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Pancreatic ductal adenocarcinoma (PDAC) has the lowest survival rate of all cancers and shows remarkable
resistance to cell stress. Nuclear protein 1 (Nupr1), which mediates stress response in the pancreas, is frequent-
ly upregulated in pancreatic cancer. Here, we report that Nuprl plays an essential role in pancreatic tumori-
genesis. In a mouse model of pancreatic cancer with constitutively expressed oncogenic Kras®'?P, we found that
loss of Nuprl protected from the development of pancreatic intraepithelial neoplasias (PanINs). Further, in
cultured pancreatic cells, nutrient deprivation activated Nupr1 expression, which we found to be required for
cell survival. We found that Nuprl1 protected cells from stress-induced death by inhibiting apoptosis through
a pathway dependent on transcription factor RelB and immediate early response 3 (IER3). NUPR1, RELB, and
IER3 proteins were coexpressed in mouse PanINs from Kras®!?P-expressing pancreas. Moreover, pancreas-
specific deletion of Relb in a Kras®'?P background resulted in delayed in PanIN development associated with a
lack of IER3 expression. Thus, efficient PanIN formation was dependent on the expression of Nuprl and Relb,
with likely involvement of IER3. Finally, in patients with PDAC, expression of NUPR1, RELB, and IER3 was
significantly correlated with a poor prognosis. Cumulatively, these results reveal a NUPR1/RELB/IER3 stress-

related pathway that is required for oncogenic Kras%'?P-dependent transformation of the pancreas.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) has the highest mor-
tality rate and the lowest overall survival of all cancers (less than
3%-4% at 5 years). The incidence of PDAC almost equals its mor-
tality rate and is increasing every year, with more than 38,000
predicted new cases in the United States and 65,000 in Europe.
Surgery is the most effective treatment, but the mean life expec-
tancy of the 15%-20% of patients who present with a resectable
tumor is only 15-18 months (1). Even for patients eligible for
surgery, aggressive metastasis often appears after operation, and
survival of patients with metastatic disease is only 3-6 months
(2). Chemotherapy and radiotherapy offer limited benefit for
patients undergoing surgery in metastatic disease (3). Most
strategies tested so far for the treatment of PDAC have consisted
of using therapies that show some efficacy in other carcinomas,
but none of them improved significantly the overall survival of
PDAC patients. Hence, in order to develop new, efficient thera-
pies against PDAC, future research must take into account PDAC
specificities such as its remarkable resistance to cell stress, nota-
bly to the stress induced by chemotherapy and radiotherapy (4),
and the preponderant presence of a fibrotic stroma, which favors
tumor progression by creating a barrier against drug delivery and
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immune cell infiltration (5). Besides a very abundant stroma,
PDAC presents with poor vascularization, compared with other
carcinomas (6), indicating that pancreatic cancer cells face a par-
ticularly adverse microenvironment with severe deprivation of
nutrients and oxygen. Therefore, survival of malignant pancre-
atic cells is conditioned by their ability to develop a pro-survival
stress response to these deprivations, whose efficiency will be piv-
otal in the selection of the most aggressive cell clones. The molec-
ular mechanisms underlying the outstanding resistance of PDAC
cells to stress are currently unknown. During the last decade, we
have focused our studies on the functional characterization of
Nuprl, a chromatin protein whose expression is induced by most
cellular stress in vitro and whose inactivation leads to increased
sensitivity to pancreatic and liver stress in vivo (reviewed in ref. 7).
Nuprl is a potential mediator of PDAC resistance to cell stress,
not only because it is highly expressed during the progression of
PDAC and other cancers (8-12) and induced in pancreatic cancer
cells by many endogenous and exogenous stresses agents (13-22),
but also because it is one of the best-characterized stress sensors
in the pancreas. For instance, we reported Nuprl antiapoptotic
function against the anticancer drug gemcitabine (23), which is
at present the first choice for PDAC treatment. Nuprl regulates
in part the cell response to stress through the modulation of tar-
get gene expression (24). In addition, Nupr1 regulates chromatin
accessibility through its interaction with proteins implicated in
histone acetylation/deacetylation and may thereby modulate the
genetic response to stress (25).
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Figure 1

Nupr1 expression is necessary for PanIN development. (A) Pancreata from KrasG'2P, Kras®'20;Nupri+-,
and Kras®72D;Nupr1k© 13-weeks-old littermate mice were H&E stained. A total of 6 sections were
collected from the top, middle, and bottom of pancreas specimens for analysis of histological fea-
tures (representative microphotographs in A) and quantification of PanIN lesions (B). As expected,
pancreata from Kras@'20 mice displayed multiple PanIN1 and, to a lesser extent, PanIN2 lesions. In
contrast, pancreata from littermate Kras@22;Nupr1%© mice were devoid from such lesions, and only
scarce acinar-ductular metaplasia was observed in 1 specimen (arrows). Most Kras@'22;Nupr1+- pan-
creata were also PanIN-free, except for a few low-grade PanINs associated with metaplasia. The
dotted line indicates insular-ductular metaplasia of a Nupri-heterozygous specimen. Original magni-
fication: upper panels, x40; lower panel panels, x100. (B) Frequency of low-grade PanINs in Kras&720,
Kras®'20;Nupr1+-, and KrasG'20;Nupr10 pancreata. PanIN numbers are given per x200 field. Values
are expressed as mean + SEM of 5 pancreata from Kras’20 and Kras®'20;Nupr1X0 mice. *P < 0.05

relative to the number of PanINs in pancreas from Kras¢'20 mice.

Transgenic mice bearing a constitutively activated Kras¢12P allele
under the control of cre-inducible LSL-Kras512P driven by pancreas-
specific PdxI-cre or Ptfla*“()) transgene develop precancerous duc-
tal lesions known as pancreatic intraepithelial neoplasia (PanIN)
that eventually develop into invasive adenocarcinoma (26-28).
The histology and kinetics observed in these mice’s pancreata
faicthfully model the early human pathology, thus offering the pos-
sibility to perform in-depth studies of the biology of the pancreatic
malignancy. Consequently, we assessed in this study the impact of
Nupr1 deficiency in the development of pancreatic precancerous
lesions in PdxI-cre;LSL-KrasS'2P mice. We also investigated the role
of Nuprl in the survival of pancreatic cancer cells in response to
stress, which led us to discover a Nuprl-driven molecular cascade
that involves the alternative RelB-dependent NF-kB pathway and
its genetic target IER3 in PanIN formation. Finally, a significant
correlation between expression of Nupr1, RelB, and IER3 and poor
prognosis of patients with PDAC was found. These results expand
our understanding of the molecular machinery that mediates the
early steps of pancreatic carcinogenesis, knowledge that has both
mechanistic importance and biochemical relevance.

Results

Nuprl deletion prevents PanIN development in Kras®1?P mice. In order
to elucidate the role of Nuprl during pancreatic tumorigenesis,
we inbred PdxI-cre;LSL-KrasS12P mice with Nupr1X© mice developed
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reported (26-28), we observed that
the pancreas of Kras9!?P mice devel-
op numerous PanIN lesions from
13 weeks of age (Figure 1A). By con-
trast, Kras®120;Nupr1¥0 pancreas of
mice of the same age did not devel-
op PanINs at all, and only 1 sample
of 5 developed acinar-ductular
metaplasia (ref. 30 and Figure 1B).
Of note, only 3 of 9 Nuprl-hetero-
zygous (Nuprl*”/~) KrasS1?P pan-
creata analyzed developed PanINs.
However, in this hypomorphic con-
dition, PanINs remained scarce
and appeared sprinkled among
foci of acinar-ductular metaplasia.
In fact, a single focus of insular-
ductular lesions was observed in
Kras612P; Nupr1*/~ pancreas (Figure 1A),
indicating that even partial defi-
ciency of Nuprl may hamper PanIN
formation. KrasS1?P;Nuprl*/* pan-
creata from mice followed up to 18
weeks showed that almost all the tis-
sue was replaced by PanINs, whereas
no lesions, or very scarce and small
lesions, were observed in pancreata
from KrasS12P;Nupr1~~ mice (data not
shown). It was concluded that Nuprl
expression is essential for PanIN for-
mation in a Kras¢?P background.
Nuprl expression is required for the sur-
vival of pancreatic cancer cells subjected
to a stress. Since Nuprl expression is
strongly activated after cell insult, we hypothesized that this chroma-
tin-binding protein favors PanIN development by converting stress
signals into a program of gene expression that empowers malignant
pancreatic cells with resistance to the stress induced by a change in
their microenvironment. To test this hypothesis, we exposed pan-
creatic cancer cells to nutrient deprivation, a situation particularly
stressful in these desmoplasia-rich and poorly vascularized cells. We
cultured human PDAC cells in non-supplemented Earle’s balanced
salt solution (EBSS) medium (free of glucose, amino acids, lipids,
and growth factors). Using quantitative RT-PCR (qRT-PCR), we
could demonstrate that, under this nutrient-deprived setting, Nuprl
mRNA is increased up to 19-fold after 9 hours of exposure to stress
compared with levels observed in cells cultured in conventional
culture medium (Figure 2A). Western blot analyses revealed a con-
comitant increase in the level of the Nupr1 protein (Figure 2B). To
gain better insight into the role of Nupr1 in the defense mechanism,
we investigated the impact of Nuprl deficiency on the response of
pancreatic cells to the stress induced by nutrient deprivation. To
this end, we inactivated Nuprl with an siRNA in pancreatic cancer
cells (Figure 2, C and D) and monitored cell survival and caspase-3/7
activity. We observed a significant increase in caspase-3/7 activ-
ity in the unstressed Nuprl-depleted cells compared with controls
(1.0 £ 0.1- vs. 1.8 + 0.2-fold), indicating that Nupr1 depletion per
se enhances apoptosis (Figure 2E). In agreement with this finding,
Nupr1 depletion led to decreased cell survival even when cells were
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Figure 2

Nupr1 protects pancreatic cancer cells from stress-induced cell death. (A) MiaPaCa2 cells were cultured in EBSS for 3, 6, and 9 hours, and
NUPR1 mRNA expression was measured by gRT-PCR and expressed relative to cells cultured with serum-supplemented medium (DMEM).
Cyclophilin was used as housekeeping invariable control for relative transcript level normalization. (B) MiaPaCa2 cells were cultured in con-
ventional or EBSS medium for 30 or 60 minutes. Nupri expression was analyzed by Western blot. (C and D) MiaPaCaz2 cells were transfected
with siNupr1 or siCtrl. After 48 hours, NUPR1 mRNA expression was measured by qRT-PCR, and Nupr1 protein expression by Western blot.
(E and F) Cells were transfected with siNupr1 or siCtrl and cultured in conventional or EBSS medium for 24 or 48 hours. Cell viability was assessed by
cell counting using Countess (Invitrogen), and caspase-3/7 activity was measured using the Apo-ONE fluorescence assay. Values are expressed
as mean + SEM of triplicate experiments repeated twice. *P < 0.05 relative to siCtrl-transfected cells and cultured in conventional medium;

TP < 0.05 relative to siNupri-transfected cells.

cultured in conventional medium (100% + 11% vs. 80.5% + 10%)
(Figure 2F). More importantly, Nupr1-depleted cells were far more sen-
sitive to starvation than control cells, since cell survival after 48 hours
decreased from 50% + 5% in controls to 12.5% + 3% in Nupr1-deplet-
ed cells, respectively; Figure 2F), and caspase-3/7 activation was con-
comitantly enhanced (Figure 2E).

Nuprl-induced RelB expression protects pancreatic cancer cells from cell
death triggered by nutrient deprivation. Since Nuprl belongs to the
HMG family of chromatin remodelers with transcriptional cofactor
activity, Nuprl could increase cell survival in a nutrient-deprived
microenvironment by activating the expression of pro-survival
genes. To test that hypothesis, we performed an Affymetrix-based
large-scale transcriptome analysis of pancreatic cancer cells trans-
fected with control siRNA (siCtrl) or siNuprl and cultured for 3,
6, or 9 hours in EBSS. Nutrient deprivation resulted in a massive
modification of the gene expression pattern of pancreatic cancer
cells. In agreement with above-mentioned data, Nuprl expres-
sion was increased by starvation-induced stress (data not shown).
More importantly, we observed that siRNA-induced Nuprl deple-
tion affected the activation of key pro-survival genes, including
several members of the NF-kB family (RELB, NFKB2, and NFKBIA,
Figure 3A) and their target genes (BIRC2, BIRC3, IL8, JUNB, EGRI,
and IER3). Real-time qRT-PCR showed that RELB mRNA expres-
sion was activated 56-fold after 9 hours of starvation, but this acti-
vation was dramatically inhibited when Nupr1 was depleted with a
specific RNAI (Figure 3B). Western blot analysis showed that nutri-
ent deprivation increased the level of the RELB protein about 8-fold,
whereas in Nuprl-depleted cells the increase was only 1.6-fold
under the same conditions (Figure 3C). ChIPassays demonstrated that
Nuprl1 directly binds the endogenous RELB promoter (Figure 3D),
supporting a role for this chromatin-associated HMG protein
in the regulation of NF-kB gene expression. Complementary
luciferase-based gene reporter assays, using a construct contain-
ing the RELB promoter region, demonstrated that activation
of the RELB promoter, which occurred under the experimental
stress condition studied here, is dependent on Nuprl expression.
2094
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EBSS-induced stress inhibited the RELB promoter (3.8 + 0.6-
vs. 1.3 £ 0.7-fold) when Nupr1 was depleted from pancreatic can-
cer cells. Conversely, the activity of the promoter was strongly
enhanced in Nuprl-overexpressing cells under conventional cul-
ture conditions (0.8 £ 0.7-vs. 7.2 + 1.7-fold) (Figure 3E).

Next, we evaluated whether RelB plays a protective role in pancre-
atic cancer cells against the stress induced by nutrient deprivation.
To this end, RelB expression was inhibited in pancreatic cancer
cells using a specific siRNA (Figure 3F), alone or in combination
with Nuprl depletion with siNuprl, before culture in EBSS and
assessment of cell survival and caspase-3/7 activity (Figure 3, G
and H). RelB-depleted cells displayed a significant decrease in cell
survival (96.0% = 7.2% vs. 57.1% + 4.3%) and enhanced caspase-3/7
activation compared with controls (1.2 + 0.1- vs. 3.4 + 0.3-fold)
after the treatment with EBSS. Combined depletion of Nupr1 and
RelB only slightly enhanced the effects on cell survival observed
when they were targeted separately (P = 0.04). These results show
that RelB and Nuprl are both involved in the survival response
against starvation-induced cell death. The increase in Nuprl
expression that occurs in response to nutrient deprivation is also
partially dependent on RelB, as indicated by the decrease in NUPRI
mRNA levels observed in siRelB-treated cells (Figure 31I), suggest-
ing a positive feedback regulation between Nuprl and RelB.

RelA/p6S expression is upregulated by starvation but is not necessary to
PDAC cell survival in nutrient-deprived conditions. Studies performed
during the last two decades have established the pro-survival effect
of the NF-kB pathway in cancer and inflammation. These studies
have primarily focused on characterizing the function of the dimeric
transcription factor complex known as NF-kB1, which is composed
of a single unit of two molecules, RelA/p65:p50, named the classical
pathway. However, other, less numerous studies revealed the exis-
tence of a second form of NF-kB (NF-kB2), which differs from the
conventional NF-kB1 complex by the replacement of RelA by the
structurally related yet functionally distinct RelB protein. The first
aim of our investigation was to identify which Rel isoform linked
the stress-protective function of Nuprl to an NF-kB pathway.
Number 6
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Figure 3

Nupr1 activates RelB expression to promote cell survival upon stress. MiaPaCa2 cells were transfected with the indicated siRNAs and cultured in
conventional or EBSS medium for the times indicated. (A) Heat map showing relative expression of NF-kB family genes and targets. (B and C)
gRT-PCR and Western blot showing increased RelB mRNA and protein expression, respectively, in Nupri-depleted cells compared with controls.
Cyclophilin and tubulin were housekeeping controls for mMRNA and protein load, respectively. (D) Cells were transfected with pCDNAS3 vectors
containing a Flag-tagged Nupr1, an irrelevant cytochrome ¢ (Cyto C), or an empty vector (Empty). ChIP was performed using an anti-Flag antibody
or airrelevant IgG. Top: Occupancy of Nupr1 on the RELB promoter; bottom: DNA input (10%). (E) Cells were transfected with combinations of
a RELB promoter-Luc vector, siCtrl, siNupr1, Nupri-Flag, or Empty-Flag pCDNAS3 vector, and pSV40-RL as indicated. After 9 hours, luciferase
activity was determined and expressed as the ratio of specific luciferase activity to an internal standard. (F) RelB expression was measured by
gRT-PCR (right) and Western blot (left). (G and H) Cell viability and caspase-3/7 activity were measured after 24 hours as described in Figure 2.
(I) NUPR1 mRNA was measured after 24 hours by qRT-PCR. In E and I, values are expressed as mean + SEM of triplicate, from 2 independent

experiments. *P < 0.05 relative to siCtrl-transfected cells cultured in conventional medium; TP < 0.05 relative to siNupri-transfected cells.

Nuprl depletion did not affect the 4-fold increase in RelA/p65
mRNA concentration induced by starvation (Supplemental Fig-
ure 1A; supplemental material available online with this article;
doi:10.1172/JC160144DS1), and siRNA-mediated depletion of
RelA/p6S (Supplemental Figure 1B) did not significantly alter either
cell survival or caspase-3/7 activity in cells grown in conventional or
EBSS medium (Supplemental Figure 1, C and D). Hence, NF-kB1
biosynthesis is not linked to Nupr1 function in the context of starva-
tion-induced stress. On the other hand, siRelA/p65-starved cells pre-
sented with reduced expression of Nuprl (Supplemental Figure 1E),
establishing that although Nuprl does not couple to the classical
NF-kB1 pathway, the latter contributes, at least in part, to regulat-
ing Nuprl expression in nutrient-deprived conditions. Thus, these
results establish a hierarchical order within this Nuprl-mediated
stress resistance pathway and indicate that RelB but not NF-xB1
is a major downstream effector responsible for survival.
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1ER3 is an antiapoptotic target of RelB and Nupr] involved in cell sur-
vival upon exposure to a stress. Since RelB, and not RelA/p63, is essen-
tial to the Nuprl-mediated survival mechanism that takes place
upon nutrient deprivation-induced stress, we made the hypothesis
that the two NF-kB transcription factors should activate differ-
ent sets of genes, among which a pivotal pro-survival gene would
be exclusively dependent on RelB. In order to test this hypothesis,
an Affymetrix microarray analysis was performed using pancreatic
cancer cells transfected with siNuprl, siRelB, siRelA/p6S, or siCtrl
(Figure 4A). Results were analyzed using conventional statistical
methods for microarray processing, including clustering (Clus-
ter and TreeView at www.rana.lbl.gov/EisenSoftware.htm), onto-
logical analysis (Ingenuity Systems at www.ingenuity.com), and
semantic-based pathway reconstruction algorithms (Ingenuity
and Pathway Assist at www.ariadnegenomics.com) to identify key
prosurvival genes of this Nuprl/RelB-mediated pathway, which
Volume 122 Number 6

June 2012 2095



research article

>
]siNupr1
] siRelB
| siRelA

=
1
Q

w

AMOTLZ
FOSL1
KRT19P2
STX3
Chorf145
cD164L2
IER3 €—
IER3 €—
IER3 €—
RASSF10
PLEKHF1
RELB
GPR137B
CBorf58

e
o
m

100

8 5

24 O

80 *t

o Ty

40

™
S

[Jsictd

W siNupr1

B siRelB

[ siRelA

[ siNupr1 + siRelB
[[]siNupr1 + siRelA

IER3 relative expression
Y

3+
]

o

JUNB
GPR137B
ADAMTS4
IRAKZ

CLCF1
DUSPS
Csorf4s
PEA15
C8orf46
CcD55

EMP1
NCRNAQD152
NCRNA0O152
CSF1

RRAGC

KLF4

CHIC2

o

IER3 mRNA
expression

(% of control)

Figure 4

IERS 'S s

[-Tubulin S——

Caspase-3/7 activity
(relative to control)
w

20

Cell survival (% of control)

0

DMEM EBSS
[ silER3 + siNupr1
W siER3 + siRelB

DMEM EBSS
B sictr O sidupr1
[ silER3 [sirelB

Expression of IER3 is dependent on Nupr1 and RelB, but not on RelA/p65, and protects from stress-induced cell death. (A) Heat map showing RelB-
and RelA/p65-dependent gene expression in response to nutrient deprivation. A P value of 0.05 or less was required for establishment of differential
gene expression. Red arrows indicate 3 different probes hybridizing to the /ER3 transcript. (B) Cells were transfected with siCtrl, siNupr1, siRELB,
or siRELA alone or combined and cultured in conventional or EBSS medium for 24 hours. [ER3 mRNA was measured by gRT-PCR. (C) Cells were
transfected with IER3-specific siRNA or siCtrl, and /JER3 mRNA was measured after 24 hours by qRT-PCR (right) and IER3 protein expression by
Western blot (left). (D and E) MiaPaCa2 cells were transfected with siCtrl, siNupr1, siRelB, and silER3 alone or in combination, and cultured in con-
ventional or EBSS medium for 24 hours. Cell viability and caspase-3/7 activity were measured as described in Figure 2. Cyclophilin was used as a
housekeeping control for calculation of relative transcript levels. Values are expressed as mean + SEM of triplicate, and experiments were repeated
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ultimately supports the resistance and growth of pancreatic can-
cer cells exposed to environmental stress. Among RelB-dependent
genes with known antiapoptotic activity, we focused our atten-
tion on the immediate early response 3 (IER3) gene, also known as
IEX-1.1ER3 is an important target gene for RelB in non-pancreatic
tissues. How the coupling of these two important regulators of
cell survival occurs remains, however, poorly understood. Results
shown in Figure 3A demonstrate that IER3 expression upon star-
vation is also dependent on Nuprl. In addition, qRT-PCR analysis
demonstrated that IER3 is induced by cell starvation in a RelB- and
Nuprl-dependent manner, but independent of RelA/p65 expres-
sion (Figure 4B). Next, we investigated the impact of IER3 on PDAC
cell survival in a nutrient-deprived microenvironment. We deplet-
ed MiaPaCa2 cells in IER3 using a specific siRNA (Figure 4C),
and cell survival and caspase-3/7 activity were monitored after
cells were grown in EBSS (Figure 4, D and E). IER3 depletion was
without effect in cells cultured in conventional medium but result-
ed in massive cell death in EBSS, as already observed when RelB
and/or Nuprl were depleted. Combined deletion of IER3 and
2096

The Journal of Clinical Investigation

http://www.jci.org

Nuprl or RelB did not significantly increase cell death upon star-
vation, suggesting that Nuprl, RelB, and IER3 participate in a
common survival pathway.

Because siRNA transfection can generate off-target effects
depending on their nucleotide sequence, we repeated several
experiments using a supplementary set of siRNAs designed against
Nuprl, RelB, and IER3 with very similar results (see Supplemental
Figure 2). Along the same lines, because results may be conditioned
by the specificity of the cell line used as model, some experiments
were repeated in Panc1 cells, whose genetic background is different
from that of MiaPaca2 cells. Results in MiaPaCa2 and Pancl were
very similar, as shown in Supplemental Figure 3. When pancreatic
cancer cells were subjected to a milder stress than culture in EBSS,
such as glucose starvation, the Nuprl/RelB/IER3 cascade remained
necessary to protect from cell death, as shown in Supplemental Fig-
ure 2. In addition, when cells were treated with gemcitabine, this
pathway also played a protective role (Supplemental Figure 2).
Together, these data strongly suggest that Nuprl, RelB, and IER3
activation is a cell death-protective cascade against all stress agents,
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Figure 5

Nupr1, RelB, and IER3 are expressed in PanIN lesions. (A) Immunofluorescence staining of Nupr1, RelB, and IER3 on frozen pancreas sections from
13-week-old Kras@2P and control mice. Nuclei were stained with DAPI (blue). Original magnification, x200; insets, x600. (B) mRNA expression of Nupr7,
Relb, and ler3 in 8-week-old Kras®'2P and control mice. *P < 0.05. (C and D) Pancreas sections from 13-week-old Kras®’2P and Kras®'2P; Nupr1XC mice
were immunostained with antibodies against RelB (C) and IER3 (D) proteins. Original magnification, top panels, x100; bottom panels, x200.

independent of their strength. Finally, to confirm that Nuprl,
RelB, and IER3 proteins are involved in the same cell-protective
pathway, a genetic rescue was designed. Cells transduced with lenti-
virus designed to overexpress RelB or IER3 were treated with Nuprl
siRNA and incubated in the presence of EBSS, and cell survival was
monitored. No protective effect was observed with the empty vec-
tor LevEmpty, but an almost complete recovery was observed in
LtvRelB- or LtvIER3-transduced MiaPaca2 (Supplemental Figure 2)
and Pancl (Supplemental Figure 3) cells.

Nuprl is required for RelB and IER3 expression in Kras®1?P pancreas.
Increased resistance to stress, including the stress induced by
nutrient deprivation, is a functional hallmark of pancreatic cancer.
We investigated whether the Nuprl/RelB/IER3 survival pathway
could account for the pathophysiological behavior of exocrine pan-
creatic cells in vivo. First, we looked by immunohistochemistry at
the expression of the Nuprl, RelB, and IER3 proteins in precancer-
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ous PanIN lesions formed in the pancreas of 18-week-old KrasG12P
mice carrying wild-type Nuprl alleles. Our goal was to infer the
location and time for the activation of the Nupril/Relb/IER3 path-
way as a surrogate marker for determining when these genes are
expressed during pancreatic carcinogenesis. These experiments
should reveal when and where these genes are translated to make a
potentially functionally active protein. Figure SA shows in KrasG12P
mice that PanIN lesions — considered to be an initiating event
associated with increased survival and resistance to cell death and
metabolic stress — displayed concomitant expression of Nuprl,
RelB, and IER3 proteins. Second, we measured mRNAs encod-
ing Nuprl, RelB, and IER3 in the pancreas of 8-week-old KrasG'2P
mice (a time in which PanINs are almost absent) and found that
expression of all 3 genes was activated before PanINs became vis-
ible (Figure 5B). These results indicate that the Nuprl-mediated
pathway described here might be operational under conditions
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Figure 6

RelB is essential for PanIN progression. (A) Representative H&E-stained pancreas sections from 13- and
18-week-old mice of the indicated genotypes. Original magnification, right panel images of the Kras&720
and Kras@72b;Relbranc, x20, left panel images; x100. (B) Immunostaining of pancreas from Kras@’2P and
Kras@'2D;Relbsranc mice with CK-19 and MUC5 antibodies. Original magnification, x100. (C) Black circles
indicate PanIN-1, and asterisk indicates PanIN-2. Original magnification, x200. (D) Number of PanINs per
%200 field. Values are expressed as mean + SEM for 6 pancreata from Kras@720;Relb*Panc and Kras@'20 mice.
***P < 0.05 relative to the number of PanINs in pancreata from KrasG'2P mice.

where Kras®?P-mediated growth and survival promote initiation
of pancreatic carcinogenesis. Based upon these results, we per-
formed appropriate genetic crosses to address the question wheth-
er Nuprl deficiency affects the expression of RelB and IER3 pro-
teins in PanINs from Kras%?P mice. Figure 5, C and D, show that,
in contrast to Nuprl-expressing Kras®12P pancreas, RelB and IER3
proteins were absent in the pancreas of Kras®2P;Nupr1¥0 mice.
Together, these results suggest that expression of RelB and IER3
participate in Nuprl-mediated promotion of PanIN formation.
PanIN development is delayed in the RelB-deleted KrasS'2P pancreas.
In order to test the putative role of the Nupr1l/RelB/IER3 cascade
in PanIN development, we introduced pancreas-specific dele-
tion of RelB into a Kras¢?P background. We inbred a Ptf1aCre(exl)
strain (28) with mice carrying a floxed Relb allele. Recombination
between the two loxP sites mediated by the Cre recombinase led
to complete inactivation of the Relb gene via deletion of exon 4.
Ptfla+<1) mice homozygous for the floxed Relb allele displayed
no apparent abnormalities in either the embryonic or adult pan-
creas. For simplicity, these mice are designated Relb*+* (pancreas-
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18 weeks of age, when the pan-
creas from KrasG'?P mice was
massively replaced by PanIN
lesions, whereas KrusG12D;RelbAprare
mice still displayed extensive
areas of normal parenchyma
(Figure 6, C and D). Surrogate
marker analysis by immuno-
histochemistry readily detected
IER3 immunoreactivity within
PanIN lesions derived from 18-week-old Kras¢1?P mice (Figure 7),
with no obvious correlation between PanIN grade and level of
IER3 expression. Expression of RelB and IER3 was also readily
detected in a few rare spontaneous adenocarcinomas that devel-
oped in Kras®1?P mice (Figure 7). In contrast, expression of IER3
was either negligible or undetected in pancreata from Kras¢'?P;
Relb®ranc mice, in agreement with our results in vitro. These
genetic experiments demonstrate that, as for Nuprl deletion,
inactivation of the Relb locus delays the development of PanIN
lesions in Kras%?P pancreas and that this delay is associated with
the absence of IER3. These data lend further support to the exis-
tence of a hierarchical pathway arrangement (Nupr1/RelB/IER3)
of the key pro-survival genes.

Expression of Nuprl, RelB, and IER3 in patients with PDAC. We
investigated the relationship between the expression levels of the
3 proteins involved in this pathway and the prognosis of patients
with PDAC. To this end, levels of the 3 proteins were assessed by
immunohistochemistry with tissue microarray (TMA) containing
PDAC samples from 34 patients with a follow-up of 24 months.
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First, we found coexpression of the 3 proteins (Figure 8A), with a sig-
nificant correlation of the intensities of their expressions (Table 1).
Second and more important, as shown in Figure 8B, an inverse cor-
relation was found between Nupr1 expression and time of survival.
These data support the hypothesis by which expression of Nuprl,
RelB, and IER3 facilitates the progression of PDAC and serves as a
marker of poor prognosis.

Discussion

Nuprl was originally identified a decade ago as a product of a
gene inducible in injured pancreatic tissue (acute pancreatitis)
(18). Additional studies from our laboratory have implicated this
protein in the response of human epithelial cells to various stim-
uli known to induce stress (7). In addition, recent experimental
evidence demonstrates that Nuprl is overexpressed in a variety of
human cancers (8,9, 12, 31), suggesting its activation during pan-
creatic carcinogenesis (10, 11). However, whether such expression
is relevant to the process of neoplastic transformation and malig-
nant histogenesis (PanIN formation) remains to be determined.
We designed the current study to test the hypothesis that expres-
sion of Nuprl in pancreatic cells under stress conditions promotes
pancreatic carcinogenesis. We designed genetic experiments based
on the inactivation of Nuprl and of its primary target genes, both
in cultured pancreatic cancer cells and in genetically engineered
mice. Nuprl and its target pathways were shown to promote the
survival and growth of pancreatic cancer cells as well as PanIN for-
mation in vivo. Our studies support the existence of a pathway
involved in the process of pancreatic carcinogenesis in addition

Figure 8

Nupr1, RelB, and IER3 expression in human PDAC. (A) Successive
PDAC samples were stained with anti-Nupr1, anti-RelB, and anti-IER3
antibodies, revealed with the avidin-peroxidase complex, and counter-
stained with hematoxylin. Original magnification, x100. (B) Nupr1 expres-
sion values in TMA are plotted against survival time for 34 patients.
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Figure 7

IERS expression in PanINs is dependent on RelB. Top: PanlIN lesions
from Kras@2P and Kras@’2b;RelbPanc mice were immunostained with
antibodies against the IER3 protein. Bottom: Samples from pancre-
atic adenocarcinoma (PDAC) developed on Kras&’2P mice were also
immunostained with antibodies against the IER3 protein. Original mag-
nification, x100 (left panels) and at x200 (right panels).

to other previously reported pathways (32, 33). Nupr1 binds chro-
matin and regulates, through modulation of gene expression of
RelB, the antiapoptotic factor IER3, which is a key component of
the non-conventional NF-kB pro-survival pathway, although at
this time direct activation by Nuprl of IER3 expression cannot
be formally excluded. The antiapoptotic role of IER3 in vivo was
established by Zhang and colleagues using a transgenic ler3 allele,
which, when expressed in T lymphocytes, expands their lifespan
and promotes their activation, resulting in the development of a
lupus-like disease (34). Here, we show that IER3 inactivation leads
to diminished survival of pancreatic cancer cells submitted to
nutrient deprivation. In addition, blocking IER3 expression alone
or together with Nuprl or RelB led to the same results, indicating
that these 3 factors act through the same pathway. As the develop-
ment of pharmacological tools to manipulate cell death responses
in vitro and in vivo, including those that target NF-kB pathways, is
a major focus of modern experimental therapeutics, these results
have significant translational potential.

Successive studies on pancreatic cancer have contributed to the
description of a multistep pattern of tumor progression through
accumulation of DNA mutations, changes in DNA methylation,
and expression of many large and small RNA molecules. This
model, adapted from Kinzler and Vogelstein’s genetic paradigm for
colon cancer (35), influenced pancreatic cancer research during the
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Table 1

Spearman’s rank correlation between expression of Nupr1, RelB, and IER3 and survival PDAC patients

Nupri RelB
Nupri 1.00000
RelB 0.47551 (P=0.0045) 1.00000
IER3 0.67914 (P< 0.0001) 0.45258 (P =0.0072)
survival -0.44377 (P=0.0086) 0.09920 (P=0.5767)

n =34 human PDAC samples.

last two decades. However, the study of protein-protein interaction
at the chromatin-promoter level, which is not genetic in nature but
interacts with genetic mutations to facilitate PanIN development,
has remained an underrepresented area of study in pancreatic can-
cer research. This work provides evidence that fills the gap in the
existing knowledge, through the demonstration that chromatin-
promoter interactions underlie the promotion of PanIN lesion
by a mutant Kras allele. Such a mechanism supports the recently
proposed genetic-epigenetic model for PanIN formation. This
model predicts that genetic mutations activate aberrant chroma-
tin proteins required for the expression of the genes required for
generation of neoplastic lesions (36). Furthermore, through genetic
crosses between Nurp1- and RelB-knockout mice in the context of
Kras activation (Nurpl7~Kras®'?P and Relb***;Kras6'?P), we have
determined that the Nurp1/RelB/IER3 pathway is required for the
initiation and early progression of pancreatic carcinogenesis. To
date, very few chromatin proteins have been shown to be opera-
tional during early carcinogenesis. Hence, our data provide mecha-
nistic insight into a previously poorly understood process. How-
ever, because Nupr1, RelB, and IER3 are not exclusively expressed in
pancreatic epithelial cells (see Figure 5), we cannot exclude another,
still-unknown role of these proteins in PanIN development.

The NF-xB family is a critical regulator of many cellular pro-
cesses, among which cell survival is the most widely acknowledged.
The most studied heterodimer is RelA/p65:p50 (the classical path-
way), believed to be preferentially activated in somatic cells. How-
ever, the noncanonical RelB-dependent NF-kB pathway was found
to be involved in survival processes of several cell types, often of
hematopoietic origin but also of epithelial origin (37). For instance,
RelB expression was found to be necessary for protecting thymo-
cytes from differentiation-induced apoptosis (38), for protecting
kidney cells from renal ischemia-reperfusion-induced injury (39),
and for protecting prostate cancer-derived cells against apoptosis
induced by ionizing radiation (40). Together, our data indicate that
Nuprl-induced RelB upregulation is sufficient to trigger an IER3-
based antiapoptotic mechanism in PDAC cells upon stress, with-
out a primary need for RelA/p65 activation. All these observations
are in agreement with the fact that, in pancreatic adenocarcinoma,
Nuprl is overexpressed (11,21) and RelB is constitutively activated
(41, 42). The antiapoptotic factor IER3 is overexpressed in pancre-
atic cancer (43), and its antiapoptotic effect was confirmed in sev-
eral cancer-derived cell types (34, 44-48). In addition to its direct
antiapoptotic effect, IER3 binds the C-terminal region of RelA/p65
and inhibits its transcriptional activity (49), suggesting that IER3
may also provide negative feedback to the NF-kB pathway in
response to stress. It is interesting to note that while activation of
Nupr1 leads to RelB overexpression, a positive feedback mechanism
in turn enhances the expression of Nuprl (Figures 3I). This was
2100
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expected, because an NF-kB-
responsive element (NRE) is
present in the promoter region

IER3 Survival of the Nuprl gene (50) and
its functionality is well docu-
mented (17). Collectively, these

1.00000 results help us to better under-
-0.31351 (P=10.0710) 1.00000 stand the mechanisms by which

the NF-kB-mediated transcrip-
tional pathways are involved in
the regulation of cell survival,
cell growth, and cancer.

We then investigated whether this pathway could be involved
in human PDAC. We studied expression of Nuprl, RelB, and
IER3 in a group of patients with PDAC and found a significant
correlation between the expressions of these proteins, in par-
ticular Nuprl, and poor prognosis of patients. This is in agree-
ment with our previous studies showing an inverse correlation
between Nuprl and apoptosis in PDAC samples (10). However,
although the correlation coefficient is -0.44377 with a P value
0f 0.0086, this study was retrospective and therefore needs to be
confirmed in a prospective way.

In conclusion, we show in this work that the chromatin fac-
tor Nuprl is essential for the survival of pancreatic cancer cells
exposed to a stress. Mechanistically, the Nuprl protein activates
the expression of the NF-kB family member RelB, which in turn
induces the expression of the antiapoptotic factor IER3. Like that
of Nuprl, expression of both RelB and IER3 protects PDAC cells
from the consequences of stress. In vivo, Nuprl and RelB expres-
sion is critical for the development of precancerous PanIN lesions
in KrasS12P mice, thus supporting the implication of the Nuprl/
RelB/IER3 cascade in cancer cell development within the tumor
microenvironment. This study unravels a cell stress response
pathway that accounts for the remarkable resistance of pancre-
atic cancer cells to stress. Finally, a significant correlation between
expression of Nuprl, RelB, and IER3 and the poor prognosis of
patients with PDAC was found. It is hoped that description of this
pathway will open up new perspectives on the involvement of the
alternative RelB-based NF-kB pathway during pancreatic adeno-
carcinoma development. We believe these findings will promote
studies attempting to block the Nuprl/RelB/IER3 cascade as a
novel anticancer therapy.

Methods
Cell culture and in vitro stress induction. MiaPaCa2 cells obtained from ATCC
were maintained in DMEM (Invitrogen) supplemented with 10% FBS at
37°C with 5% COs,. Cells were at about 70% confluence for all experiments.
To avoid additional stress, all media were warmed to 37°C and cells were
washed twice with warm PBS before addition of EBSS (Invitrogen), which
is completely devoid of glucose, amino acids, and growth factors.

siRNA transfection. MiaPaCa2 and Pancl cells were plated at 70% conflu-
ence in 100-mm dishes. INTERFERin reagent (Polyplus-transfection)
was used to perform siRNA transfections according to the manufac-
turer’s protocol. Nuprl, RelA/p65, RelB, and IER3 were knocked down
using 140 ng of specific siRNAs. Scrambled siRNA targeting no known
gene sequence was used as negative control. The sequences of Nuprl-
specific siRNA [siNuprl r(GGAGGACCCAGGACAGGAU)dTdT and
siNupr1#2 r(AGGUCGCACCAAGAGAGAA)dTdT] were previously
reported (51), and RelA/p6S- [r(GAUCAAUGGCUACACAGG)dTdT],
RelB- [siRelB r(GGAUUUGCCGAAUUAACAA)dTAT and siRelB#2
Volume 122
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r(CUGCGGAUUUGCCGAAUUAUU)dTAT], and IER3- [silER3
r(GGAAGGAGAGCGUCGUUAA)dTAT and silER3#2 r(AAGGCUU-
CUCUUUCUGCUG)dTdT] specific siRNAs were from QIAGEN.

DNA microarray. Total RNA (15 ug) was isolated and reverse transcribed for
hybridization to the human oligonucleotide array U133 Plus 2.0 (GeneChip,
Affymetrix) as described previously (52). Arrays were processed using the
Affymetrix GeneChip Fluidic Station 450 (protocol EuKGE-WS2v5_450) and
scanned using a GeneChip Scanner 3000 G7 (Affymetrix). GeneChip Operat-
ing Software (Affymetrix GCOS v1.4) was used to obtain chip images, with
quality control performed using the AffyQCReport software. Microarray data
were deposited in the GEO database (accession number GSE35463).

Cellviability and caspase-3/7 assay. To detect caspase-3/7 activity,an Apo-ONE
fluorescence assay was performed according to the manufacturer’s
(Promega) instructions. Data were normalized to cellular enzymatic activ-
ity CellTiter-Blue (Promega). To validate viability, we counted cells after
metabolic stress induction using a cell counter (Countess, Invitrogen).

Luciferase assay. MiaPaCa2 cells were plated at 70% confluence in 6-well
plates and 24 hours later transiently transfected with 3 ug total DNA using
FuGENE 6 transfection reagent (Roche Applied Science). The human 1.7-kb
Relb promoter (-1,694 to +1) was cloned into the luciferase reporter pGL3
basic vector and transfected with one of the following expression vectors:
pcDNA3-Flag containing the human Nuprl cDNA sequence or pcDNA3-
Flag without the cDNA insert, siNuprl, or scrambled siRNA. Co-transfec-
tion of Renilla luciferase under the control of the SV40 early enhancer/pro-
moter region (pSV40-RL, Promega) was used to normalize for transfection
efficiency. Medium was replaced 24 hours later with fresh DMEM or EBSS
and incubated for an additional 9-hour period. All transfections were per-
formed at least two times, in triplicate.

ChIP assay. MiaPaCa2 cells were transfected with the Nuprl-Flag, irrel-
evant cytochrome c-Flag, or empty vector-Flag constructs with subsequent
ChIP assay performed using the EZ-ChIP kit (Millipore) according to the
manufacturer’s instructions. Input DNA was collected after pre-clearing
lysate with protein G/agarose beads prior to immunoprecipitation with
the anti-FLAG (M2) antibody (Sigma-Aldrich) or with a non-relevant IgG.
PCR was performed using TaKaRa LA Taq with GC Buffer II, according to
the manufacturer’s suggestions (Takara Bio Inc). A 255-bp region of the
RelB promoter was amplified by PCR using specific primers (5'-ATGGAT-
GGCAGGTGTAGAGCCC-3, 5" "”TGCTCTGGACGAGACAACTGAG-3').

Lentivirus constructs. Full-length RelB and IER3 cDNA were amplified by
PCR using (pcDNA3-RelB) and (pcDNA3-HA-IER3-1) expression plasmids
as template. Primers for PCR were designed to include EcoRI and Smal
or Xhol and Apal restriction sites for RelB or IER3, respectively. After
digestion, fragments were subcloned into the PLVX-DsRed-Monomer-N1
lentiviral vector (Clonetech). Lentivirus particles (LecvEmpty, LtvRelB, or
LtIER3) were produced by transient transfection of 293T cells according
to standard protocols. MiaPaCa2 and Panc-1 cells were grown at 50%-60%
confluence and infected with the supernatant containing viruses. Cells
were used for experiments 72-96 hours after transduction.

RNA extracts/real-time gqRT-PCR. Cells were washed once with PBS, and
cell lysis was performed using a total RNA extraction kit (Norgen Biotek)
according to the manufacturer’s protocol. RNA from pancreas of 8-week-old
Pdx1-cre;LSL-Kras'?P or control mice was purified following the procedure
of Chirgwin et al. (53). cDNA was obtained using the ImProm-II Reverse
Transcription System (Promega). Sequences of the primers used to amplify
human and mouse genes are indicated in Supplemental Table 1.

Immunoblotting. Protein extraction was performed on ice using total pro-
tein extraction buffer: 50 mM HEPES pH 7.5, 150 mM NacCl, 20% SDS,
1 mM EDTA, 1 mM EGTA, 10% glycerol, 1% Triton, 25 mM NaF, 10 uM
ZnCl,, 50 mM DTT. Before lysis, protease inhibitor cockrtail at 1:200
(Sigma-Aldrich, NUPR1340), 500 uM PMSF, 1 mM sodium orthovana-
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date, and 1 mM f glycerophosphate were added. Protein concentration
was measured using a BCA Protein Assay Kit (Pierce Biotechnology). Pro-
tein samples (80 ug) were denatured at 95°C and subsequently separated
by 12.5% SDS-PAGE gel electrophoresis. After transfer to nitrocellulose
membrane and blocking with 1% BSA, samples were probed with one of
the following antibodies: RelA/p65 and RelB (Santa Cruz Biotechnology
Inc.), IER3 (rabbit anti-serum to recombinant full-length GST-IER3 was
obtained from Francoise Porteu, INSERM U1016, Institut Cochin, Paris,
France) (47), B-tubulin and vimentin (Sigma-Aldrich), and monoclonal
Nuprl (developed in our laboratory).

Confocal microscopy. Ten-micrometer cryosections of pancreatic tissue
were dried and fixed with acetone. After nonspecific binding site block-
ade with 3% bovine serum albumin, 10% fetal calf serum, and 10% goat
serum for 30 minutes, tissue sections were labeled 1 hour at room tem-
perature with primary antibodies or control antibodies, followed by incu-
bation for 30 minutes at room temperature with secondary antibodies
and SYTOX Blue when nuclei staining was required. Primary antibod-
ies were the same as those for immunoblotting. Slides were mounted in
ProLong Gold (Invitrogen) and observed with a Zeiss LSM 510 confocal
microscope. Images were analyzed using Adobe Photoshop 7.0.

Histology and immunohistochemistry. Pancreatic sections were fixed
in 4% paraformaldehyde and paraffin embedded. H&E staining and
immunohistochemistry were performed using standard procedures. Sec-
tions were stained with antibodies MUCS (Chemicon) and CK-19 (Devel-
opmental Studies Hybridoma Bank).

Animals. Mice bearing a homozygous deletion of exon 2 of the Nupr1 gene
were described previously (54). The Pdx1-cre;LSL-Kras%?P mice were provided
by R. Depinho (Dana-Faber Cancer Institute, Boston, Massachusetts, USA)
and resulted from crossbreeding of the following strains: Pdx1-Cre (55) and
LSL-Kras%?P (26). Mouse strains and generation of Relb*** mice will be
published elsewhere (56). Because animals are from different genetic back-
grounds, we systematically used littermate control and experimental mice.

Patients and tissue microarray. PDAC samples were formalin-fixed surgi-
cal specimens obtained from the Pathology Department of Aix-Marseille
University. Two-year follow-up data were recorded from 34 patients (see
Supplemental Table 2). The procedure for construction of TMAs was as
previously described (57, 58). Briefly, cores were punched from the select-
ed paraffin blocks and distributed in new blocks, with 2 cores of 0.6-mm
diameter for each tumor. TMA serial tissue sections were prepared 24 hours
before immunohistochemical processing and stored at 4°C. The dilution
of each antibody was determined by pre-screening on the full 4-um-thick
sections before use on TMA sections. The immunoperoxidase procedures
were performed using an automated Ventana BenchMark XT autostainer.
Measurements of immunoprecipitate densitometry in cores were made
for each marker in an individual core after digitization and “cropping” of
microscopic images as previously reported (57, 58).

Statistics. Statistical analyses were performed using the unpaired 2-tailed
Student ¢ test. A P value less than or equal to 0.05 was considered sig-
nificant. All values are expressed as mean + SEM. qRT-PCR data are
representative of at least 3 independent experiments with technical
duplicates completed. For microarray analysis, background subtraction
and normalization of probe set intensities were performed using robust
multiarray analysis (RMA). To identify differentially expressed genes,
gene expression intensities were compared using a moderated ¢ test and
a Bayes smoothing approach developed for a low number of replicates.
To correct for the effect of multiple testing, the false discovery rate was
estimated from P values derived from the moderated ¢ test statistics. The
analysis was performed using the affylmGUI graphical user interface
for the limma microarray package (www.bioconductor.org). Statistical
analysis of the relationship between TMA results and survival data was
Volume 122 Number 6

June 2012 2101



research article

conducted using the SAS version 9.3 computer program (SAS Institute
Inc.). Spearman’s rank correlation coefficient was applied for the analysis
of significance of the correlation.

Study approval. Care and manipulation of mice were performed in accor-
dance with national and European legislation on animal experimentation
and were approved by the Aix-Marseille University Institutional Animal
Care and Use Committee.
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