysis of H2AK119ub and H3K27me3 at the promoter sites of indicated acinar-specific genes of suspension-cultured acinar cells (as) (24 hours) 
originating from Ptf1aERT and Ptf1aERT;R1bf/f mice. ChIP DNA was quantified by qRT-PCR and normalised as per cent of input (n=3). (G) mRNA 
expression of indicated genes in 24 hours suspension-cultured acinar cells (as) from Ptf1aERT and Ptf1aERT;R1bf/f mice was determined by qRT-PCR 
(n=6). Unless otherwise stated, all data are represented as mean±SEM; p values were calculated by two-tailed, unpaired Student’s t-test; *P<0.05, 
**p<0.01, ***p<0.001.
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mice, whereas the global amounts of H3K4me3 and H3K27me3 
remained unaffected (figure 3D). Notably, 1 hour after the final 
cerulein injection, we did not observe any significant differ-
ences in the pancreas-to-body weight ratio and in serum lipase 
and LDH levels between Ptf1aERT and Ptf1aERT;R1bf/f animals, 
suggesting that the mice were equally challenged (online supple-
mentary figure 3F). However, we detected a significantly higher 
mRNA expression of the acinar differentiation genes Amylase and 
Bhlha15, as well as of Klf15 in cerulein-treated Ptf1aERT;R1bf/f 
mice in comparison with treated Ptf1aERT animals (figure 3E and 
online supplementary figure 1G). On the contrary, expression 
of progenitor and ductal genes, such as Rbpj and Ck19, was 
markedly reduced in cerulein-treated Ptf1aERT;R1bf/f animals 
compared with treated Ptf1aERT mice (figure 3E). In order to 
prove that acinar differentiation genes are direct targets of 
Ring1b, we performed ChIP of acinar suspension cells isolated 
from Ptf1aERT and Ptf1aERT;R1bf/f animals. Acinar cells in suspen-
sion adapted a progenitor-like profile due to alterations in their 
transcriptional programme.43 The ChIP data revealed greatly 
reduced H2AK119ub levels at the promoter sites of Klf15, Cel 
or Cpa2 in Ring1b-depleted cells (figure 3F), which is associ-
ated with increased gene expression (figure 3G). Moreover, 
H3K27me3 levels were also reduced in Ring1b-depleted acinar 
cells (figure 3F). Altogether, our findings indicate that ADM and 
the establishment of a progenitor-like expression profile with the 
concomitant silencing of differentiation genes is strongly dimin-
ished in Ring1b-depleted mice.

ring1b-mediated epigenetic changes promote KrasG12D-driven 
pancreatic carcinogenesis
To study the impact of Ring1b-catalysed acinar gene repression 
on pancreatic tumour development, we intercrossed mutant 
KrasG12D (K*) into our conditional Ring1b knockout (R1b KO) 
mouse model (Ptf1aERT;K*;R1bf/f). In accordance with previous 
data, activation of oncogenic Kras in adult acinar cells induced 
only a few precancerous lesions (1-year time point) (online 
supplementary figure 4A).5 7 However, after cerulein-induced 
tissue damage, Ptf1aERT;K* mice (sacrificed 3 weeks after the last 
cerulein application) displayed numerous ADM, AFL and low 
grade PanIN lesions, affecting approximately 70% of pancreatic 
tissue mass (figure 4A and B). Twenty-four weeks after treatment, 
five out of six Ptf1aERT;K* animals developed high grade PanIN 
lesions and two out of six had PDAC (figure 4A,B). Strikingly, 
Ring1b-deficient mice, sacrificed after 3 weeks, exhibited only a 
few ADM and low-grade PanIN lesions and no high-grade lesions 
or PDAC were detectable after 24 weeks (figure 4A,B). Immuno-
blot analysis confirmed reduced Ring1b and H2AK119ub levels 
in cerulein-administered Ptf1aERT;K*;R1bf/f in comparison with 
Ptf1aERT;K* mice (3 weeks after cerulein) (figure 4C). Successful 
Cre-recombination activity was visualised by the expression 
of tdTomato (figure 4D). Furthermore, immunofluorescence 
staining of amylase and Ck19 confirmed the presence of abun-
dant ADM and PanIN structures in Ptf1aERT;K* and a lack of 
these lesions in Ptf1aERT;K*;R1bf/f mice (figure 4D). PanINs 
were quantified by alcian blue staining, demonstrating the 
increased presence of the precancerous lesions in Ptf1aERT;K* 
animals, whereas amylase was substantially higher expressed 
in Ptf1aERT;K*;R1bf/f animals (figure 4E). mRNA expression of 
acinar differentiation genes and Klf15 was massively repressed in 
cerulein-treated Ptf1aERT;K* animals, whereas gene expression 
was more abundant in Ptf1aERT;K*;R1bf/f mice (figure 4F and 
online supplementary figure 4B). Expression of Rbpj, Sox9 and 
Ck19 was significantly less induced in Ptf1aERT;K*;R1bf/f animals 

(figure 4G). In conclusion, these results demonstrated that a 
loss of Ring1b-triggered epigenetic and transcriptional repro-
gramming, even in the presence of oncogenic Kras, can greatly 
diminish PDAC development. Thus, acinar gene silencing cata-
lysed by Ring1b is an essential prerequisite to induce oncogenic 
cell transformation.

Ablation of ring1b in pancreatic TCs establishes a less 
aggressive phenotype
Since Ring1b expression is greatly elevated in PDAC,31 44 its pres-
ence may be beneficial for sustaining TC malignancy. Hence, we 
knocked out Ring1b in an aggressive pancreatic TC line (KPC-
1050), previously isolated from a Ptf1aCre/+;LSL-KrasG12D/+;Tr-
p53lox/+ mouse by using CRISPR/Cas9. R1b KO (three cell 
clones) cells showed a complete absence of Ring1b and reduced 
levels of H2AK119ub, whereas global amounts of H3K27me3 
remained unchanged (figure 5A). By performing mRNA 
expression microarrays, we found 575 genes to be upregulated 
(FC >1.5) and 376 downregulated genes (FC <0.66) in R1b KO 
cells. GO terms generated from upregulated genes were mostly 
related to developmental processes, whereas the majority of 
downregulated genes was mainly connected to chromatin organ-
isation (figure 5B and online supplementary table 7). The GO 
terms ‘epithelium development’ and ‘morphogenesis of epithe-
lium’, defined by upregulated genes in R1b KO cells, implied 
a cellular reprogramming towards a more epithelial phenotype 
(figure 5B). Indeed, we uncovered significantly increased mRNA 
expression of Epcam in R1b KO cells (online supplementary 
figure 5A). In the ChIP-seq data of our in vitro carcinogenesis 
model, we detected a broad enrichment of H2AK119ub at the 
Epcam promoter in TC, identifying Epcam as a Ring1b target 
gene (online supplementary figure 5B).

Moreover, we noticed an increased expression of the acinar 
differentiation genes Bhlha15 and Rbpjl as well as of Klf15 in 
R1b KO cells (figure 5C), whereby the Rbpjl and Klf15 promoter 
showed a significant loss of H2AK119ub and an appreciable 
enrichment of H3K4me3 (figure 5D). These results repeatedly 
confirmed Klf15 as a putative Ring1b target gene in pancreatic 
carcinogenesis.

Further functional characterisation demonstrated significantly 
decreased colony and sphere formation of R1b KO cells in vitro 
(figure 5E,F). After orthotopic transplantation of control and 
R1b KO cells in C57BL/6J mice, we observed tumour formation 
in all control cell-injected animals (nine out of nine), but only 
in six out of nine R1b KO cell-transplanted mice (figure 5G). 
Tumour tissue of R1b KO cells was more necrotic and harboured 
more immune cell infiltration as indicated by the histology score 
(figure 5G). In addition, we detected circulating epithelial cells 
in the blood from seven out of nine control mice, while only 
two out of eight R1b KO cell-transplanted animals showed 
circulating epithelial cells (figure 5H). Overall, a loss of Ring1b 
provokes TC reprogramming towards a less malignant pheno-
type with decreased invasive properties. Consequently, the 
maintenance of Ring1b-mediated epigenetic silencing of differ-
entiation and epithelial genes promotes the development of an 
aggressive pancreatic cancer cell type.

ring1b as a promising therapeutic target
To target Ring1b-mediated ubiquitination of H2AK119, we 
took advantage of the previously described Ring1b inhibitor, a 
small molecular compound called 2-pyridine-3-yl-methylene-in-
dan-1,3-dione (PRT4165).45 The inhibitor effectively suppressed 
Ring1b, whereas other E3 ubiquitin ligases, such as RNF8 or 
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RNF168 were barely affected.46 First, we tested the impact of 
PRT4165 on in vitro ADM formation of embedded wildtype 
acinar cells. Compared with controls, PRT4165 administration 
resulted in a decreased number of H2AK119ub-positive and 
proliferating cells as assessed by the BrdU staining (figure 6A). 
ADM size of treated acinar cell explants was greatly diminished, 
although the quantity was not affected (online supplementary 

figure 6A). PRT4165 treatment of pancreatic TC lines (KPC-
1050, KPC-3595, KPC-3601, KC-921, KC-428 and KC-6066) 
caused decreased levels of H2AK119ub at 2 and 4 hours after 
inhibitor administration (figure 6B and online supplementary 
figure 6B). Interestingly, the acinar differentiation genes Cel, Ptf1a 
or Amylase were significantly upregulated after PRT4165 admin-
istration, whereas the expression of the tumour-related genes 

Figure 4 Ring1b-catalysed epigenetic alterations promote KrasG12D-driven pancreatic carcinogenesis. (A) Ptf1aERT;K* and Ptf1aERT; K*;R1bf/f 
mice were treated with tamoxifen (6 -week-old) and cerulein (8-week-old). Representative H&E staining depicted 3 and 24 weeks after the last 
cerulein administration. Scale bars: 200 µm. Quantity of ADM remodelling was estimated in per cent to whole slide. Amount of low-grade PanIN 
was scored and data are represented as mean±SEM; p value for PanIN score was calculated by Mann-Whitney test (n=6–7). (B) Presence of AFLs, 
high-grade PanIN and PDAC was documented. Number of positive mice is shown in relation to the total number. (C) Representative immunoblot 
analysis of protein lysates from Ptf1aERT;K* and Ptf1aERT; K*;R1bf/f mice (3-week time point) with indicated antibodies. Gapdh served as loading 
control (n=2). (D) Representative immunofluorescence staining for tdTomato (left panel), amylase and Ck19 (right panel) of pancreatic tissue from 
Ptf1aERT;K* and Ptf1aERT; K*;R1bf/f mice (3-week time point). Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI). Scale bars: 100 µm. (E) 
Immunohistochemical analysis of amylase as well as alcian blue staining (3-week time point). Positive pixel were quantified with QuPath and related 
to the total area. Scale bars: 100 µm (n=6). (F) mRNA expression analysis of acinar differentiation genes of control and cerulein-injected (3-week 
time point) Ptf1aERT;K* and Ptf1aERT; K*;R1bf/f mice (n=3–6). (G) mRNA expression analysis of progenitor genes in the same context as described in 
figure part F (n=3–6). Unless otherwise stated, all data are represented as mean±SEM; p values were calculated by two-tailed, unpaired Student’s 
t-test; *P<0.05, **p<0.01, ***p<0.001. ADM, acinar-to-ductal metaplasia; AFL, atypical flat lesion; PanIN, pancreatic intraepithelial neoplasia; PDAC, 
pancreatic ductal adenocarcinoma.
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Figure 5 Ablation of Ring1b in pancreatic tumour cells establishes a less aggressive phenotype. (A) Representative immunoblot analysis with the 
indicated antibodies from protein lysates of untransfected (Ø), CRISPR/Cas9 control-transfected (control) and CRISPR/Cas9-catalysed Ring1b knockout 
(R1b KO) murine pancreatic cancer cells (KPC-1050). Gapdh served as loading control. (B) Heatmap of GO terms (biological process), which are 
significantly enriched or diminished in R1b KO cells. Colour scale represents −log10 p value. (C) mRNA expression analysis of indicated acinar-specific 
genes in control and R1b KO cancer cell clones (three clones, n=2). (D) Levels of H2AK119ub and H3K4me3 at the Rbpjl and Klf15 promoter in control 
and R1b KO cells were evaluated by ChIP analysis. Enrichment was calculated as per cent of input (three clones, n=2). (E) Representative pictures and 
quantification of colony formation of control and R1b KO cells (three clones, n=4). (F) Quantification of spheroid formation of control and R1b KO cells 
(three clones, n=6). (G) Representative H&E staining of orthotopic tumours from nine control cell-injected and nine R1b KO tumour cell-injected mice 
(three mice per clone), graphs show number of mice exhibiting tumour growth and a histology score for tumour evaluation. P value of histology score 
was calculated by Mann-Whitney test. (H) Representative pictures of blood-isolated circulating epithelial cells from orthotopic tumour mice. Number 
of mice with positive cultivation of epithelial cells is depicted (n=8–9). Scale bars: 100 µm. All data are represented as mean±SEM. Unless otherwise 
stated, all p values were calculated by two-tailed, unpaired Student’s t-test; *P<0.05, **p<0.01, ***p<0.001, ****p<0.0001. GO, gene ontology.
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Rbpj and Ck19 was concomitantly reduced (figure 6C). However, 
Klf15 expression was persistently down. TC reprogramming of 
the aggressive cell line KPC-1050 towards a more differentiated 
phenotype was verified in functional assays showing significantly 
reduced colony and sphere formation after PRT4165 application 
(figure 6D,E). In summary, administration of the Ring1b inhib-
itor PRT4165 decreased ADM formation in vitro and impaired 
TC aggressiveness, opening new avenues for PDAC treatment.

DIsCussIon
Epigenetic silencing of tumour suppressor genes, such as 
CDKN2A, was described as a hallmark of cancer contributing 

to pancreatic cancer development and progression.47 Although 
tissue-specific genes controlling cell homeostasis are downreg-
ulated during carcinogenesis, the regulatory mechanisms have 
been rarely specified. Importantly, the susceptibility of pancreatic 
acinar cells towards oncogenic transformation highly depends 
on the cellular reprogramming towards a progenitor-like cell 
state.5 7 In the present study, we demonstrated that dynamic 
epigenetic changes of cell fate regulatory transcription factors 
and functional acinar genes vigorously transforms acinar cell 
identity and differentiation promoting acinar cell metaplasia and 
pancreatic cancer progression. We globally mapped the histone 
modifications H3K4me3, representing transcriptional activation 

Figure 6 Ring1b as a promising therapeutic target. (A) Representative immunofluorescence staining, detecting H2AK119ub-positive and BrdU-
positive cells of control-treated and PRT4165-treated (100 µM) wildtype acinar cell explants in a three-dimensional collagen matrix. Cell nuclei 
were counterstained with DAPI. Five representative pictures were taken and number of H2AK119ub-positive and BrdU-positive cells (proliferation) 
is represented in relation to the total number of cells. Scale bars: 50 µm (n=3). (B) Representative immunoblots detecting H2AK119ub levels 
after PRT4165 treatment (100 µM) at indicated time points in three KPC (1050, 3595 and 3601) and three KC (921, 428 and 6066) cell lines. The 
corresponding Gapdh loading controls are provided in online supplementary figure 6B. (C) mRNA gene expression of selected genes in KPC (1050, 
3595 and 3601) and KC (921, 428 and 6066) tumour cell lines treated with 100 µM PRT4165 for 2 and 6 hours was determined by qRT-PCR (n=2). 
Relative expression levels are visualised within a heatmap. P values were calculated by two-way analysis of variance. (D) Representative pictures and 
quantification of colony formation of control and 100 µM PRT4165-treated KPC-1050 tumour cells (1-day time point) (n=3). (E) Spheroid formation 
of KPC-1050 tumour cells treated for 24 hours with 100 µM PRT4165 (n=20 wells). All data are represented as mean±SEM. Unless otherwise stated, 
p values were calculated by two-tailed, unpaired t-test; *P<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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and H3K27me3 and H2AK119ub, mediating gene repression, 
in an in vitro carcinogenesis model to comprehend epigenetic 
deregulation. Particularly, in comparison with differentiated 
acinar cells, we identified a significant gain of H3K27me3 and 
H2AK119ub at the regulatory acinar cell fate genes Rbpjl, Ptf1a, 
Nr5a2 and Bhlha15 in embryonic acinar and ADM cells with an 
additional significant loss of H3K4me3 in TCs. Moreover, the 
transcription factor Klf15 exhibited a similar epigenetic pattern, 
suggesting a role in regulating acinar cell homeostasis. Notably, 
in embryonic acinar and ADM cells, the identified acinar differ-
entiation genes were bivalent, reflected by the simultaneous pres-
ence of active and repressive histone marks, probably enabling 
short-term flexibility and acinar cell plasticity. Chromatin biva-
lency in ADM may be resolved to either re-establish an acinar 
phenotype or, under oncogenic Kras expression, to transform 
into TCs. Knockout of Ptf1a, Bhlha15 or Nr5a2 potentiated 
ADM and significantly accelerated Kras-dependent PDAC devel-
opment,35 37 38 suggesting that the inhibition of acinar genes 
is critical for pancreatic carcinogenesis. As a novelty, our data 
revealed the enormous extent of epigenetic deregulation in 
acinar cell reprogramming and pancreatic cancer progression. 
In accordance with our previous study, the enrichment of the 
Ring1b-catalysed histone modification H2AK119ub promotes 
epigenetic silencing of known and newly identified regulatory 
acinar cell fate genes.31

Consistent with these results, a conditional loss of Ring1b in 
our mouse model greatly impaired ADM formation, because 
acinar cells were retained in a differentiated state. Even in the 
presence of oncogenic Kras, Ring1b depletion significantly 
diminished vulnerability to oncogenic transformation resulting 
in massively diminished ADM, PanIN and cancer development. 
Accordingly, the conditional loss of the PRC1 component Bmi1 
in a Kras-driven pancreatic cancer mouse model showed an 
analogous phenotype with abolished tumour formation.48 In 
contrast, a depletion of the PRC2 component Ezh2, catalysing 
H3K27me3, in embryonic pancreatic cells slightly aggravated 
early KrasG12D-dependent metaplastic tissue transformation but 
decelerated tumour progression.49 Overall, the data emphasise 
a fundamental role of Ring1b-mediated epigenetic silencing of 
acinar specific genes in initial cellular dedifferentiation and Kras-
driven tumour formation.

Moreover, high levels of H2AK119ub in PDAC tissue 
correlated with a higher tumour grade, larger tumour size as 
well as lymph node invasion.50 In our study, loss of Ring1b in 
established pancreatic cancer cells induced a more epithelial-like 
and better differentiated phenotype. Accordingly, Ring1b-tar-
geted repression of E-cadherin was previously identified.51 A 
TC reprogramming was similarly achieved by using the Ring1b 
inhibitor PRT4165, opening new paths for PDAC therapies.

In conclusion, we delineate Ring1b-mediated epigenetic 
repression of regulatory cell fate genes as a novel key mechanism 
triggering acinar cell dedifferentiation and pancreatic cancer 
development. Thus, epigenetic reprogramming of TCs towards 
a better differentiated phenotype could represent an effective 
strategy for cancer therapy .
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