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a b s t r a c t

Background: Oncogenic Kras initiates and drives carcinogenesis in the pancreas by complex signaling
networks, including activation of the NFkB pathway. Although recent evidence has shown that oncogenic
gains in Nfkb2 collaborate with Kras in the carcinogenesis, no data at the level of genetics for the
contribution of Nfkb2 is available so far.
Methods: We used Nfkb2 knock-out mice to decipher the role of the gene in Kras-driven carcinogenesis
in vivo.
Results: We show that the Nfkb2 gene is needed for cancer initiation and progression in KrasG12D-driven
models and this requirement of Nfkb2 is mechanistically connected to proliferative pathways. In contrast,
Nfkb2 is dispensable in aggressive pancreatic ductal adenocarcinoma (PDAC) models relying on the
simultaneous expression of the Kras oncogene and the mutated tumor suppressor p53.
Conclusions: Our data add to the understanding of context-dependent requirements of oncogenic Kras
signaling during pancreatic carcinogenesis.
© 2021 The Authors. Published by Elsevier B.V. on behalf of IAP and EPC. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Pancreatic ductal adenocarcinoma (PDAC) is initiated and driven
by the KRAS oncogene andmutations in this oncogene occur in over
90% of cases. Oncogenic KRAS orchestrates signaling networks
including several major pathways like the RAF/mitogen-activated
protein kinase kinase (MEK)/extracellular signal-regulated kinase
ünchen, Klinikum rechts der
2, 81675, Munich, Germany.
neider).

B.V. on behalf of IAP and EPC. This
(ERK)-, and the phosphoinositide-3-kinase (PI3K)/AKT-pathways
[1e4]. In 2018, we described a link of an increased gene-dosage of
mutant KRAS to tumor progression [5], an observation detected
also in the human disease [6]. In addition, we identified oncogenic
gains in Myc, Yap1, and Nfkb2 to collaborate with oncogenic KRAS,
placing a particular interest on these genes [5].

NFkB2 (p100/p52), together with NFkB1 (p105/p50), RelA/p65,
RelB, and Rel composes the NFkB family of transcription factors
[7e9]. The IkB kinase (IKK) complex, containing IKK1, IKK2, and
NEMO/IKKg, controls NFkB signaling. Inflammatory cytokines
activate canonical NFkB signaling by inducing the N-terminal
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phosphorylation of inhibitor of kB (IkB) proteins, leading to their
ubiquitination and proteasomal degradation. Consequently, the
classical NFkB dimer p50-RelA is released and translocates to the
nucleus to activate transcription. In alternative NFkB signaling, NIK
(MAP3K14) activates IKK1. Subsequently, IKK1 phosphorylates
NFkB2 leading to its ubiquitylation and subsequent proteasomal
processing of p100 to p52. Upon processing the alternative dimer,
p52-RelB enters the nucleus to activate NFkB targets [7e9].

NFkB signaling contributes to the pathobiology of PDAC devel-
opment and maintenance [10e15]. In genetically engineered
mouse models (GEMMs) of PDAC, KrasG12D activates the NFkB
signaling pathway [16,17]. Considering alternative NFkB signaling,
proteasomal degradation of TRAF2 stabilizes NIK in PDAC cell lines
to induce this branch of the pathway [18]. In addition, the glycogen
synthase kinase 3a (GSK-3a) was shown to control non-canonical
NFkB signaling in PDAC [19]. Control of proliferation by the alter-
native NFkB signaling pathway is described in PDAC models
[18e21].

Instructed by the Nfkb2 genetic gains in murine PDAC models
and the relevant expression in human PDAC [5], we hypothesized
that Nfkb2 is important for the carcinogenesis in the pancreas.
Therefore, we used Nfkb2 knock-out mice to investigate the role of
the gene in murine PDAC models with variable aggressiveness. We
show that Nfkb2 is connected to proliferative pathways that drive
the carcinogenesis in the pancreas, a role that is bypassed by the
mutated tumor suppressor p53.

Material & methods

Mouse lines

The Nfkb2 knock-out mouse line was described [22] and the
following genotyping primers were used: wildtype Nfkb2: p52 _In1
Up 50 GT C C T C C AC G C T G G C T GA A A 30; p52_Exon2 LP 50 AGA
T C C G G T G GA G G T C G A GA T 30; Nfkb2 knock-out: NeoT2 50 C C
A C G A C G G C G T T C C T G G 30; Neo Rev 2 50 C C C A T T C G C C A A
G C T C T T C AG 30. Ptf1aCre, Pdx1-Cre, LSL-KrasG12D, and LSL-p53R172H

mouse lines, the genotyping strategies, and primers have been
described [23e26]. All animals were on a mixed C57Bl/6;129S6/
SvEv genetic background, male and female mice were analyzed, and
fed with a standard chow diet purchased from altromin (#1314M,
Lage, Germany). Mouse studies were conducted in compliance with
European guidelines for the care and use of laboratory animals and
were approved by the Institutional Animal Care and Use Commit-
tees (IACUC) of the Technische Universit€at München and Regierung
von Oberbayern.

Histochemistry and immunohistochemistry

For histopathological investigations, murine tissues were fixed
in 4% formaldehyde (Carl Roth, Karlsruhe, Germany), embedded in
paraffin and subsequently sectioned (1.5 mm thick). Sections were
stained with hematoxylin and eosin (H&E) as described [27]. For
alcian blue staining, paraffin-embedded sections were dewaxed
and rehydrated. The slides were incubated in 1% aqueous alcian
blue solution (pH 2.5) for 5 min, washed, counterstained for 5 min
with nuclear fast red and mounted in Pertex (Leica Biosystems,
Wetzlar, Germany). For immunohistochemistry (IHC), formalin-
fixed and paraffin-embedded sections were dewaxed, rehydrated
and subsequent placed in a microwave (2 min, 800 W and 9 min/
360 W) in order to recover antigens. Slides were left at room
temperature for at least 20 min and washed with PBS/0.1% Tween.
Endogenous peroxidase activity was inhibited by incubation in 3%
H2O2 for 10 min. Sections were washed with PBS/0.1% Tween and
blocked for 1 h at room temperature with 5% serum and 10% Avidin
913
solution (Avidin/Biotin Blocking Kit Vector Laboratories Burlin-
game, CA, 94010) in PBS. Then, sections were incubated with the
following primary antibodies: Ki-67 (1:50) (Sp6; # KI681C01; DCS
Innovative Diagnostic System, Hamburg), Cyclin D1 (1:250) (Sp4;
RM9104-S Lab vision, Fremont, CA (USA), and Nfkb2 (1:250) (c-5,
sc-7386, Santa Cruz Biotechnology, Dallas, TX, USA). Afterwards,
secondary antibody conjugated to biotin (1:500, Vector Labora-
tories, Burlingame, CA) were used. Streptavidin conjugated to
peroxidase was utilized with 3,30-diaminobenzidine tetrahydro-
chloride (DAB; Sigma-Aldrich) for visualization. Slides were coun-
terstained with hematoxylin, dehydrated and mounted in Pertex.
High resolution images were captured by using the microscope
Axio Imager.A1 with Axio Cam HRc and analyzed using AxioVision
4.8 software (Carl Zeiss, Jena, Germany). Slides were scanned with
Aperio Image Scanner and images were captured by Aperio
ImageScope #12.3.0.5056 (Leica Biosystem, Nußloch, Germany).

Quantification and counting of acinar to ductal metaplasia (ADM)
and pancreatic intraepithelial neoplasia (PanIN) lesions

For quantification of ADM and PanIN lesion at each time point at
least four animals per genotype were analyzed. Three individual
H&E stained slides per pancreas (at intervals of 100 mm) were
analyzed. Whole sections were counted for the presence of ADMs
and PanIN lesions and a 100-fold magnification was used. Mean
number of lesions per field for each animal is shown. Identification
of ADM and PanIN lesions was performed according to Ref. [28]. For
quantification of alcian blue stainings, pancreas of three animals
per genotype were investigated. Three stained whole section slides
(at intervals of 100 mm) were analyzed using a 100-fold magnifi-
cation. Mean number of lesions (ADMs and PanINs) per field for
each animal is shown. For analysis of Ki-67 and Ccnd1 expression in
ADM and PanIN lesions in age-matched mice tissue, 3 animals per
genotype were used. For Ki-67 quantification, three slides per an-
imal and for Ccnd1 one slide per animal were analyzed. Depicted is
the percentual fraction of Ki-67/Ccnd1-positive ADM or PanIN cells
to all counted ADM or PanIN cells.

Cell lines

Establishment of murine pancreatic cancer cell lines from
genetically engineered KrasG12D-driven mouse models was
described [29]. Cell lines were cultured in DMEM medium
(#D5796, Sigma-Aldrich Chemie GmbH, Munich) supplemented
with 10% fetal calf serum (FCS) (Merck Millipore/Biochrom, Berlin,
Germany) and with 1% (w/v) penicillin/streptomycin (Life tech-
nologies). Identity of the murine pancreatic cancer cell lines was
verified using genotyping PCR. Cell lines were tested for Myco-
plasma contamination by a PCR-based method [30].

Protein lysates and western blot

For whole-cell extracts (WCE), cells or tissue were lysed in RIPA
buffer (50 mM Tris HCl, 150 mM NaCl, 2 mM EDTA, 1% Triton �100,
1% Sodium deoxycholate, 0.1%SDS, pH 7.5) supplemented with
protease and phosphatase inhibitors (Protease inhibitor cocktail
complete EDTA free, Roche Diagnostics, Mannheim, Germany and
Phosphatase-Inhibitor-Mix I, Serva, Heidelberg, Germany). Extracts
were normalized for protein in protein loading buffer (45.6 mM
Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 1% b-mercaptoethanol, 0.01%
bromophenol blue) and heated at 95 �C for 5 min. Equal protein
amounts (60 mg) were loaded on 10% SDS-polyacrylamide gels and
proteins were transferred to Immobilon-FL or nitrocellulose
membranes (Merck-Millipore). Membranes were blocked in
blocking buffer (5% skim milk and 0.1% Tween in PBS) and
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incubated in the following primary antibodies: Nfkb2 (4882, dilu-
tion:1:1000, Cell Signaling Technology, Danvers, MA, USA), Cyclin
D1 (72-13G, sc-450, dilution: 1:250, Santa Cruz Biotechnology,
Dallas, TX, USA), b-Actin (#A5316, dilution 1:10000, Sigma-Aldrich,
München, Germany), GAPDH (ACR00PT) (Acris GmbH, Herford,
Germany, dilution: 1:10000). DyLight™ 680 or 800 conjugated
secondary antibodies (1:10000 dilution) (Cell Signaling Technol-
ogy) were used for detection with a Odyssey Infrared Imaging
System (Licor, Bad Homburg, Germany). The system, assuring sig-
nals in the linear range, was also used to quantify western blot
signals.

Quantitative reverse-transcriptase PCR

Total RNA was isolated from murine pancreas using the
Maxwell®16 Total RNA Purification Kit (Promega, Mannheim,
Germany), following the manufacturer’s instructions. Quantitative
analysis of mRNA expression was performed using real-time PCR
analysis system (TaqMan, PE StepOnePlus™, Real time PCR System,
Applied Biosystems Inc., Carland, CA, USA). SYBR Green Master Mix
(ThermoFisherScientific, Darmstadt, Germany) was used as a fluo-
rescent DNA binding dye. Primers are as follows: Nfkb2 forward: 50

T G GA AC AG C C C A A AC AG C 30; reverse: 50 C AC C T G G C A A A
C C T C C A T 30; mPcna-TM-for1: 50 G C A A G T G G AGAG C T T G G
C A 30; mPcna-TM-rev1: 50 AG G C T C A T T C A T C T C TAT G G T TA
C 30; beta-actin forward: 50 G T C G AG T C G C G T C C A C C 30; beta-
actin reverse: 50 G T C A T C C A T G G C G A A C T G G T 30; mGapdh-
FW-qPCR: 50 G G G T T C C T A T A A A T A C G G A C T G C 30;
mGapdh-RV-qPCR: 50 T A C G G C C A A A T C C G T T C A C A 30. Raw
data were analyzed with Stepone™ software (Applied Biosystem,
Inc., Carland, CA, USA) and the DDCt method was used.

RNA-seq analysis, visualization, Hallmark-analysis

mRNA was extracted as described above. RNA quality control
and sequencing were done by the genomics and proteomics core
Fig. 1. Nfkb2 is induced by KrasG12D and mediates PanIN progression in Pdx1-Cre;LSL-KrasG12D

A Quantitative PCR analysis of Nfkb2 mRNA in wild type (black dots), Ptf1aCre/þ;LSL-KrasG

animals, analyzed at 6 months of age, is indicated. Shown is the mean ± SD. **p value of a on
the carcinogenesis in the pancreas. Blue color should symbolize the complete knock-out of
Cre;LSL-KrasG12D/þ and Pdx1-Cre;LSL-KrasG12D/þ; Nfkb2 -/- mice (Scale bar: 400 mm). D Quant
(PanIN-2/3) in three, six, nine, and twelve months old Pdx1-Cre;LSL-KrasG12D/þ (white dots),
indicated. Shown is the mean ± SD. p value of a two-tailed unpaired t-test *<0.05, **<0.01
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facility of the DKFZ Heidelberg (approximately 25M reads/sample
(single-end reads); Illumina HiSeq 2000). NGS data were analyzed
using the Galaxy platform as described recently [26]. RNA-Seq Data
were deposited in the European Nucleotide Archive (ENA) with the
accession number: PRJEB30882. Hallmark gene sets of the Molec-
ularSignatureDatabase were used to analyze enriched pathways.
Genes regulated with a log2FC � ±1 and Benjamini adjusted p-
value <0.05 were analyzed. False discovery rate q values were
depicted and all shown q values were <0.05. Heat maps were
generated by ClustVis using variance scaling for rows [31].

Statistical methods

ANOVA or two-sided Student’s t-test was used to investigate
statistical significance, as indicated. *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001. Kaplan-Meier curves were
generated using GraphPad Prism6 and analyzed by log-rank test. p-
values were calculated with GraphPad Prism6 and corrected ac-
cording to Bonferroni for multiple testing. Unless otherwise illus-
trated, all data were determined from at least three independent
experiments or three animals. The data are presented as mean and
standard deviation (SD).

Results

Nfkb2 is required for PanIN progression and PDAC development in a
KrasG12D-driven PDAC model

Although we have recently linked gains in Nfkb2 to PDAC
development and described the relevant expression of Nfkb2 in
human PDAC [5], no functional in vivo data, investigating the role of
Nfkb2 are available so far. Therefore, we analyzed Nfkb2 mRNA
expression in a GEMM for the disease. Compared to wildtype
pancreas, Nfkb2 mRNA is increased in the pancreas of six months
old Ptf1aCre/þ;LSL-KrasG12D/þ (KCPtf) mice (Fig. 1A). To test the
contribution of the Nfkb2 gene to the KrasG12D-driven
/þ mice.
12D/þ (white dots), and Ptf1aCre/þ;LSL-KrasG12D/þ;Nfkb2 -/- (blue dots) mice. Number of
e-way ANOVA <0.01. B Illustration of the mouse lines used to analyze the Nfkb2 gene in
Nfkb2. C Representative H&E sections of three, six, nine, and twelve months old Pdx1-
ification of ADM, low-grade lesions (PanIN-1A and PanIN-1B), and high-grade lesions
and Pdx1-Cre;LSL-KrasG12D/þ; Nfkb2 -/- (blue dots) mice. Number of analyzed animals is
.
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carcinogenesis in the pancreas, we used a Nfkb2 knock-out mouse
line [22]. We crossed Nfkb2-/- mice to Pdx1-Cre;LSL-KrasG12D/þ

(KCPdx) and KCPtf mice (Fig. 1B). Nfkb2 knock-out mice were iden-
tified by genotyping (SFig. 1A) and lack of Nfkb2 expression was
documented at the mRNA level by qPCR (Fig. 1A) as well as by
immunohistochemistry (IHC) (SFig. 1B). In KC models, oncogenic
Kras induces acinar to ductal metaplasia (ADMs), which progress to
murine low and high grade pancreatic intraepithelial neoplasia
(mPanIN) and murine PDAC. Compared to KCPdx mice, we observed
a clear deceleration in ADM development and PanIN progression of
Pdx1-Cre;LSL-KrasG12D/þ;Nfkb2-/- mice (KCPdxN-/-) (Fig. 1C). Quanti-
fication of neoplastic lesions over a time course of twelve months
demonstrated the impact of the Nfkb2 gene on ADM development
and PanIN progression in KCPdxN-/- mice (Fig. 1D). Due to tumor
suppressive functions of Ptf1a [32,33], KCPtf mice develop mPanINs
more aggressively. However, also in this model the profound effect
Fig. 2. Nfkb2 mediates PanIN progression in Ptf1aCre/þ;LSL-KrasG12D/þ mice.
A Representative H&E sections of three six old month Ptf1aCre/þ;LSL-KrasG12D/þ, Ptf1aCre/þ;LSL
Alcian Blue staining of six months old Ptf1aCre/þ;LSL-KrasG12D/þ and Ptf1aCre/þ;LSL-KrasG12D/þ;
of three Ptf1aCre/þ;LSL-KrasG12D/þ and three Ptf1aCre/þ;LSL-KrasG12D/þ; Nfkb2 -/- mice. Shown is t
low-grade lesions (PanIN-1A and PanIN-1B), and high-grade lesions (PanIN-2/3) in six Ptf1a
mice. Number of analyzed animals is indicated. Shown is the mean ± SD. p value of a two-
without (white) PDAC) of eleven to twelve-months-old Pdx1-Cre;LSL-KrasG12D/þ and three
KrasG12D/þ;Nfkb2þ/- mice. Median survival was 468 days.

915
of Nfkb2 towards ADM and mPanIN development was evident
(Fig. 2A). One Nfkb2 allele is sufficient for normal ADM and PanIN
development (Fig. 2A). Using alcian blue staining to visualize the
high acidic mucin content of PanINs demonstrated a clear reduction
of these lesions in age matched pancreata of KCPtfN-/- mice (Fig. 2B
and C) and this effect is also evident at later time points of disease
progression (SFig. 2A). At six months of age, a significant reduction
in ADMs and PanIN lesions was observed (Fig. 2D). KrasG12D in-
creases the weight of the pancreas [25], a characteristic that is
significantly decreased in KCPtfN-/- mice (SFig. 2B). To test whether
decelerated PanIN progression is translated to impaired mPDAC
formation, we determined cancer incidence at 12 months of age.
Here, 55% of KCPdx mice revealed invasive cancer, whereas no PDAC
was observed in KCPdxN-/- mice (Fig. 2E). Median survival of
KCPtfN-/- mice is 468 days (Fig. 2F) and these mice develop mPDAC.
The observed median survival is congruent with the median
-KrasG12D/þ; Nfkb2 þ/-, and Ptf1aCre/þ;LSL-KrasG12D/þ; Nfkb2 -/- mice (Scale bar: 1 mm). B
Nfkb2 -/- mice (Scale bar: 1 mm). C Quantification of alcian blue positive lesion per field
he mean ± SD. p value of a two-tailed unpaired t-test **<0.01. D Quantification of ADM,
Cre/þ;LSL-KrasG12D/þ (white dots), and six Ptf1aCre/þ;LSL-KrasG12D/þ; Nfkb2 -/- (blue dots)
tailed unpaired t-test *<0.05, **<0.01. E Cancer incidence (% of animals with (blue) or
Pdx1-Cre;LSL-KrasG12D/þ;Nfkb2 -/- mice. F Kaplan-Meier Blot of seven Ptf1aCre/þ;LSL-
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survival of our published KCPtf control cohort (466 days) [25,27] and
argues that one Nfkb2 allele is sufficient to allow PDAC develop-
ment. No PDAC-related deaths of KCPtfN-/- mice investigated in
between 300 and 525 days of age were detected. Together, these
data show that Nfkb2 is involved in ADM development and PanIN
progression.
Nfkb2 contributes to KrasG12D-induced proliferation

A common function of alternative NFkB-signaling is to
contribute to the proliferation of cancer cells [34]. To investigate a
proliferative role of Nfkb2, we first investigated the fraction of Ki67
positive ADMs and PanIN cells. The proliferation index was signif-
icantly decreased in KCPtfN-/- mice (Fig. 3A and B), an observation
also valid in ADM cells of KCPdxN-/- mice (Fig. 3C), validating the
contribution of Nfkb2 to the KrasG12D-driven proliferation across
models. Coincidingly, the mRNA expression of the proliferative
marker gene Pcna was reduced in the pancreas of KCPdxN-/- mice
(Fig. 3D). To further corroborate the connection to the cell cycle, we
analyzed Ccnd1 expression using immunohistochemistry.
Decreased Ccnd1 staining intensity and a decreased fraction of
Ccnd1 positive ADM and PanIN cells were detected in KCPtfN-/- mice
(Fig. 3E and F). In addition, tissue western blots of Ccnd1 showed a
decreased expression of this cell cycle regulator (Fig. 3G and H). In
sum, Nfkb2 is connected to KrasG12D-driven proliferation and the
Fig. 3. Nfkb2 is connected to proliferation of ADMs and PanIN cells.
A Ki67 immunohistochemistry in six-months old Ptf1aCre/þ;LSL-KrasG12D/þ, Ptf1aCre/þ;LSL-K
Quantification of Ki67 positive ADM and PanIN cells in six months old Ptf1aCre/þ;LSL-Kras
genotype is indicated. Shown is the mean ± SD. p value of a two-tailed unpaired t-test *<
Cre;LSL-KrasG12D/þ;Nfkb2 þ/-, and Pdx1-Cre;LSL-KrasG12D/þ;Nfkb2 -/- mice. Number of analyze
test *<0.05. D Quantitative PCR analysis from pancreatic tissue of Pcna mRNA in Pdx1-Cre;LSL
9 months of age, is indicated. Shown is the mean ± SD. *p value of a two-tailed unpaired t-
þand Ptf1aCre/þ;LSL-KrasG12D/þ; Nfkb2 -/- mice. (Scale bar: 50 mm). F Quantification of Ccnd1 po
KrasG12D/þ; Nfkb2 -/- mice. Number of animals, analyzed at 6 months of age, is indicated. Sh
western blot in three aged matched (3 months) Ptf1aCre/þ;LSL-KrasG12D/þand Ptf1aCre/þ;LSL-K
GAPDH: equal loading control. H Quantification of G. The Ccnd1/GAPDH ratio was determin
Shown is the mean ± SD. *p value of a two-tailed unpaired t-test *<0.05.
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expression of PCNA and Ccnd1 in the model investigated.
Hallmark signatures linked to Nfkb2

To find genes, pathways and networks controlled by Nfkb2, we
performed RNA-seq analysis. To avoid a potential bias due to
fundamental different disease progression in KCPdx and KCPdxN-/-

mice, we used an early time point of the disease. Microscopically,
the histomorphology of the pancreas of KCPdx and KCPdxN-/- mice is
in large part normal at four weeks of age. Since we used bulk tissue,
we cannot assign regulated genes to a specific cellular compart-
ment. H&E staining of the pancreata used for RNA preparations
analyzed by RNA-seq are depicted in Fig. 4A. RNA-seq showed the
lack of the expression of exons 1e9 of the Nfkb2 gene, which were
targeted in the Nfkb2 knock-out mouse line (Fig. 4B) [22]. In Fig. 4C,
the top 50 differentially expressed genes in KCPdx and KCPdxN-/-

mice are shown. Using the Molecular Signature Database (MSigDB;
Hallmark gene sets), we detected loss of signatures connected to
the pro-proliferative E2F transcription factors, the control of G2/M
phase of the cell cycle, adipogenesis, pancreatic beta cells, and
angiogenesis in KCPdxN-/- mice (Fig. 4D). The loss of E2F- and G2M-
signatures furthermore corroborate the connection of alternative
NFkB-signaling to proliferation. Signatures for mTORC1, p53, the
unfolded protein response, the estrogen response, and STAT
signaling were enriched in the pancreas of KCPdxN-/- mice (Fig. 4D).
rasG12D/þ;Nfkb2 þ-, and Ptf1aCre/þ;LSL-KrasG12D/þ; Nfkb2 -/- mice (Scale bar: 50 mm). B
G12D/þ and Ptf1aCre/þ;LSL-KrasG12D/þ; Nfkb2 -/- mice. Number of mice analyzed in each
0.05, **<0.01. C Quantification of Ki67 positive ADM in Pdx1-Cre;LSL-KrasG12D/þ, Pdx1-
d animals is indicated. Shown is the mean ± SD. p value of a two-tailed unpaired t-
-KrasG12D/þ and Pdx1-Cre;LSL-KrasG12D/þ; Nfkb2 -/- mice. Number of animals, analyzed at
test *<0.05. E Ccnd1 immunohistochemistry in six months old Ptf1aCre/þ;LSL-KrasG12D/

sitive ADM and PanIN cells in six months old Ptf1aCre/þ;LSL-KrasG12D/þand Ptf1aCre/þ;LSL-
own is the mean ± SD. *p value of a two-tailed unpaired t-test is indicated. G Ccnd1
rasG12D/þ; Nfkb2 -/- mice. The murine PDAC cell line PPT4-ZH-363 served as a control.
ed. The ratio, determined in one Ptf1aCre/þ;LSL-KrasG12D/þ mouse, was arbitrary set to 1.



Fig. 4. Nfkb2 is dispensable in PDAC GEMMs with mutant p53.
A Representative H&E sections of two four-weeks-old Pdx1-Cre;LSL-KrasG12D/þ and two Pdx1-Cre;LSL-KrasG12D/þ; Nfkb2 -/- mice used for RNA-seq analysis (Scale bar: 60 mm and
600 mm). B RNA-Seq profiles of two four-weeks-old Pdx1-Cre;LSL-KrasG12D/þ and two Pdx1-Cre;LSL-KrasG12D/þ; Nfkb2 -/- mice for the Nfkb2 locus. mRNA expression is displayed in
reads per million mapped reads (RPM). The exon one to nine is not expressed in the knock-out line. C Heatmap of the top 50 differential regulated genes in four weeks old Pdx1-
Cre;LSL-KrasG12D/þ and Pdx1-Cre;LSL-KrasG12D/þ;Nfkb2 -/- mice. D Genes up- or down-regulated (log FC ± 1; adj. p value < 0.05) in four weeks old Pdx1-Cre;LSL-KrasG12D/þ and Pdx1-
Cre;LSL-KrasG12D/þ;Nfkb2 -/- mice were analyzed using the Hallmark Signatures of the Molecular Signature Database. The FDR q value is depicted. E Heatmap of genes belonging to
the top two up- or down-regulated Hallmark signatures corresponding to D sorted by the q value. The association to the pathways is color coded. F Representative H&E sections of
Pdx1-Cre;LSL-KrasG12D/þ;LSL-p53R172H/R172H;Nfkb2þ/- (KPPCPdxNþ/-) and Pdx1-Cre;LSL-KrasG12D/þ;LSL-p53R172H/R172H;Nfkb2-/- mice (Scale bar: 2 mm and 100 mm). G Kaplan Meier curves
of Pdx1-Cre;LSL-KrasG12D/þ;LSL-p53R172H/R172H;Nfkb2þ/þ (n ¼ 6; median survival 52 days), Pdx1-Cre;LSL-KrasG12D/þ;LSL-p53R172H/R172H;Nfkb2þ/- (n ¼ 5; median survival 48 days) and
Pdx1-Cre;LSL-KrasG12D/þ;LSL-p53R172H/R172H;Nfkb2-/- (n ¼ 9; median survival 53 days) mice.
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Genes linked to the top scoring two Hallmark pathways in each
genotype are depicted in Fig. 4E. To further investigate differential
activation of p53 in the investigated model, we analyzed the
expression of recently described high-confidence p53 target-genes
in the RNA-seq dataset [35]. Although some of these genes,
including Cdkn1a, were expressed at higher levels in KCPdxN-/- mice,
there is a substantial heterogeneity (SFig. 3).

To test a potential genetic interaction of Nfkb2with p53, we used
a very aggressive PDAC GEMM relying on the simultaneous
expression of KrasG12D and the mutated tumor suppressor p53R172H

[36]. Pdx1-Cre;LSL-KrasG12D/þ;LSL-p53R172H/R172H;Nfkb2þ/-

(KPPCPdxNþ/-) as well as Pdx1-Cre;LSL-KrasG12D/þ;LSL-p53R172H/
R172H;Nfkb2-/- (KPPCPdxN-/-) mice develop mPDAC (Fig. 4F). A me-
dian survival of 52, 48, and 53 days was observed in KPPCPdxNþ/þ,
KPPCPdxNþ/-, and KPPCPdxN-/-, respectively (Fig. 4G). Also Pdx1-
Cre;LSL-KrasG12D/þ;LSL-p53R172H/þ;Nfkb2-/- (KPCPdxN-/-) mice
develop PDAC and the median survival is not significantly altered
compared to KPCPdxNþ/- mice (SFig. 4A and 4B). Western blots of
murine PDAC cell lines isolated from p53-mutated cancers docu-
ment Nfkb2 knock-out (SFig. 4C). Altogether, Nfkb2 is dispensable
for tumor development in an aggressive murine PDAC model
relying on the simultaneous expression of KrasG12D and the
p53R172H mutant.
Discussion

Here we show that the Nfkb2 gene is an important mediator of
KrasG12D-driven ADM development and PanIN progression. We
reveal that this NFkB family member contributes to proliferation of
ADM and PanIN lesions in vivo. Furthermore, we demonstrate that
Nfkb2 is dispensable for tumor formation in a p53 mutated PDAC
model.
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The contribution of NFkB-signaling to the KrasG12D-driven
carcinogenesis in the murine pancreas is complex. The canonical
pathway, investigated by the use of floxed RelA mice, restrains
KrasG12D-driven mPanIN progression and tumor development [37].
Mechanistically, RelA seems to contribute to oncogene-induced
senescence (OIS) by maintaining the senescence-associated secre-
tory phenotype (SASP) [37]. In models, in which the senescence
failsafe is disabled by inactivation of p53, RelA switches to a tumor
promoter [37]. We investigated the alternative pathway by the use
of Nfkb2 knock-out mice. The KrasG12D-driven carcinogenesis as
well as the proliferative index of ADM and mPanIN cells was
impaired in the Nfkb2-deficient models. Consistently, inactivation
of RelB specifically in the KrasG12D lineage significantly impaired
PanIN progression [38]. Together, these data demonstrate at the
genetic level that the alternative pathway is needed for KrasG12D-
driven carcinogenesis in the murine pancreas, a note supplemen-
tarily supported by the description of Nfkb2 amplifications in PDAC
cell lines of KC mice [5]. Although we detected impaired prolifer-
ation in the investigated model, we currently cannot exclude the
contribution of other processes to the observed phenotype.

Cross-talk of wildtype p53 with the NFkB-p52 subunit involving
different molecular mechanisms, which involves interaction of
both proteins and agonistic as well as antagonistic effects of p52 to
p53 target gene expression, is documented [39e42]. Although our
genetic data demonstrate that the tumor promoting function of
Nfkb2 in the carcinogenesis in the pancreas is dispensable in case
that p53 is mutated, the molecular mechanisms are currently un-
clear and need further experimentations, best in models with
reduced complexity. Furthermore, we cannot conclude from the
data that a cross-talk of wildtype p53 with NFkB-p52 is operative
and contributes to the observed phenotypes.

In pancreatic cancer cells, cell-autonomous functions of non-



Z. Hassan, C. Schneeweis, M. Wirth et al. Pancreatology 21 (2021) 912e919
canonical NFkB-signaling for proliferation and the cell cycle in the
pancreatic context were shown [18e21]. Experiments conducted
with floxed RelB mice in the KC model, showed a cell intrinsic
function of alternative NFkB-signaling during the carcinogenesis in
the pancreas [38]. Although there is a phenotypic overlap in the
RelB- and Nfkb2-deficient pancreatic cancer models, we cannot
exclude that cell non-autonomous functions contribute or were
mainly responsible for the observed phenotype due to the com-
plete Nfkb2 knock-out mouse line used in our analysis. Pancreatic
cancer initiation and progression is modulated by a sophisticated
fibroinflammatory microenvironment [43e46]. Therefore, a role of
the Nfkb2 gene in non-epithelial cells could also contribute to the
described phenotype. Deciphering of compartment-specific func-
tions of the Nfkb2 gene demand the use of conditional Nfkb2 mice
[47] and advanced pancreatic cancer models [24].

With Zeb1 [48] or Egfr [49,50], Nfkb2 belongs to a spectrum of
genes demonstrating variable impact on disease progression in
solely KrasG12D-driven PDAC models versus models depending on
the simultaneous inactivation of p53 and expression of KrasG12D.
Such data demonstrate the highly context dependent requirements
of oncogenic signaling [51]. Deciphering the molecular mecha-
nisms of context specific signaling will increase our understanding
of the genetic hallmarks of tumors.
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