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SUMMARY

RBPJ, a central component in Notch signaling, is dispensable
for the maintenance of adult acinar cells. However, its

frequent down-regulation in PDAC patients together with
the results from our study suggest a critical tumor-sup-

pressor-function of RBP]
neoplasia.

in KRAS-induced pancreatic

BACKGROUND AND AIMS: Development of pancreatic ductal
adenocarcinoma (PDAC) is a multistep process intensively
studied; however, precocious diagnosis and effective therapy
still remain unsatisfactory. The role for Notch signaling in PDAC
has been discussed controversially, as both cancer-promoting
and cancer-antagonizing functions have been described. Thus,
an improved understanding of the underlying molecular
mechanisms is necessary. Here, we focused on RBPJ, the
receiving transcription factor in the Notch pathway, examined
its expression pattern in PDAC, and characterized its function in
mouse models of pancreatic cancer development and in the
regeneration process after acute pancreatitis.

METHODS: Conditional transgenic mouse models were
used for functional analysis of RBP] in the adult pancreas,

initiation of PDAC precursor lesions, and pancreatic
regeneration. Pancreata and primary acinar cells were
tested for acinar-to-ductal metaplasia together with
immunohistology and comprehensive transcriptional
profiling by RNA sequencing.

RESULTS: We identified reduced RBP] expression in a subset
of human PDAC specimens. Ptfla-Cre®®"-driven depletion of
RBP] in transgenic mice revealed that its function is
dispensable for the homeostasis and maintenance of adult
acinar cells. However, primary RBP]-deficient acinar cells
underwent acinar-to-ductal differentiation in ex vivo.
Importantly, oncogenic KRAS expression in the context of
RBP] deficiency facilitated the development of pancreatic
intraepithelial neoplasia lesions with massive fibrotic stroma
formation. Interestingly, RNA-sequencing data revealed a
transcriptional profile associated with the cytokine/chemo-
kine and extracellular matrix changes. In addition, lack of
RBP] delays the course of acute pancreatitis and critically
impairs it in the context of KRAS“*?P expression.

CONCLUSIONS: Our findings imply that downregulation of
RBPJ] in PDAC patients derepresses Notch targets and promotes
KRAS-mediated pancreatic acinar cells transformation and
desmoplasia development. (Cell Mol Gastroenterol Hepatol
2023;16:783-807; https://doi.org/10.1016/jjcmgh.2023.07.013)
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P ancreatic ductal adenocarcinoma (PDAC) is consid-
ered as one of the most deadly diseases due to the
aggressiveness and extremely poor prognosis." Currently,
almost all therapeutic approaches show very low response
rates and have only modest influence on the survival and
life quality of the patients. Development of PDAC is a
multistage process wherein Kras®*?® mutation is the pre-
dominant driver mutation and a hallmark of this cancer
entity.” As a result, acinar cells de-differentiate into a pre-
cursor state through acinar-to-ductal metaplasia (ADM),
allowing cellular expansion and thereby promoting
pancreatic intraepithelial neoplasia (PanIN) lesion forma-
tion.” With the accumulation of additional mutations (eg, in
the genes for INK4A, TP53, or SMAD4) and re-activation of
embryonic signaling pathways like Notch signaling, PDAC
ultimately emerges from these precursor lesions.””

The evolutionary conserved Notch pathway comprises 4
receptors (Notch1-4) and 5 ligands (Jagged1, Jagged2, DLL1,
DLL3, and DLL4), whereas the basic helix-loop-helix HES and
HEY transcription factor families represent the classical
Notch target genes.”® Numerous studies have proven that
Notch signaling is crucially involved in the development of the
pancreas and important for PDAC initiation and progression.
Human PanIN and PDAC samples have elevated Notch activ-
ity,4'7 and in the context of mutated KRAS, chronic Notch
activation promotes the formation of PanINs as well as their
progression, while Notch inhibition by means of a y-secretase
inhibitor significantly reduces the number of lesions.>” In
addition, increased expression of Notch signaling compo-
nents in pancreatic cancer stem cells was shown to promote
their maintenance.'® However, the role of Notch signaling in
pancreatic cancer is ambivalent with both, tumor promoting
as well as suppressing functions (reviewed in Avila et al).'t12
In addition, different Notch receptors might have distinct
roles for PDAC development.'?

RBPJ is ubiquitously expressed and importantly, the only
immediate transcription factor of the Notch signaling
pathway and is essential for regulating Notch target gene
expression. RBP] is able to repress transcription by
recruiting corepressor complexes to the promoters of target
genes in the absence of any ligand-Notch receptor interac-
tion. On the other hand, Notch target genes are activated
upon ligand binding, subsequent Notch receptor cleavage,
nuclear translocation of the Notch intracellular domain
(NICD)** and RBPJ-NICD coactivator recruitment.

Notably, RBPJ also influences pancreas development in a
Notch-independent manner. In early pancreatic organogen-
esis RBPJ interacts with PTF1e, thereby initiating the tran-
scription of its paralogue RBPJL.'° RBPJL then gradually
replaces RBPJ in the PTF1a complex, allowing RBP] to act in
a Notch-dependent manner in the regulation of endocrine
cell fate decisions.'®'” In contrast, the PTF1a-RBPJL com-
plex autoregulates its own expression and drives acinar
lineage differentiation and terminal maturation. Accord-
ingly, depletion of RBPJL results in a partial loss of acinar
cells and in reduced levels of functional digestive enzymes
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but surprisingly does not impair the overall viability of the
mice.’® The lack of RBPJL and thereby its PTF1a-related
functions was proposed to be compensated by RBP]J in the
adult, however, with limited efficiency.16

The knockout of the Rbpj gene causes massive develop-
mental defects leading to an lethal embryonic phenotype.'®
Pancreas-specific RBP] deficiency induced during embry-
onic development by the PTFla-Cre driver resulted in
temporally compromised acinar cell differentiation and
abnormal ductal structures, indicating an important role of
RBPJ in acinar vs ductal cell fate decision during embryo-
genesis."” Because PDAC develops through an “embryonic-
like” stage, the question remains whether RBP] regains a
function in that context.'” Importantly, loss of RBP] was
already found in many human solid tumors, including
pancreatic cancer,”’ and in breast cancer, RBPJ loss was
associated with an aggressive tumor phenotype.”’ Never-
theless, the detailed role of RBP] for PanIN and PDAC devel-
opment in the adult organism is still unclear. Therefore, both,
the function of RBP] as prime executing factor in Notch
signaling as well as its critical participation in the PTFla
complex needs to be addressed. For this, we established
conditional mouse models allowing the acinar-specific dele-
tion of the Rbpj gene to determine the functional outcome of
RBP] deficiency on pancreas homeostasis in the adult or-
ganism. Furthermore, we combined this mouse model with
oncogenic KRAS'2P expression to decipher the role of RBPJ
inactivation for the initiation of pancreatic neoplasia and for
the course of acute pancreatitis (AP).

Results

Loss of RBP] Is Frequently Found in Human PDAC Pa-
tients But Is Not Obviously Associated With the Clinical
Outcome

To comprehensively investigate RBP] expression in hu-
man tissue, especially in PDAC, immunohistochemistry
(IHC) was performed on 3 independent patient cohorts
(human tissue microarrays), in total containing 236 cases of
resected PDAC. In the normal adjacent pancreatic tissue
(NAT), strong RBP] staining was observed and these levels
were comparable between different patients (Figure 14, C,
and E). In contrast, the overall expression of RBPJ in the

*Authors share co-first authorship.
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Figure 1. Expression of RBPJ in human PDAC. (A) (Left) Schematic representation of a human tissue microarray (TMA)
(Hpan-Ade170Sur-01) containing tumor (light purple) and NAT biopsies (purple) from the PDAC patients. (Right) Photograph of
the TMA after IHC staining for RBPJ. (B) Representative images and magnifications of PDAC specimens with negative and
positive RBPJ expression from the TMA cohort. Scale bar represents 200 um. (C) Comparison of the RBPJ expression in
PDAC and NAT tissues from 2 patients. The scale bar is representative for all panels and indicates 200 um. (D) Quantification of
nuclear RBPJ immunostaining intensity in the TMA PDAC samples. (E) Comparison of the RBPJ staining quantification in
PDAC and paired NAT tissues. (F) Comparison of the overall survival in subcohorts of PDAC patients according to the level of
RBPJ expression (null, low, medium, high). RBPJ expression was staged after IHC staining of 2 TMAs containing a total of 162
PDAC samples (HPan-Ade120Sur-01 and HPan-Ade170Sur-01) and differences in patient survival (provided with the TMA)
was analyzed by log-rank (Mantel-Cox) test in GraphPad Prism 5.0: P = .3123 (null vs high), P = .3925 (low vs high), P = .2428
(null vs low), P = .2363 (low vs medium), P = .4221 (medium vs high). (G, H) Relative RBPJ expression (null, low, medium, and
high) stratified by (G) tumor size (T) or (H) stage of human PDAC tissue specimens from 3 TMAs (n = 236 PDAC samples). (/)
Comparison of RBPJ expression in PDAC (left), stroma (middle), and NAT (right) tissues from the same patient. Scale bars
represent 100 um (20x) and 50 um (40x).
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PDAC area was markedly decreased and showed a high in-
ter- and intrapatient heterogeneity (Figure 1B). In the ma-
jority of the cases, the tumor stroma contained only a small
number of RBPJ-positive cells. For the tumor specimen it-
self, 27% and 32% of the cases showed strong or medium
RBP] expression, respectively, while 17% presented with
weak staining and, importantly, 24% showed no RBP]
expression at all (Figure 1D). When we compared the indi-
vidual staining intensity in tumor area vs NAT of each pa-
tient, we found a stronger (tumor > NAT) or equally strong
RBPJ expression in the tumor (tumor = NAT) of 17% and
36% of cases, respectively. A lower staining intensity in the
PDAC area (tumor < NAT) was evident in 47% of the pa-
tients (Figure 1E). However, there were no significant dif-
ferences between a low and a high RBP] expression cohort
in terms of overall survival (Figure 1F). Most of the cases
are patients with stage T2 (61.5%) and T3 (26.4%) PDAC.
Among those, approximately 40% of the specimen exhibit
no or low RBPJ expression (Figure 1G). However, there is no
clear correlation between RBP] expression and tumor grade.
Similar results were also found in PDAC patients in stage 1
and stage 2 (Figure 1H). Both, the no and low RBP]
expression groups have approximately the same percentage
as the medium- or high-expression groups. In addition, only
11 cases with metastases were found. Of these, 2 of 11
belong to the low RBP] expression group.

In conclusion, RBP] is downregulated in around 40% of
the PDAC patients, not only in the tumor compartment, but
also in the stroma (Figure 1/, middle) compared with NAT
(Figure 11, right). There is no obvious correlation between
RBPJ expression and overall clinical outcome of the patients.

Acinar-Specific RBPJ Inactivation Does Not
Affect Pancreas Morphology

RBPJ is ubiquitously expressed in the pancreas, although
it was shown to be more important for endocrine pancreas
function in the adult organism.’” Pancreas-specific deletion
of RBPJ during pancreatic development showed an increase
of ductal-like structures,'” suggesting that RBP] may regu-
late ADM, a critical process in the formation of PanIN.

To avoid such developmental alterations, we combined
Rbpf™1°x?1 and Ptfla-Cre®®" mouse lines®” to generate the
conditional Ptfla-Cre®R"/*;  Rbpf"™*/°* model hereafter
referred to as iCR mice (Figure 24). Six- to 8-week-old iCR mice
were used for tamoxifen (TAM)-dependent deletion of Rbpj,
thus allowing the investigation of consequences on the adult
acinar cell homeostasis and pancreatic tumorigenesis. Analysis
was performed at different time points (12, 28, 36, and 48
weeks) after TAM administration (Figure 2C). RBP] was suc-
cessfully deleted in the acinar compartment as determined by
polymerase chain reaction (PCR) and IHC (Figure 2B and D).
We did not see any obvious alterations in the growth rate
(Figure 2E) and morphology at the different time points.
Therefore, we selected the latest time point (ie, 48 weeks after
TAM treatment) for further analysis (Figure 34).

RBP]J was successfully deleted in the acinar compartment
as determined by IHC using an RBPJ-specific antibody at 48
weeks after TAM application (Figure 3B, right). Importantly,
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ductal cells and the islets of Langerhans still exhibited RBP]
staining confirming the acinar specificity of our conditional
mouse model. Hematoxylin and eosin staining revealed no
gross morphological alterations in iCR mice compared with
control animals (Figure 3B). Although our model system is
heterozygous for Ptfla due to the knock-in of the Cre
recombinase gene in the Ptfla locus, which might lead to
Ptfla haploinsufficiency, the protein was readily expressed
in acinar cells, underlining that cell identity is not disturbed
by the additional loss of RBP] in the iCR TAM-treated group.
Likewise, also amylase staining of iCR mice revealed no
alteration compared with control animals. In addition, there
were no major differences in ductal (CK19) and endocrine
(insulin) compartment of iCR mice (Figure 3B). Quantitative
PCR (qPCR) analyses of total pancreas showed slightly but
not significantly reduced expression of acinar markers
(Rbpjl, Celal, Cpal, and Ctrb1) (Figure 3C).

In summary, the loss of RBP] in the context of PTFla
haploinsufficiency is not sufficient to initiate the develop-
ment of pancreatic lesions or gross histological alterations.
Thus, RBP] function is most probably dispensable for
steady-state pancreas homeostasis in the adult.

RBPJ-Deficient Pancreatic Acinar Cells Induce
ADM Ex Vivo

To test the hypothesis that loss of RBP] function primes
acinar cells for transformation events, primary acinar cells
were isolated from the iCR transgenic mice and were sub-
jected to 3-dimensional cell culture (Figure 4A). Treatment
with transforming growth factor o was used as a positive
control. After 3 days in culture, acinar cells from iCR but not
from the noninduced control animals presented consider-
able structural changes reminiscent of ADM (Figure 4B and
C). ADM was evident, at every time point after TAM treat-
ment of the mice. The phenotypic changes were accompa-
nied by alterations on the messenger RNA (mRNA) level.
Expression of the acinar markers such as Rbpjl, Ptfla, and
amylase (AmyZ2a) as well as the genes characterizing ter-
minal differentiated cells (Mistl, Nr5a2, and Gata6) were
markedly reduced in cells showing ADM (Figure 4D). At the
same time, the ductal marker Ck19 was significantly induced
(Figure 4D). Together, these data argue for a protective
function of RBP] in stress induced acinar cells trans-
formation processes.

RBPJ Deficiency Sensitizes Pancreatic Acinar
Cells to Kras-Mediated PanlN Initiation

We determined that RBPJ] is dispensable for pancreas
homeostasis and maintenance in the adult organism,
whereas RBP] function is critical for the suppression of
acinar cell transformation. We therefore anticipated that the
combination of oncogenic KRAS*?P expression together
with deletion of RBP] in the adult pancreas would facilitate
the progression of ADM to PanIN. For this, we crossed our
iCR mice with the LSL-Kras®'?® model (iKC, Figure 24) to
generate Ptfla-Cre®R™/"; LSL-Kras®*?P/*; Rbp/"*/°* mice,
hereafter referred to as iKCR mice (Figure 24). Upon TAM-
dependent Cre recombinase activation both, KRASG12P
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Figure 2. Characterization of iCR mice. (A) Schematic genomic organization of the mouse models used in this study.
Conditional knockout of RBPJ under control of the Ptf1a promoter in the pancreas (Ptf1a-Cret7T; Rbpj™™* [iCR]) as well as in
the context of activated Kras®'2P (Ptf1a-Cre™"; Rbpj"®"*: Kras®'2P [iKCR]) via the TAM-induced Cre-loxP recombination
systems. Upon TAM-mediated CreE"" activation, the excision of loxP-flanked exons enables deletion of Rbpj (iCR) and/or
deletion of a stopper element enables the activation of Kras®'2? expression (iKC or iKCR). (B) Rbpj deletion PCR. Pancreata
were harvested 2 weeks after indicated TAM treatment. DNA isolated from iCR mouse pancreata was analyzed by PCR using
primers specific for the Rbpj°® (amplicon size: 450 bp product) and Rbp/"®* (550 bp product) allele. PCR products were
separated on 1.5% agarose gels. Representative results from 2 mice per group are shown. (C) Experimental timeline for
analyzing the iCR mouse model. Mice were injected with 0il/TAM at the age of 6-8 weeks for 5 consecutive days. Pancreata
were harvested 12, 28, 36, and 48 weeks after oil or TAM treatment. (D) RBPJ deletion efficiency in the acinar cells was
determined by IHC against RBPJ in iCR mice 12, 28, 36, and 48 weeks after TAM injection (n = 6 per group). Quantification
was performed by counting RBPJ-negative vs total acinar cell nuclei in 10 different regions of microphotographs. Individual
values (as % of total) as well as the mean (red line) are shown. (E) Growth rate of control (Rbpj"/"°* square) and iCR mice 12,
28, 36, and 48 weeks (w) after vehicle (-TAM) (downright triangle) or TAM (+TAM) (circle) treatment was determined by the

equation: R = (G1 - G0)/G0. Each group contains 6 mice. GO:

expression as well as RBPJ] deletion was induced as
described previously.

Four weeks after the induction of oncogenic KRAS
expression (Figure 54), iKC mice presented mild ADM (0.18
events per mmz) in the pancreatic tissue. In contrast, iKCR
pancreata additionally lacking RBP] expression (Figure 5B)
exhibited low-grade PanIN lesions accompanying ADM (0.8
events per mm?) in the acinar parenchyma (Figure 5C).
Consistently, these histological alterations were corroborated
by an increasing degree of CK19-positive ductal structures
displaying faint acinar features (Figure 5B). Histology-based
lesion grading and quantification in iKCRs compared with
iKCs indeed showed a 3-fold and a nearly 10-fold increase in
ADM and PanIN-1, respectively (Figure 5C and H). We also
identified increased fibrosis with infiltrating immune cells
(Figure 5B) and a trend toward more mucin-secreting struc-
tures (Figure 5D and E). Moreover, Ki67 marker analysis
revealed sustained mitotic activity in neoplastic cells, indica-
tive of high-risk precursor lesions, as well as proliferative cells
within the PanIN-associated stroma denoting an advanced
desmoplasia in the iKCR pancreata (Figure 5B, F, and G).

Twelve weeks postinduction (Figure 6A4), histopatho-
logical evaluation of pancreata from iKC mice revealed the

start point weight; G1, endpoint weight; R, growth rate.

presence of scattered low-grade PanIN-1 lesions with
prominent RBP] expression but with minimal proliferative
index (Figure 6B, C, and G). Except these rare low-grade
neoplastic lesions, iKC pancreatic tissue remained largely
inconspicuous without major dysplastic progression over
the course of 8 weeks (Figure 6B and C). In contrast, tar-
geted inactivation of RBPJ led to massive remodeling of the
pancreas, leaving almost no healthy tissue, and eventually
compromising islet integrity due to extensive premalignant
lesion formation (Figure 6B). In particular, we observed a
predominant increase of not only low-grade PanINs, but
also high-grade PanIN-3 lesions in iKCR pancreata
compared with iKC counterparts, with no evidence of
invasive cancer at this time point (quantification,
Figure 6H). This rapid progression toward more advanced
PanINs was substantiated by the typical histological alter-
ations, including mucin accumulation and a desmoplastic
reaction comprising a-smooth muscle actin-positive fibro-
blasts and dense stromal collagen deposition accounting for
40% of total iKCR pancreatic tissue (Figure 6B-F). In line,
iKCR PanINs showed pronounced mitotic indices (Ki67
staining) correlating with their higher-grade status
(Figure 6C and G).
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Figure 3. Conditional knockout of RBPJ in the adult mouse pancreas does not alter the overall pancreas morphology.
(A) (Left) Schematic genomic organization of the mouse models used in this study. Conditional knockout of RBPJ under the
control of the Ptf1a promoter in the pancreas (Ptf1a-Cre™; Rbpj""°* [iCR]) via the TAM-induced Cre-loxP recombination
systems. Upon TAM-mediated Cref"" activation, the excision of loxP-flanked exons enables deletion of Rbpj (iCR). (right)
Experimental timeline for analyzing the iCR mouse model. Mice were injected with oil/TAM at the age of 6-8 weeks for 5
consecutive days. Pancreata were harvested 48 weeks after oil treatment or TAM treatment. (B) Representative images of
tissues stained with hematoxylin and eosin (H&E) or IHC for RBPJ, PTF1«, amylase, CK19, and insulin in iCR pancreata 48
weeks posttreatment with vehicle (black) or TAM (red). Scale bars represent 200 um (10x), 10 um (20x), and 50 um (40x).
White and black arrowheads highlight RBPJ-positive and RBPJ-negative nuclei, respectively. Selected regions (box) are
magnified in the lower left corner. (C) Real-time gPCR (RT-gPCR) anallysis in pancreata of iCR mice 48 weeks posttreatment
with vehicle (<TAM) (n = 4) or TAM (+TAM) (n = 6). Cre-negative Rbpj™™* mice treated with vehicle were used an additional
control group (control) (n = 5). The mRNA samples were analyzed for Rbpj, ductal (Ck79), endocrine marker (glucagon [GIc]
and Insulin [Ins]), and acinar marker (Ptf1a, Amy2a, Rbpjl, Celal, Cpal, and Ctrb1) expression. Individual data as well as the
mean (bar) are shown. Unpaired Student’s t test. **P < .01. ns, not significant.



2023 RBPJ Inhibits Acinar to Ductal Metaplasia 789

- eks eeks _ 28 weeks 36 weeks
Oil vs TAM BT ES P O IR e gt e 4

l 51 “-'*:%y' £
& o
iCR mouse -

l

lCoIIagenaseP <§( :
P o
89

Isolated acini clusters

o]
L
e I
=
+

ADM-Assay

48 weeks Deletion Acinar
R " R a Rbpj Ptfla. Amy2a ¢ Rbpjl
L G ; £ o g
So0005y X X 0.015 ,ﬁ,i| 6 ,Ll% < 0.005 |ﬁ|_|ﬁ| mmale

mfemale

= =
3 g
= =
2 a 2 0.004
@
£0.010 2
3 . E
<<
Z 0.005 Z
£ . - €
[ Ay m [
> N S
£ 0,000 4+———7- %
[} & [
& S & &
g
X
Duct
| 5] ©
<08 < 0.005 <
5 5 s
é 0.6 é 0.004 é
Y $0.003 g
T 04 o )
< < 0.002 <
4 ['4 4
€02 £ 0.001 £
[ [} [
= = =
§ 00 % 0.000 3
& & &

Figure 4. RBPJ-deficient pancreatic acinar cells induce ADM ex vivo. (A) Schematic illustration of ex vivo ADM assay with
RBPJ-deficient acinar cells. Primary pancreatic acinar cells isolated from TAM-treated iCR mouse were dissociated by
collagenase P treatment and finally cultivated in 3-dimensional culture in growth factor-reduced Matrigel. (B, C) RBPJ-
deficient acinar cells induce ADM ex vivo at day 3. Primary acinar cells isolated from iCR mice (B) 12, 20, 28, 36, and (C)
48 weeks post-TAM (+TAM) and postoil (-TAM) were seeded in growth factor-reduced Matrigel. Acinar cells isolated from oil-
treated (-TAM) iCR mice were left untreated or were cocultivated with transforming growth factor o (TGFa) (500 ng/mL) daily for
3 days to induce transdifferentiation (positive control). Inlets on the lower right are magnifications of ductal structures (red box).
Scale bar represents 200 um. (D) Real-time gPCR (RT-gPCR) analysis of relative gene expression from the primary acinar
cultures at day 3. The total RNA was isolated from 3-dimensional—-cultured cells isolated from iCR mice 48 weeks post-TAM
(+TAM) treatment and post-oil (-TAM) treatment, and analyzed for Rbpj expression as well as ductal marker (Ck79) and acinar
marker (Ptf1«, Rbpjl, Amy2a, Mist1, Nr5a2, Gata6) expression (relative to §-Actin expression). Individual data from 6 mice as
well as the mean (bar) are shown and differences between the groups were analyzed with an unpaired Student’s t test in
GraphPad Prism 5.0. *P < .05; **P < .01; **P < .001. ns, not significant.

Taken together, our findings revealed accelerated PanIN during pancreas carcinogenesis. Importantly, this implies that
initiation and progression upon RBP] inactivation, strength- the canonical Notch signaling is able to act as a critical
ening the hypothesis of a tumor suppressive role of RBP] repressor of Kras-driven PanIN formation and desmoplasia.
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RBPJ Loss Initiates Prominent Gene Expression

Changes

To get more insights into the genetic consequences
of Rbpj inactivation and its tumor-suppressive role,
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RNA-sequencing (RNA-seq) analysis was performed in the

iCR, iKC, and iKCR mice 4 weeks after TAM treatment

(Figures 7 and 8).
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Principal component analysis (PCA) was performed to
monitor the overall differential gene expression pattern in
the different groups (n = 6 per group, 3 females, 3 males).
PCA scatter plots were generated based on mRNA
(Figure 7A) and long noncoding RNA (IncRNA) (Figure 7B).
Clearly, TAM- and oil-treated iCR mice clustered close
together either based on mRNA or IncRNA, suggesting a
nonessential role of RBPJ in the adult acinar cells. TAM- and
oil-treated iKCR mice as well as TAM-treated iKC mice
formed 3 distinct clusters according to mRNA or IncRNA.

The heatmaps of transcriptome profiling between
different groups revealed distinct gene expression patterns
that loss of RBPJ induced abundant gene expression, indi-
cating its repressor function (Figure 7C-F).

Upon Rbpj deletion alone (Figure 7C), 3 genes were
upregulated in acinar cells. Interestingly, Rhov,”® a newly
identified PTF1« target, showed a 2.6-fold and a 2.9-fold in-
crease, respectively, in RBPJ-deficient pancreata (Figure 7C,
Supplementary Table 1) and iKCR mice compared with iKC
mice (Figure 7G), suggesting a critical role of RBPJ in PTF1a-
dependent transcription. RBPJ loss together with oncogenic
KRAS expression (iKCR_+TAM) upregulated 77 or 511 genes
compared with only RBP] deficiency (iCR_+TAM) (Figure 7D)
or the control group (iKCR_-TAM) (Figure 7E, Supplementary
Table 1), respectively. However, by comparing TAM-treated
iCR mice with iKCR mice (iKC_+TAM vs iKCR_+TAM), only
5 genes were found to be differentially regulated (Figure 7F)
and verified by real-time qPCR analysis (Figure 71). In addi-
tion, Gkn1, a gene usually overexpressed in early PanIN, was
upregulated in iKCR mice prior to massive morphological
alterations (Figure 7H).

A total of 756 genes were uniquely modulated in iKCR
mice treated either with oil or TAM (Figure 7E). However,
only 5 genes were deregulated when TAM injected iKC and
iKCR mice were compared (Figure 7F), indicating that major
gene expression changes were initiated by oncogenic KRAS
expression. Nonetheless, RBP]J loss together with KRAS
expression increases the degree of gene dysregulation sug-
gesting a quality change after additional loss of RBP]
expression.

In the presence of oncogenic KRAS expression, qPCR
from RBPJ]-deficient pancreatic tissue from iKC and iKCR
mice revealed a significant increase of Notch1 and the Notch
target genes Hes1 and Nrarp in the iKCR mice (Figure 84).
To test whether the genes differentially expressed in the iKC
vs iKCR mouse models reflected either as a consequence of
RBPJ loss or the consequence of an increased number of

RBPJ Inhibits Acinar to Ductal Metaplasia 791

ADM/PanlIN lesions in the iKCR mice (Figure 7), we used
published available expression data from a Kras®'?® mouse
model.** During progression of ADM/PanIN lesions (1-
month-old vs 3-month-old mice), there were no changes in
gene expression of Atpl0d, Ccnal, Psapl, and Cox18
detectable (Supplementary Table 1). Unfortunately, the
noncoding RNA 9430085M18Rik was not annotated in this
dataset. In addition, we also found the Notch-related genes
Notchl and Nrarp (Figure 84) not upregulated in the pub-
lished dataset. This suggests that most of the genes, differ-
entially expressed in our mouse models (iKC vs iKCR), are
indeed a consequence of RBP] loss. However, because Hes1
is also upregulated in the dataset form Paul et al
(Supplementary Table 1),°* we cannot exclude that upre-
gulation of HesI is, at least in part, a consequence of
increased ADM/PanIN formation in the iKCR mice.

Interestingly, our RNA-seq data revealed that the gene
set related to extracellular matrix was dramatically
deregulated in the iKC and iKCR group already 4 weeks after
TAM treatment (Figure 8B-E), a time prior to massive
stroma formation. The PDAC tumor microenvironment is
very heterogenous and provides various biologically active
factors like cytokines/chemokines known to promote PanIN
development and fibrogenesis.””* Interestingly, we found
an enrichment of a large number of collagen-encoding genes
after combination of RBP] loss with oncogenic KRAS®!?P
expression (iKCR) (Figure 8B and C, Supplementary
Table 2). This was accompanied by an elevated expression
of cytokines/chemokines (Figure 8D and E), including
interleukin (IL) family members and C-C motif and C-X-C
motif chemokine ligands (Supplementary Table 2). Sur-
prisingly, comparing with the iKC group, the iKCR pancreata
presented a downregulation of cell junction maintenance
signatures (Figure 8F), implying that additional RBP] loss
contributes to loosened cell connections or disturbed of
acinar cell organization. Importantly, these alterations even
appear prior to the development of significant pancreatic
neoplasia, supporting the idea of a suppressive function of
RBPJ in PDAC development.

Pancreatic Regeneration Is Delayed Upon RBPJ
Deficiency But Impaired in Context of KRAS®'2P
Expression

Pancreatitis is known as a critical driving force for the
development of pancreatic neoplasia, and activation of the
Notch signaling pathway was shown to be critical for

Figure 5. (See previous page). RBPJ deficiency sensitizes pancreatic acinar cells to KRAS-mediated PanlIN initiation
after 4 weeks TAM treatment. (A) Experimental timeline for analyzing the iKC and iKCR mouse models. Mice were injected
with oil/TAM at the age of 6-8 weeks for 5 consecutive days. Pancreata were harvested 4 weeks after oil/TAM treatment. (B)
Representative images of tissues from iKC and iKCR pancreata 4 weeks after oil (black) or TAM (red) treatment stained with
hematoxylin and eosin (H&E), Sirius red, Alcian blue, or IHC with antibodies against RBPJ, Ki67, amylase, and CK19. Selected
regions (box) are magnified in the left corner. White and black arrow head highlight RBPJ-positive and RBPJ-negative nuclei,
respectively. White and black stars represent low and high amylase expression, respectively. Scale bars, 200 um (10x), 100
um (20x), and 50 um (40x). (C-G) Quantification of (C) ADM/PanlIN lesions, (D) Sirius red—positive stromal area, (E) Alcian
blue—positive PanINs, (F) Ki67-positive ADM/PanIN cells, and (G) «-SMA-positive areas in iKC (n = 5) and iKCR (n = 5)
pancreata. (H) Quantifications of ADM, PanIN-1, PanIN-2, and PanIN-3 lesions 4 weeks post-TAM treatment in iKC (n = 6) and
iKCR (n = 6) mice. Data were analyzed with an unpaired Student’s t test in GraphPad Prism 5.0 and are presented as individual
values as well as mean + SEM (bar). **P < .001. ns, not significant.
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Figure 6. RBPJ-deficient acinar cells accelerate KRAS-mediated PanIN formation 12 weeks post-TAM administration.
(A) Experimental timeline for analyzing the iKC and iKCR mouse models. Mice were injected with TAM at the age of 6-8 weeks
for 5 consecutive days. Pancreata were harvested 12 weeks after TAM treatment. (B) Representative images of tissues from
iKC and iKCR pancreata 12 weeks after TAM treatment stained with hematoxylin and eosin (H&E) and IHC images of RBPJ,
CK19, and insulin in iKC and iKCR pancreata. Selected regions (box) are magnified in the left corner. White and black ar-
rowheads highlight RBPJ-positive and RBPJ-negative nuclei, respectively. (C) In the context of KRas®12P expression, RBPJ
deficiency dramatically induces fibrotic stroma formation 12 weeks after TAM administration. Representative Alcian blue,
Sirius red, and IHC images of a-smooth muscle actin [¢-SMA] and Ki67 in iKC and iKCR pancreata 12 weeks after TAM
treatment. Scale bars represent 200 um (10x) and 100 um (20x). (D-G) Quantification of (D) a-SMA-positive area, (E) Sirius
red—positive stromal area, (F) Alcian blue—positive PanINs, and (G) Ki67-positive ADM/PaniIN cells in iKC (n = 5) and iKCR (n =
5) pancreata. (H) Quantification of ADM, PanIN-1, PanIN-2, and PanIN-3 lesions in iKC (n = 6) and iKCR (n = 6) mice. Data
were analyzed with an unpaired Student’s t test in GraphPad Prism 5.0 and are presented as individual values as well as mean
+ SEM (bar). *P < .1; *P < .01; **P < .001; **P < .0001. ns, not significant.
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regeneration of the pancreas.’’ In addition, AP has the po-
tential to facilitate the progression of precursor lesions.?®
Because inactivation of RBP] function, even in the context
of oncogenic KRAS expression, was not sufficient to initiate
pancreatic carcinogenesis during the observation period of
the mice, AP was used as an additional triggering factor. For
this, cerulein-induced AP was applied to iC, iCR, iKC, and
iKCR animals and pancreatic tissue was analyzed at
different time points post-AP (Figure 94).

To investigate the immediate inflammatory response,
pancreata from the different models were examined 1 day
after cerulein injection (for details, see Materials and
Methods). Morphological alterations, especially edema for-
mation with vacuolated cytoplasm and prominent immune
cell infiltration, were found in iC and iCR mice (Figure 9B).
The changes in iKCR pancreata compared with iKC showed
significant changes, as a sparse additional acinar dilatation
was observed. In addition, histopathology of iKCR pancreata
showed acinar cells that underwent degranulation and
dilatation with partial necrosis. RBP] loss in iCR and iKCR
mice was confirmed by IHC (white arrows), whereas infil-
trating immune cells still present a strong RBP] expression
level (Figure 9B, RBP], black arrows). In all mouse models,
the acinar cells underwent acinar-to-ductal reprogram-
ming/ADM, resulting in tubular structures with increased
CK19 expression (Figure 9B, CK19; quantification shown in
Figure 9C). Cerulein-induced AP mostly affects the acinar
cells, which therefore represent the main cell population
proliferating upon tissue regeneration; however, Ki67 pos-
itive cells were also detected in the periphery of acinar-to-
ductal reprogramming/ADM regions (Figure 9B, Ki67).
Quantification of the pancreatitis score 1 day after cerulein
treatment is shown in Figure 9D.

The pancreatic regeneration was analyzed in iC and iCR
mice 7 days after cerulein administration not only with
mostly re-established parenchymal tissue and reduced
edema, but also with partially remaining necrosis and
infiltrating immune cells, although significantly reduced in
numbers. In strong contrast, iKC and iKCR mice did not
show signs for regeneration: inflammation and necrosis
persisted in both mouse models (Figure 10, hematoxylin
and eosin). In addition, RBPJ-positive cells were also found
in the peripheral regions of iCR and iKCR mice representing
inflammatory cells (Figure 10, RBPJ). CK19 staining marked
the ADM lesions that locally remained in pancreata of iC and
iCR mice in lobes with a high infiltration of immune cells. In
iKC and iKCR pancreata, the ADM process even progressed
(Figure 10, CK19). During pancreatic refinement, Ki67-
positive cells were dramatically increased in all mouse
models and are located in the necrotic compartment, the
peripheral region as well as acinar cells and duct-like
structures (Figure 10, Ki67). Gene expression analyses by
gPCR from pancreata of iC, iCR, iKC, and iKCR mice showed
gradually loss of exocrine markers AmyZaZ2, Ptflo, and Rbpjl
(Figure 11A), but ductal marker Ck19 and fibrosis markers
Fn1 and a-smooth muscle actin (Acta2) showed the opposite
direction (Figure 11B). Quantifications of the pancreatitis
score show significant differences between iC and iCR mice
(Figure 11C). Surprisingly, the pancreatitis-induced PanINs
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occurring in iKC and iKCR mice develop different mucin
phenotypes (Figure 10, Alcian blue staining). Mucins in iKC
mice were either located in the cytoplasm of ductal-like
structures or in the stroma, whereas mucins in iKCR mice
were predominantly located in the cytoplasm of PanIN cells.
To further investigate the different mucin expression pro-
files, real-time qPCR analyses was performed. Interestingly,
Muc4 and Muc6 were upregulated in iKCR pancreata
compared with that of iKC mice, while Mucl and Mucb5ac
were downregulated. However, the difference in Muc5ac
expression was not significant between the 2 groups
(Figure 11D). Nonetheless, all pancreatic desmoplasia were
embedded in collagenic fibrosis (Figure 10, Sirius red).

Typically, cerulein-induced AP is refined 7 days after
induction,”” and pancreatic tissue is almost completely
recovered in wildtype mice after 3 weeks. However,
analyzing iC, iCR, iKC, and iKCR mice at this time point
(Figure 12) revealed different outcomes. The pancreas was
completely regenerated in iC mice, whereas loss of RBP]J,
delayed the pancreatic regeneration process leaving local
necrotized acini in iCR mice. However, both iKC and iKCR
mice showed no pancreatic tissue repair at all, but instead
the lesions occurring in these mice even further progressed
into high grade PanINs. CK19-expressing ductal structures
presented normally in appearance and number in iC and iCR
mice. In iKC and iKCR mice, the pancreatic tissue still mainly
consists of ADM lesions, partial duct dilatation, and persis-
tent progression of PanINs. The number of proliferative cells
returned to a normal level in the iC and iCR acinar
compartment as assessed by Ki67 staining. Only a few Ki67-
positive cells were found in the necrotic area of iCR mice.
We identified more proliferative cells in iKC and iKCR
pancreata, which preferentially located in ADM lesions or
duct-like structures, but also very few cells were found in
the peripheral region (Figure 12).

Discussion

RBP] participates in the PTFla-complex essential for
pancreatic development and is the central regulation plat-
form for Notch signaling, which was shown to be involved in
pancreatic cancer initiation and progression. We deter-
mined that RBP] is frequently downregulated in the PDAC
patients (Figure 1) and therefore performed an in-depth
functional characterization of RBPJ] in mature acinar cells,
pancreatic cancer development, and regeneration after
cerulein-induced AP.

RBPJ in Adult Acinar Cells

For acinar lineage specification, there are 3 essential
elements: PTFle, RBP], and its paralogue RBP]L.30 The
PTF1a-RBP] complex is pivotal for RBPJL induction in the
early developmental stage, whereas the PTF1la-RBPJL
complex is essential for the expression of digestive enzyme
genes and terminal differentiation of acinar cells.">'® Ho-
mozygous deletion of PTFla in mature acinar cells was
shown to be sufficient for reprograming these cells into
ductal-like cells*® and PTFla inactivation in elastase
expressing cells initiated endoplasmic reticulum
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Figure 7. RNA-seq expression profiles of RBPJ-deficient pancreata. Total RNA was extracted from individual mouse
models (n = 6 per group, 3 males and 3 females), sequenced, and analyzed as described in Materials and Methods. (A, B) PCA
based on the group analysis plot from RNA-seq data of (A) mRNA and (B) IncRNA. iCR mice treated with oil (-TAM) and TAM
(+TAM) are highlighted in red and green. iKCR mice treated with oil (-TAM) and TAM (+TAM) are highlighted in black and
orange. iKC mice treated with TAM (+TAM) are highlighted in blue. (C—F) (Top) Heatmaps of differentially expressed genes in
pancreata obtained from iCR mice treated with oil vs (C) TAM, (D) TAM-treated iCR mice vs iKCR mice, (E) iKCR mice treated
with oil vs TAM, and (F) TAM-treated iKC mice vs iKCR mice with a significant difference (adjusted P value <.05). The color
scale based on the row Z score is shown at the top. (Bottom) Venn diagrams showing upregulated vs downregulated genes
and the overlap between different indicated comparison groups: iCR mice treated with oil vs TAM (red), TAM-treated iCR mice
vs iKCR mice (blue), iKCR mice treated with oil vs TAM (green), and TAM-treated iKC mice vs iKCR mice (black). (G-/) Vali-
dation of statistically significant differential gene expression in comparison group of iKCR and iKC pancreata. Data were
analyzed with an unpaired Student’s t test in GraphPad Prism 5.0 and are presented as individual values as well as mean (bar).
P < .1; 7P < .01; ™™ P < .001; **P < .0001. ns, not significant.
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Figure 8. Significantly differential gene expression in iKC and iKCR pancreata. Each group contains 3 males and 3 fe-
males. (A) Real-time gPCR analysis of Rbpj and Notch-related genes (Notch1, Hes1, and Nrarp) in iKC and iKCR mice. Data
were analyzed with an unpaired Student’s t test in GraphPad Prism 5.0 and are presented as individual values as well as mean
(bar). *P < .1, ™*P < .0001. (B-E) GSEA of (B) collagen trimer, (C) collagen fibril organization, (D) chemokine production, (E)
chemokine activity, and (F) cell junction in TAM-treated iKC and iKCR pancreata. FDR, false discovery rate; NES, normalized

enrichment score.

stress-mediated acinar cell apoptosis resulting in pancreatic
volume reduction.’” Upon global deletion of RBPJL, RBPJ
was able to partially compensate RBPJL function in the
PTFla complex.'® Besides RBP]/RBPJL, NR5A2 and MIST1
are additional essential acinar marker proteins. Nr5a2
haploinsufficiency in the adult pancreas does not result in
gross histological alterations, while Nr5a2 knockout mice
develop pancreas atrophy and local ductal lesions.>* Simi-
larly, Mistl knockout mice show a severely disorganized
pancreas and decreased acinar cell numbers. This pheno-
type could be rescued by reintroduction of MIST1.***°

In contrast, RBPJ-deficient acinar cells lack obvious
phenotypical alterations (Figure 3) and showed no signifi-
cant changes in acinar marker gene expression (Figure 30).
This suggests that RBP] is not the key factor for homeostasis

and maintenance of mature acinar cell function and identity.
Surprisingly, ex vivo cultivation of primary acini of iCR mice
triggered the transition from an acinar to a ductal pheno-
type (Figure 4). This supports the idea that additional stress
factors are able to change the differentiation status of acinar
cells in the absence of RBP] function, and possibly pancre-
atitis could be such an additional stress factor in vivo.
RBP] is the DNA-binding component of the Notch signaling
pathway that either interacts with corepressors to down-
regulate gene expression or recruits coactivators to activate
target gene transcription. The Notch target gene Hesl was
shown to be vital for pancreatogenesis by influencing the
pancreatic epithelial precursors population, while NOTCH1
and NOTCH2 function is dispensable for pancreatic devel-
opment,*® Terminally differentiated acinar cells do not
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Figure 9. (Immuno)histological staining of pancreata from iC, iCR, iKC, and iKCR mice 1 day after cerulein-mediated
induction of AP. (A) (Left) lllustration of the experimental design for analyzing the iC, iCR, iKC, and iKCR mouse models.
(Right) Mice were injected with TAM at the age of 6-8 weeks for 5 consecutive days (week 1). Subsequently, mice were
injected with cerulein at week 5 for 2 consecutive days (8-hourly injections) to induce AP. Pancreata were harvested 1, 7, and
21 day(s) after the last treatment. (B) Representative images of pancreata from iC, iCR, iKC, and iKCR mice stained with
hematoxylin and eosin (H&E) and IHC with antibodies against RBPJ, CK19, and Ki67. Magnifications of selected regions are
shown in the left corner. Black and white arrows indicate RBPJ/Ki67-positive and RBPJ-negative cells. One day after the last
treatment with cerulein pancreata were harvested (6 mice per group, 3 males and 3 females). Scale bars represent 200 um
(10x), 100 um (20x), and 50 um (40x). (C) Quantification of CK19-positive area in pancreata from iC (n = 5), iCR (n = 5), iKC
(n = 5), and iKCR (n = 5) mice. (D) Quantification of the pancreatitis score as described in the Materials and Methods 1 day
after the last treatment with cerulein. Data were analyzed with an unpaired Student’s t test in GraphPad Prism 5.0 and are
presented as individual values as well as mean + SEM. P < .01; **P < .001; ***P < .0001.
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Figure 10. (Immuno)histological staining of pancreata from iC, iCR, iKC, and iKCR mice 7 days after cerulein-mediated
induction of AP. Representative images of pancreata from iC, iCR, iKC, and iKCR mice stained with hematoxylin and eosin
(H&E) and IHC with antibodies against RBPJ, CK19, and Ki67 as well as Sirius red and Alcian blue. Magnifications of selected
regions are shown in the left corner. Black and white arrows indicate RBPJ/Ki67-positive and RBPJ-negative cells, respec-
tively. Scale bars represent 200 um (10x), 100 um (20x), and 50 um (40x).

express Notch1, Notch2, and Hes1 and thus are neglectable for Based on these findings, we assume that (1) RBP]J is not
the maintenance and homeostasis of the exocrine pancreas.*® the master regulator for acinar cell maintenance and ho-
Therefore, RBP] most likely inhibits gene expression in meostasis in the adult state and (2) RBP] is able to prevent
mature acinar cells when active NOTCH is absent. the acinar-to-ductal cell differentiation upon additional
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triggers. However, it is not sufficient to transform mature
acinar cells.

RBPJ Loss in Context of KRAS Expression

The oncogenic Ras mutation is the key driver of
pancreatic cancer development and is present in approxi-
mately 94% of PDAC patients. Among these over 40% are
KRAS®'?P? mutations,®” and conditional KRAS®*?P mouse
models are able to drive acinar cell transformation and do
sufficiently recapitulate PDAC development.***° Interest-
ingly, during PanIN progression and in the presence of
pancreatitis, the shift from acinar to ductal cell identity is
accompanied by a gradual decline in PTFla and RBPJL
expression.”” Overall, RBP] expression appears to be het-
erogeneous in different murine PDAC cell lines.”” Remark-
ably, we observed concomitant RBP] expression also in
infiltrating immune cells and fibroblasts (Figures 5B
and 6B).

Notch components are frequently upregulated in PanINs
and PDAC.”*° In this study, we did not detect significant
induction of Notch target gene (eg, Hes1) or Notch compo-
nent (eg, Notch1) expression in iCR mice. RBPJ deficiency in
combination with KRAS®'?? Jed to an upregulation of
Notchl, Nrarp, and Hesl 4 weeks after TAM treatment as
detected by qPCR (Figure 84), implicating a transcriptional
repressor function of RBPJ] in PanIN initiation. However,
because induction of Hesl was also shown in a KRAS?P
mouse model without RBP] deletion (see Supplementary
Table 1),* we cannot exclude the possibility that Hesl
transcriptional activation, at least in part, results from
enhanced ADM/PanIN formation independent of RBP] loss
in the iKCR mice compared with the iKC mice. It was shown
that the overexpression of NICD, the active form of the
Notch receptor, is able to override the repressive RBP]
function and enhanced KRAS-driven PanIN initiation. In
contrast, Notchl deletion suppresses oncogenic KRAS-
induced PanIN formation.***® A similar outcome was
found in HesI knockout mice in which loss of HES1 inhibits
PanIN formation in the KRAS-expressing pancreata.’®
Therefore, NOTCH1 and HES1 are considered as oncogenic
factors in pancreatic cancer development. Indeed, ablation
of RBPJ sensitizes cells to KRAS-driven acinar cell trans-
formation with acceleration of PanIN progression compared
with KRAS activation alone (Figures 5 and 6). The mRNA for
RHOV was also upregulated after RBP] loss (Figure 7C and
G). RHOV is a member of the cdc42 family of small GTPases
and is involved in organization of the actin cytoskeleton.*!
In addition, it is also crucial for neural crest develop-
ment*? and was identified as a putative PTF1a« target in an
acinar cell line.”*> An oncogenic role of Rhov is well docu-
mented in lung tumors.”>*> A recent study has performed
whole exon sequencing of 109 PDAC samples and found the
genomic region of the Rhov gene (15q15.1) amplified in
2.8%.*° However, a role of RHOV in PDAC initiation and
maintenance is not reported so far. The extent to which
upregulation of the class 5 P4-ATPase ATP10d*’ and the
mitochondrial cytochrome C oxidase assembly factor Cox
18*® have a functional role or, if applicable, a metabolic
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function during ADM or PanIN development is currently
unknown. The same is true for PSAPL1, a protein of the
prosaposin family. Interestingly, both factors, ATP10d and
PSAPL1 seem to have a role in sphingolipid metabolism,*’
which was found to be altered in PDAC.”® A correlation of
Notch activity and CCNA1 expression was found in breast
cancer patients.”’ Transcriptional de-repression of CCNA1
after loss of RBPJ is conceivable. However, indirect effects
like proliferation of stroma cells could also be responsible
for CCNA1 upregulation. Strikingly, however, all differen-
tially expressed factors (Figure 7F) show no difference in
expression during Kras“*?°-only mediated PanIN develop-
ment (Supplementary Table 1).** This indeed suggests an
effect of RBP] loss on the differential expression of these
factors.

RBPJ deficiency together with oncogenic KRAS expres-
sion markedly affects remodeling of the extracellular matrix
in the pancreas (Figure 8B-E). Although there is no obvious
tumorigenesis and inflammation, RBP] loss is able to induce
a massive chemokine/cytokine upregulation in the iKCR
mice. Indeed, various family members of chemokine C-C
motif and C-X-C motif ligands (Figure 8D and E,
Supplementary Table 2) are already strongly elevated
before any gross histological changes are evident. Cxcl2,
Ccl28, Cxcl14, Ccl2, and Ccl7 showed the strongest differ-
ences compared with iKC mice and iKCR mice. CXCL2 re-
cruits neutrophils in the early stage of tissue damage.’
Interestingly, CCL28, CXCL14, and CCL20 are known to be
elevated in the PDAC patients‘“’55 and among those, CCL28
and CXCL14 correlate with a poor clinical outcome.”*** In
contrast, CCL7 was considered to possess antitumoral effect
in pancreatic cancer by enhancing natural killer cell infil-
tration.”® Moreover, cytokines like IL-2, IL-6, IL-173, and IL-
11 were higher expressed in iKCR mice. IL-2 is one of the
most well-known antitumorigenic acting cytokines by sup-
porting cellular immunity. Interestingly, induced IL-2
expression, which is also overexpressed in pancreatitis pa-
tients, limited tumor growth and metastasis in pancreatic
cancer by enhancing the expansion of cytotoxic T lympho-
cytes.”®®” The IL-6 family includes IL-6 and IL-11, both
support pancreatic tumorigenesis.”®? IL-17 produced by
immune cells can induce PanIN development and progres-
sion® and might also be involved in stemness
maintenance.®’

Thus, RBP] deficiency (or downregulation) in the context
of oncogenic KRAS expression is able to (1) force PanIN
development together with massive collagenic stroma for-
mation, (2) promote Notch1/Nrarp/Hes1 expression, and (3)
remodel the extracellular matrix by upregulating a large
number of chemokines, cytokines, mucin, and collagens.

IncRNAs Are Deregulated After RBPJ Depletion
An increasing number of studies highlight an important
role of IncRNAs in tumorigenesis, including pancreatic
cancer.®” Our PCA analysis in terms of IncRNA expression
(Figure 7B, Supplementary Table 3) suggest that RBP] alone
or in cooperation with PTF1« haploinsufficiency is involved
the regulation of IncRNA expression. However, so far there
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Figure 11. Real-time qPCR analysis of pancreata and pancreatitis scoring 7 days after the last cerulein treatment. RNA
was extracted from iC (n = 5), iCR (n = 5), iKC (n = 6), and iKCR (n = 5) pancreata. The mRNA samples were analyzed for the
expression of (A) acinar markers Amy2a2, Ptf1«, and Rbpjl and (B) ductal marker Ck79 and fibrosis markers Fn1 and aSMA
(Acta2). (C) Pancreatitis scoring of iC, iCR, iKC, and iKCR mice 7 days after the last treatment with cerulein. (D) Real-time gPCR
analysis for the expression of Muc1, Muc4, Mucbac, and Muc6. Data were analyzed with an unpaired Student’s t test in
GraphPad Prism 5.0 and are presented as individual values as well as mean + SEM. *P < .1; *P < .01; **P < .001; ***P <

.0001. ns, not significant.

is lack of data about the role of PTF1« in IncRNA regulation.
A few studies available suggest that specific IncRNAs are
linked with RBP] expression in colorectal cancer®® and
laryngeal carcinoma.®® In addition, RBP] can also regulate
IncRNAs (ie, IncRNAs secreted due to RBP] overexpression
in macrophages limits progression of oral squamous cell
carcinoma).’” Furthermore, in glioblastoma cells, IncRNAs
can be upregulated by the NICD/RBPJ/MAML2 axis.®®

Therefore, it is of great interest to identify pancreas-
specific IncRNAs specifically regulated by RBP] and/or
PTF1l« in the future.

Pancreatic Regeneration Is Delayed Upon RBPJ
Deficiency

Notch signaling is vital for pancreatic regeneration after
injury, and loss of Notch signaling significantly impairs
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Figure 12. (Immuno)histological staining of pancreata from iC, iCR, iKC, and iKCR mice 21 days after cerulein-mediated
induction of AP. (A) Representative images of pancreata from iC, iCR, iKC, and iKCR mice stained with hematoxylin and eosin
(H&E) and IHC with antibodies against RBPJ, CK19, and Ki67. Magnifications of selected regions are shown in the left corner.
Black and white arrows indicate RBPJ/Ki67-positive and RBPJ-negative cells, respectively. Scale bars represent 200 um
(10x), 100 um (20x), and 50 um (40x). (B) Quantification of CK19-positive area in pancreata from iC (n = 6), iCR (n = 6), iKC
(n = 6), and iKCR (n = 5) mice. (C) Quantification of the pancreatitis score as described in the Materials and Methods 21 days
after the last treatment with cerulein. Data were analyzed with an unpaired Student’s t test in GraphPad Prism 5.0 and are
presented as individual values as well as mean + SEM. *, P < .1 **, P < .01; **, P < .001.
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regeneration after AP. Normally, acinar cells exposed to
cerulein expresses higher levels of NOTCH1, NOTCH2, and
HES1?” and NOTCH1 deficiency was shown to impair their
recovery after AP. In addition, embryonic deletion of HesI in
the exocrine pancreas impairs regeneration after AP.*?

In this study, iCR mice underwent the inflammatory and
early regeneration phase after AP induction with morpho-
logical alterations similar to iC mice (Figures 9B and 10).
Thus, RBP] does not have an instructive role in these phases.
Importantly, the pancreatic refinement as the last phase of
regeneration after AP was significantly delayed in iCR mice.
Even 21 days after cerulein treatment, necrotizing regions
were not yet fully resolved (Figure 12). After 2 months,
however, the iCR pancreas was fully recovered.

Pancreatic regeneration is impaired in the iCR mouse
model (Figures 10, 11, and 12). We suggest that lack of the
PTF1a-RBP] complex during the redifferentiation of acinar
cells limits RBPJL induction and thereby delays the final
steps of acinar regeneration including terminal differentia-
tion. Because the deletion efficiency of RBPJ did not reach
100%, we cannot exclude that RBPJL might be produced at
low levels and thus available for autoactivation of the
PTF1a-RBPJL complex. Also, RBPJL might be activated by
yet unknown factors/regulators independent of RBP] and/
or PTF1a. Therefore, a conditional RBPJL knockout mouse
model might be helpful for future studies to test whether
RBP]JL is involved in maintenance and homeostasis of acinar
cells as well as their regeneration after AP.

In conclusion, RBP] deficiency impairs pancreatic
regeneration, probably through limiting RBPJL expression.

Pancreatic Regeneration Is Impaired Upon RBPJ
Deficiency in the Context of KRAS®'2P
Expression

Pancreatic regeneration is usually fully blocked by onco-
genic KRAS expression characterized by upregulation of Hes1
in ADM and PanlN lesions. Interestingly, ADM lesions without
Hes1 expression can be differentiated back to acinar cells even
with the induction of mutated Kras,*® further suggesting that
HES1 promotes pancreatic transformation. In iKCR mice, Hes1
expression was remarkably increased even before AP chal-
lenge (Figure 8A4). Therefore, cerulein treated iKCR mice are
presumed to show accelerated pancreatic desmoplasia.

Indeed, already 1 day after exposure to cerulein, tissue
damage was more severe in iKCR mice exhibiting RBP]
deletion compared with iKC mice (Figure 9B and D). Des-
moplasia occurred and persisted in both iKCR mice and iKC
mice (Figures 10, 11, and 12). At the same time, less
severely damaged pancreata in iKC mice were consistent
with higher levels of acinar marker and lower levels of
ductal/desmoplasia marker compared with iKCR mice
(Figure 114 and B). Interestingly, cerulein-treated iKC and
iKCR pancreata presented different subcellular mucin
expression pattern with a mixed mucin phenotype in iKC
mice compared with a predominant cytoplasmic expression
in iKCR mice (Figures 10 and 11D). Muc4 and Muc6
expression was increased in iKCR mice compared with iKC
mice, while Mucl and Muc5ac were less expressed. Because
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these mucins are known to be involved in the PanIN/PDAC
development,®”~”" a more detailed evaluation of the specific
mucin phenotype in iKCR and iKC is required to define the
specific role of RBPJ.

Taken together, we identified a prominent down-
regulation or loss of RBP] expression in human PDAC
specimen. When we recapitulate this issue in corresponding
mouse models, RBP] deficiency in the context of KRAS®!?P
expression was found to facilitate pancreatic acinar cell
transformation together with marked remodeling of the
extracellular matrix. Therefore, we suggest, that RBPJ]
function is critically involved in cell-autonomous and non-
—cell-autonomous mechanisms protecting pancreatic acinar
cells from KRAS-mediated PanlIN initiation and progression.

Materials and Methods
All authors had access to the study data and had
reviewed and approved the final manuscript.

Human Histological Specimens and IHC Analysis

Three commercially available tissue microarrays (US
Biomax; HPan-Ade120Su-01 [63 cases], HPan-Ade170Su-01
[99 cases], HPan-A150CS-02 [78 cases]) were subjected to
immunohistochemistry with an anti-RBP] antibody (7A11;
kindly provided by Prof. Kempkes, Miinchen). RBP] immu-
nostaining was evaluated on a Motic BA410 microscope
(Motic Images Plus 2.0 software) and overall RBP] expres-
sion level was staged (null, low, medium, high).

Mice

All animal procedures were performed according to
protocols approved by the Baden-Wiirttemberg Animal
Committee (TVA-1410). Rbpj"/°% mice,*" Ptfla-Cre®®"/*
mice (referred to as iC mice),”? and LSL-Kras®*?”/* mice”?
were maintained on a C57BL/6 background and inter-
crossed to generate Ptfla-Cre®®";Rbpj"™/1°* mice (referred to
as iCR mice) and Ptfla-Cre®™R"/*;LSL-Kras®?P/*;Rbpjiox/fox
mice (referred to as iKCR mice).

RBP] deletion was induced by activation of the Cre
recombinase. Therefore, 6- to 8-week-old mice were
administered TAM (intraperitoneal, 5 mg/200 uL; Merck;
#T5648; dissolved in ClinOleic 20% [Baxter]) on 5 consec-
utive days. Littermate control mice were injected with 200
uL ClinOleic 20%. Mice were carefully monitored and pan-
creata were harvested at the indicated time points.

Polymerase Chain Reaction

DNA isolated from mouse ear biopsy was analyzed by
genotyping PCR using primers (Table 1) specific for the
Cre®®™ Rbpi**, Rbp/™®, and LSL-Kras®*?” allele. DNA isolated
from iCR mouse pancreata was analyzed by deletion PCR
using primers (Table 1) specific for the Rbpj and Rbp/™
allele. PCR products were separated on 1.5% agarose gels.

Tissue Processing and IHC Staining
Formalin-fixed, paraffin-embedded mouse pancreata
were dissected into 4-mm-thin sections, deparaffinized, and
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Table 1.Primers Used for Genotyping and Deletion
Polymerase Chain Reaction Analyses

Name Primer Sequence
CrefF™ _F 5-AACCTGGATAGTGAAACAGGGGC-3'
Creff™ _R 5-TTCCATGGAGCGAACGACGAGACC-3'
rbpj_wt_F 5-GTTCTTAACCTGTTGGTCGGAACC-3'
rbpj_wt_R 5-GCTTGAGGCTTGATGTTCTGTATTGC-3/
rbpj_flox_F 5-GAAGGTCGGTTGACACCAGATAGC-3/
rbpj_flox_R 5'-GCAATCCATCTTGTTCAATGGCC-3'
rbpj_del_F 5-GACCTTGGTTTGTTGTTTGGGTT-3'
rbpj_del_R 5'-GAGAGACAAGCCTAGAACAGG-3/

LSL-Kras®"?P_F 5'-AGCTAGCCACCATGGCTTGAGTAAGTCTGCA-3'
LSL-Kras®'?P_R 5-CCTTTACAAGCGCACGCAGACTGTAGA-3'

rehydrated. After blocking endogenous peroxidases with
3% hydrogen peroxide (Merck; #1.07209.0250), microwave
antigen retrieval (unmasking solution; Vector; #H-3300),
and blocking (2% bovine serum albumin [BSA] in Tris-
buffered saline [TBS] and avidin/biotin blocking kit; Vec-
tor; #SP-2001), primary antibodies (Table 2) diluted in 2%
BSA (in TBS) were applied and incubated overnight at 4°C in
a humidified chamber. The next day, sections were washed
and incubated with the biotin-conjugated secondary anti-
bodies diluted in 2% BSA in TBS for 30 minutes at room
temperature. When using mouse antibodies, the M.0.M.
blocking kit (Vector; #BMK2202) was applied following the
manufacturer’s instructions. Briefly, the primary antibody
was applied for 1 hour at room temperature with bio-
tinylated secondary antibodies (Table 3) added for 10 mi-
nutes at room temperature. Visualization of antibody
binding was achieved with the Vectastain Elite ABC reagents
(Vector; #PK-6100) and NovaRed (Vector; #SK-4800) ac-
cording to the manufacturer’s instructions. The sections
were counterstained with 20% hematoxylin and eosin.

For Alcian blue staining, deparaffinized and rehydrated
sections were incubated in 1% Alcian blue solution (pH 2.5;
Biognost; #AB2-0T-1L) for up to 30 minutes at room tem-
perature prior to counterstaining with nuclear fast red
(Vector; #H-3403).

For Sirius red staining, deparaffinized and rehydrated
sections were stained in Weigert's hematoxylin (Roth;
#X907.1) for 8 minutes, washed, and incubated in the
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Picrosirius red solution (0.5 g Direct Red 80 [Merck;
#365548] in 50 mL saturated aqueous solution of picric
acid [Merck; #P6744]) for 1 hour before sections were
washed with acidified water (5 mL acetic acid glacial [VWR;
#20104.298] in 1 L distilled water).

Histological images were acquired with a Motic BA410
microscope and Motic Images Plus 2.0 software.

Quantification of Pancreatic Lesions

Quantification of ADM/PanIN events was performed
with FIJI software (https://imagej.net/software/fiji/)
trained with the IHC tool (https://imagej.nih.gov/ij/
plugins/ihc-toolbox/index.html). At least 10 randomly
selected fields were photographed at 20x magnification,
and the percentage of the positively stained area was
scored. Blind grading and quantification of ADM and PanIN
lesions by a second examiner were carried out on at least 40
randomly selected fields per group and time point (photo-
graphed at 20 x magnification), from histological hematox-
ylin and eosin sections of all animals enrolled in the study
(n = 6 animals per group and time point). PanINs were
scored according to the human PanIN classification sys-
tem,”*”’® from PanIN-1 (low-grade dysplasia) to PanIN-3
(high-grade dysplasia). Each lesion was graded based on
its highest-grade component.

Isolation of Primary Pancreatic Acinar Cells and
ADM Assay

Freshly isolated pancreata were rinsed twice in ice cold
Hank’s Balanced Salt Solution (HBSS) (Corning; #21-021-
CV) and centrifuged at 1000 rpm for 3 minutes at 4 °C.
The pancreas was then sliced into 1- to 5-mm pieces, and
digested with 10 mL collagenase P solution (2 mg; Roche;
#11213857001) for 20-30 minutes at 37°C. Mechanical
dissociation was performed by up and down pipetting of the
cells (10 mL pipette) every 5 minutes. To stop the digestion,
10 mL ice cold washing solution (HBSS with 5% heat-
inactivated fetal calf serum [FCS] and 10 mM HEPES
[Gibco #15630-056]) was applied. After centrifugation
(1000 rpm for 2 minutes at 4°C) and washing twice with
washing solution, the mixture was filtered through a 100-
um cell strainer (Corning; #431752). Afterward, the cell
suspension was added dropwise on top of 2 mL HBSS so-
lution supplemented with 30% FCS. After centrifugation at
1000 rpm for 2 minutes at 4°C, the acinar cells were washed

Table 2.Primary Antibody Used in Immunohistochemistry

Antibody Dilution Species Company Cat. No.
Anti-Amylase (polyclonal I1gG) 1:100 Rabbit Merck A8273
Anti-aSMA (polyclonal IgG) 1:200 Rabbit Abcam ab5694
Anti-CK19 (monoclonal IgG) 1:100 Rat DSHB TROMA-III
Anti-Insulin (monoclonal IgG) 1:800 Mouse Cell signaling 8138S
Anti-Ki67 (monoclonal I1gG) 1:200 Rabbit Invitrogen MA5-14520
Anti-PTF1a (monoclonal I1gG) 1:500 Mouse BD Pharmingen 564745
Anti-RBPJ (monoclonal I1gG) 1:100 Rat Provided by Prof. Kempkes, Munich 7A11
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Table 3.Secondary Antibody Used in Immunohistochemistry

Antibody Dilution Company Cat. No
Rabbit Anti-Rat IgG Antibody, mouse adsorbed (H+L), Biotinylated 1:100 Vector BA-4001
Goat Anti-Rabbit IgG Antibody (H+L), Biotinylated 1:100 Vector BA-1000
M.O.M. (Mouse on Mouse) Elite Immunodetection Kit, Peroxidase 1:250 Vector PK-2200

with 10 mL Waymouth’s medium (Gibco; #31220-023;
supplemented with 1% FCS, 0.1 mg/mL trypsin inhibitor
[Merck; #T9003] and 1 ug/mL dexamethasone [Merck;
#D2915]). Finally, acinar cells were mixed with Waymouth'’s
medium and growth factor-reduced Matrigel (at a ratio
1:1.5; Corning; #354230) and seeded on 24-well plates.
Each well was incubated with 400 uL of the cell-gel mixture
for 30 minutes at 37°C. Subsequently, 600 uL of medium
was applied to each well. Transforming growth factor «
(TGFa, 500 ng/well; Merck; #T7924) was added as the

positive control. The images were acquired using a Leica
LEITZ DM-IRBE microscope and processed by QCapture
Suite PLUS software (QImaging).

RNA Extraction, Complementary DNA Synthesis,
and qPCR Analyses

Total RNA was extracted from pancreas tissue using the
QIAzol Lysis Reagent (Qiagen; #79306) and purified using
the RNeasy Mini Kit (Qiagen; #74106). Total RNA from

Table 4.Primers Used for Quantitative Polymerase Chain Reaction Analyses

Gene Assay (Qiagen) ID No.
9430085M18Rik, mouse RT2 IncRNA gPCR Assay for Mouse 9430085M18Rik LPM07692A
Actin, mouse Mm_Actb_2_SG QuantiTect Primer Assay QT01136772
Amylase, mouse Mm_Amy2a2_1_SG QuantiTect Primer Assay QT02276351
Atp10d, mouse Mm_Atp10d_2_SG QuantiTect Primer Assay QT01063685
Bhlha 15, mouse Mm_Bhlha15_1_SG QuantiTect Primer Assay QT00315182
Ccnal, mouse Mm_Ccnal_1_SG QuantiTect Primer Assay QT00493255
Cela, mouse Mm_Celal_1_SG QuantiTect Primer Assay QT00100226
Ck19, mouse Mm_Krt19_1_SG QuantiTect Primer Assay QT00156667
Cox18, mouse Mm_Cox18_2_SG QuantiTect Primer Assay QT00301399
Ctrb1, mouse Mm_Ctrb1_1_SG QuantiTect Primer Assay QT00122066
Cpal, mouse Mm_Cpail_1_SG QuantiTect Primer Assay QT00251930
Hprt, mouse Mm_Hprt_1_SG QuantiTect Primer Assay QT00166768
Muc1, mouse Mm_Muc1_1_SG QuantiTect Primer Assay QT00105784
Muc4, mouse Mm_Muc4_2_SG QuantiTect Primer Assay QT00138663
Mucbac, mouse Mm_Muc5ac_va.1_SG QuantiTect Primer Assay QT01161111
Muc6, mouse Mm_Muc6_1_SG QuantiTect Primer Assay QT00151627
Fn1, mouse Mm_Fn1_1_SG QuantiTect Primer Assay QT00135758
a-SMA, mouse Mm_Acta2_1_SG QuantiTect Primer Assay QT00140119
Notch1, mouse Mm_Notch1_1_SG QuantiTect Primer Assay QT00156982
Rbpj, mouse Mm_Rbpj_1_SG QuantiTect Primer Assay QT00075607
Rbpjl, mouse Mm_Rbpjl_1_SG QuantiTect Primer Assay QT00129416
Rhov, mouse Mm_Rhov_2_SG QuantiTect Primer Assay QT02300291
Pnlip, mouse Mm_Pnlip_1_SG QuantiTect Primer Assay QT00117740
Psap1, mouse Mm_Psap_1_SG QuantiTect Primer Assay QT00162953
Ptf1a, mouse Mm_Ptf1a_1_SG QuantiTect Primer Assay QT00124187
Hes1, mouse Mm_Hes1_1_SG QuantiTect Primer Assay QT00313537
Insulin, mouse Mm_Ins1_2_SG QuantiTect Primer Assay QT01660855
Gata6, mouse Mm_Gata6_1_SG QuantiTect Primer Assay QT00171297
Gkn1, mouse Mm_Gkn1_1_SG QuantiTect Primer Assay QT00125636
Glucagon, mouse Mm_Gcg_1_SG QuantiTect Primer Assay QT00124033
Nrarp, mouse Mm_Nrarp_1_SG QuantiTect Primer Assay QT00262199
Nr5a2, mouse Mm_Nr5a2_1_SG QuantiTect Primer Assay QT00106778
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isolated acinar cells was purified using the QIAshredder
(Qiagen; #79656) and RNeasy Micro Kit (Qiagen; #74004).
All RNA isolations were performed according to man-
ufacturer’s instructions and included DNase I treatment
(Qiagen; #79254). RNA concentration was determined with
the NanoDrop 2000 (PegqLab Biotechnology) and RNA con-
verted to complementary DNA with SuperScript II reverse
transcriptase (Invitrogen; #18064-014). QuantiTect SYBR
Green PCR kit (Qiagen; #204056) was used for the qPCR
reaction on a Light Cycler 480 Real-Time PCR system device
(Roche). The specific mRNA expression of the genes of in-
terest was calculated using the AACt method and normal-
ized to the housekeeping gene (-actin (Qiagen;
#QT01136772). The primers used for gqPCR analyses are
listed in Table 4.

Statistical Analysis

Statistical tests and graphical data presentations were
performed by the means of GraphPad Prism 5.0 software
(GraphPad Software). The statistical significance of differ-
ences between the indicated groups was tested by unpaired
Student’s t test. All data represent the mean + SD. In addi-
tion, comparison of overall survival was analyzed by the
GraphPad Prism log-rank (Mantel-Cox) test. The level of
statistical significance is presented by asterisks (*) with P
values >.05 (not significant), <.05 (*), <.01 (**¥), <.001
(***), and <.0001 (****).

RNA Sequencing

Raw RNA-seq were mapped to the mouse reference
genome GRCm38 using HISAT2.”°"”? RNA-seq mapping QC
was performed using Picard tools (https://broadinstitute.
github.io/picard/). The gene expression count matrix was
generated using featureCounts.”” Downstream analyses
including clustering, heatmaps, PCA, and self-organizing
map were conducted using R and Bioconductor pack-
ages.”’ ™ Data for the heatmap and Venn diagram are
shown in Supplementary Table 1. Gene set enrichment
analysis (GSEA) was performed using the standalone java
implementation of the package.®*> Data for GSEA data are
shown in Supplementary Table 2. Raw reads and count
matrix have been uploaded to Gene Expression Omnibus,
accession number GSE189756.

Cerulein-Induced AP

The application of cerulein (Merck; #C9026) is the
commonly used method for induction of AP in mice. Four
weeks after TAM injection, the mice were injected (intra-
peritoneally) 8 times on 2 consecutive days with an
appropriate dose of cerulein (50 ug/kg dissolved in
phosphate-buffered saline). The injection volume depended
on the initial weight of the animals. The control groups
received a volume-adjusted administration of the vehicle
phosphate-buffered saline in the same injection interval.
Animals were Kkilled painlessly after the given time periods.
During the subsequent necropsy, pancreata were collected
for mRNA extraction and histological analysis. Pancreatitis
score was established as previously described®® scoring
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edema, inflammation, and necrosis in a blinded fashion on
duplicate hematoxylin and eosin-stained section from at
least 6 mice per genotype and time point.

Data Transparency

Raw reads and count matix of RNA-sequencing data are
available at the Gene Expression Omnibus under accession
number GSE189756. In this study, downstream analyses
and GSEA were used as indicated in the Materials and
Methods. All other data (additional raw data and indepen-
dent replicates) supporting the study findings are available
upon requesting from the corresponding author.

Supplementary Material
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jcmgh.2023.07.013.
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