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The majority of human pancreatic cancers have activating mutations in the KRAS proto-oncogene. These muta-
tions result in increased activity of the NF-κB pathway and the subsequent constitutive production of proin-
flammatory cytokines. Here, we show that inhibitor of κB kinase 2 (Ikk2), a component of the canonical NF-κB 
signaling pathway, synergizes with basal Notch signaling to upregulate transcription of primary Notch target 
genes, resulting in suppression of antiinflammatory protein expression and promotion of pancreatic carcino-
genesis in mice. We found that in the KrasG12DPdx1-cre mouse model of pancreatic cancer, genetic deletion of Ikk2 
in initiated pre-malignant epithelial cells substantially delayed pancreatic oncogenesis and resulted in down-
regulation of the classical Notch target genes Hes1 and Hey1. Tnf-α stimulated canonical NF-κB signaling and, 
in collaboration with basal Notch signals, induced optimal expression of Notch targets. Mechanistically, Tnf-α 
stimulation resulted in phosphorylation of histone H3 at the Hes1 promoter, and this signal was lost with Ikk2 
deletion. Hes1 suppresses expression of Pparg, which encodes the antiinflammatory nuclear receptor Pparγ. 
Thus, crosstalk between Tnf-α/Ikk2 and Notch sustains the intrinsic inflammatory profile of transformed cells. 
These findings reveal what we believe to be a novel interaction between oncogenic inflammation and a major 
cell fate pathway and show how these pathways can cooperate to promote cancer progression.

Introduction
Cancer-related inflammation has been shown to be critically linked 
with malignant disease — either by being the initiating, extrinsic 
cause or by supporting the intrinsic microenvironment during 
tumor progression (1). Most solid tumors are characterized by an 
intrinsic tumor-promoting inflammatory response (1). Activation 
of proto-oncogenes such as ras and/or inactivation of tumor sup-
pressors orchestrates a proinflammatory transcriptional program 
and constitutive production of inflammatory cytokines and che-
mokines that shape a tumor-promoting microenvironment. Onco-
genes and tumor suppressor genes are, however, difficult molecular 
targets in cancer therapy (2). In contrast, inflammatory cytokines 
and signaling pathways affected by the genetic changes occurring 
in malignant diseases are attractive druggable targets.

Activating mutations of the KRAS proto-oncogene are found in 
more than 90% of pancreatic ductal adenocarcinomas (PDACs), 
the most prevalent form of pancreatic cancer (3). Histological and 
molecular studies have demonstrated that disease progression 
occurs through a series of preinvasive lesions, pancreatic intraepi-
thelial neoplasias (PanINs), that progress into invasive carcinoma 
(4). Mouse models with pancreas-specific activation of oncogenic 
Kras display the full spectrum of PanINs and recapitulate the fea-
tures of human PDAC (5, 6). NF-κB, a major transcription fac-

tor for inflammatory responses, is found activated in Kras-trans-
formed epithelial cells (7, 8). NF-κB activation is regulated through 
the inhibitor of κB kinase (Ikk) complex, which consists of two 
catalytic subunits, Ikk1 and Ikk2 and the regulatory protein Ikk3 
(or Nemo) (reviewed in ref. 9). During canonical NF-κB signaling, 
inflammatory stimuli including cytokines such as Tnf-α generate 
signals that converge at the Ikk complex, phosphorylating Ikk2, 
which in turn phosphorylates the inhibitory molecule inhibitor 
of κB (IκB), resulting in its proteasomal degradation. This releases 
the p65/p50 NF-κB heterodimer, allowing its nuclear transloca-
tion and promoter binding for inflammatory gene transcription. 
A series of studies has indicated a requirement of Ikk2 and p65 
in both murine and human Kras-induced transformation of lung 
epithelial cells and in models of inflammation-induced carcino-
genesis (7, 8, 10, 11). However, the implication of the pathway in 
pancreatic cancer has so far been unexplored.

Interestingly, in many types of cancer, including pancreatic 
cancer, the NF-κB and Notch pathways are activated (12–15). 
Classical activation of Notch signaling is triggered by ligation of 
Notch receptors and ligands. This leads to proteolytic cleavage of 
Notch and the release of the Notch intracellular domain (NICD). 
NICD subsequently translocates to the nucleus and binds to the 
DNA-binding protein Rbp-j. This interaction results in assembly 
of a transcriptional activation complex that drives the expression 
of Notch target genes (16). Among the best-characterized direct 
Notch target genes are the Hes and Hey families of transcriptional 
repressors. These genes are found to be upregulated in early PanINs  
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and throughout PDAC but not in normal pancreatic epithelium 
(5, 15). In the context of mutant Kras, Notch pathway activation 
has been shown to have a tumor-promoting role and has been 
implicated in mediating metaplasia of acinar to ductal epithelium, 
a critical process in pancreatic carcinogenesis (17–19).

In the present study we showed that genetic deletion of Ikk2 
in Kras+/LSL-G12DPdx1-cre mice blocked the progression of PanIN 
lesions. We further demonstrated that Tnf-α stimulation of initi-
ated pre-malignant epithelial cells via Ikk2 engaged with canonical 
Notch signaling to upregulate the expression of primary Notch 
target genes. The crosstalk between NF-κB and Notch downreg-
ulated Pparγ, a repressor of inflammatory gene expression and 
retained a constitutive production of proinflammatory mediators 
and cytokines by the transformed cells.

Results
Pancreas-specific deletion of Ikk2 blocks PanIN progression in KrasG12D 
mice. Kras+/LSL-G12DPdx1-cre (abbreviated as KrasG12D) mice express an 
endogenous oncogenic KrasG12D allele initially in pancreatic pro-
genitors and later in the adult pancreas (5). We generated ductal 
epithelial cell lines from PanIN- and PDAC-bearing KrasG12D mice 
and identified constitutive secretion of Tnf-α (Figure 1A), simi-
lar to previous data indicating Tnf-α production by initiated pre-
malignant ovarian epithelial cells (20). To determine the role of 
Ikk2/NF-κB signaling in formation and progression of PanINs, 
we generated Kras+/LSL-G12DIkk2fl/flPdx1-cre (KrasG12DIkk2ΔPdx) mice. 
In parallel, we assessed the contribution of malignant cell–derived 
Tnf-α using Kras+/LSL-G12DTnfafl/flPdx1-cre (KrasG12DTnfaΔPdx) mice.

The compound strains were generated by interbreeding C57BL/6 
mice carrying floxed Ikk2 or Tnfa alleles with the Kras+/LSL-G12D and 
Pdx1-cre strains (Supplemental Figure 1A; supplemental material 
available online with this article; doi:10.1172/JCI45797DS1). No 
gross pathology was observed in the pancreas of Ikk2ΔPdx or TnfaΔPdx 
mice (Supplemental Figure 1B). Activity of the Ikk complex was 
abolished in cells derived from KrasG12DIkk2ΔPdx mice, confirming 
excision of the Ikk2 locus (Figure 1B). Secretion of Tnf-α and Il-6 
in the pancreas was also significantly decreased (P < 0.01, n = 6, 
Figure 1C). Similarly, cell lines derived from PanIN- and PDAC-
bearing KrasG12DTnfaΔPdx mice secreted minimal levels of Tnf-α, 
confirming Tnfa inactivation (Figure 1D).

We assessed the development of PanIN lesions in cohorts (n = 12 per 
time point) of KrasG12D, KrasG12DIkk2ΔPdx, and KrasG12DTnfaΔPdx mice at 2, 
5, and 8 months of age. Histological assessment for the proportion of 
pancreas occupied by PanINs was carried out as previously described 
(4). Ikk2 deletion in KrasG12DIkk2ΔPdx mice resulted in a profound 
decrease in the frequency of high-grade PanINs (PanINs 2 and 3)  
at all time points (P < 0.01; Figure 1E). Only low-grade PanINs were 
present in 5-month-old KrasG12DIkk2ΔPdx mice, while approximately 
80% of the pancreatic parenchyma retained normal exocrine tissue. 
Even at 8 months of age, formation of grade 2 and 3 lesions was min-
imal, and the frequency of grade 1 PanINs was lower compared with 
both KrasG12D and KrasG12DTnfaΔPdx mice (P < 0.01; Figure 1E).

Two-month-old KrasG12DTnfaΔPdx mice exhibited a significant reduc-
tion in early PanIN lesions (P < 0.01, n = 12). However, by 5 months of 
age, PanINs had formed and progressed in a pattern similar to that in 
KrasG12D mice (Figure 1E). These results indicated that, in the context 
of mutant Kras, Ikk2 signaling was important for the development and 
progression of PanINs. Activation of the pathway by Tnf-α provided 
by the transformed epithelial cells was important early during the 
carcinogenic process. However, as the disease progressed, an influx of 
tumor-associated immune cells, primarily macrophages and neutro-
phils, compensated Tnf-α cytokine levels. To address the importance 
of the inflammatory infiltrate to compensate for the lack of inflam-
matory cytokines, we generated chimeras using Mx1-cre mice to target 
Tnf-α deletion in the leukocyte compartment (Supplemental Figure 
2, A–D). Infiltration of these cells was minimal in KrasG12DIkk2ΔPdx pan-
creases, indicating that Ikk2 inactivation impaired their capacity to 
attract other cell types (Supplemental Figure 2, A and B).

To assess whether Ikk2 depletion affected PDAC development, 
we followed cohorts of 50 KrasG12DIkk2ΔPdx and 40 KrasG12D mice for 
nearly 2 years (Table 1 and Supplemental Table 1). Mice were sacri-
ficed when they developed signs of distress. 20% of KrasG12DIkk2ΔPdx 
mice had PDAC, while there was a 50% tumor incidence in KrasG12D 
mice (Figure 1F). Interestingly, deletion of Ikk2 changed the histo-
pathological feature of the observed tumors, as shown by the ratio 
of undifferentiated to glandular morphology in these mice (Figure 
1G) at end point (Table 1 and Supplemental Table 1).

Further histological analyses of KrasG12DIkk2ΔPdx pancreases 
showed a profound delay in stromal reaction (Figure 1, H and I). 
Proliferation of acinar cells was assessed by PCNA expression. As 
shown in Figure 1, J and K, there was a reduction in proliferating 
acinar cells in KrasG12DIkk2ΔPdx compared with KrasG12D pancreases. 
No difference was noted in the levels of apoptosis, measured by 
cleaved caspase-3 staining (data not shown). Collectively, these 
data indicated that PanIN progression and development of PDAC 
were dependent on epithelial Ikk2 depletion.

Notch target genes Hes1 and Hey1 are downregulated in KrasG12DIkk2ΔPdx 
PanINs. The Notch pathway, normally quiescent in the adult pan
creas, is found to be reactivated in pancreatic cancer throughout 
PanIN and PDAC development (15, 17, 21). We assessed the regula-
tion of Notch downstream targets as indicators of disease develop-
ment (5). In accordance with previous studies, we found that the 
classical Notch target genes Hes1 and Hey1 were expressed in KrasG12D 
PanIN-bearing mice (5). However, there was a substantial decrease in 
their expression in age-matched KrasG12DTnfaΔPdx and  KrasG12DIkk2ΔPdx 
mice (Figure 2A). The pancreases of KrasG12DIkk2ΔPdx showed decreased 
expression of Igfr1, Vegf, and tenascin C, all Notch target genes, while 
expression of Myc and the AP-1 family transcription factor Batf was 
not altered (Figure 2A). Inactivation of Tnfa had little impact on 
the expression levels of these genes. Immunofluorescence analysis 

Figure 1
Genetic deletion of Ikk2 inhibits PanIN progression. (A) Tnf-α secre-
tion by ductal cell lines derived from KrasG12D PanIN- or PDAC-bearing 
mice measured by ELISA. Control cells were generated from Kras and 
Kras/Tnfa cre-negative pancreases. (B) Cellular Ikk2 kinase activity in 
cell lines derived from KrasG12D and KrasG12DIkk2ΔPdx mice. (C) Il-6 and 
Tnf-α secretion in pancreatic tissue of KrasG12D and KrasG12DIkk2ΔPdx 
mice. n = 6; **P < 0.01, ***P < 0.01. (D) Tnf-α secretion by cell lines 
derived from KrasG12D (PanIN 1) or KrasG12DTnfaΔPdx PanIN- or PDAC-
bearing mice. Cre-negative Kras and Kras/Tnfa control cells were 
included. Data in C are shown as mean + SD of n = 6 mice, and data in 
A, B, and D are mean + SD of triplicate experiments. (E) Quantification 
of the proportion of pancreas occupied by PanIN lesions. Frequency 
and grade of the lesions was quantified at 2, 5, and 8 months of age. 
Data are shown as mean + SD; P < 0.01. nl, no lesion. (F) Tumor inci-
dence and (G) histology grade in KrasG12D and KrasG12DIkk2ΔPdx mice. 
*P < 0.05. (H–K) KrasG12D and KrasG12DIkk2ΔPdx 4-month old pancre-
ases stained with (H) hematoxylin and eosin, (I) Masson’s trichrome 
(blue, collagen; red, muscle fibers and cytoplasm; black, nuclei) and  
(J and K) anti-PCNA. Original magnification, ×10 (H–J), ×20 (K).
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revealed Hes1-positive staining in PanIN lesions of 3-month-old 
KrasG12D mice. Similar levels of Hes1 were found in KrasG12DTnfaΔPdx 
mice (Figure 2B). In contrast, Hes1 protein was minimal in age-
matched KrasG12DIkk2ΔPdx animals (Figure 2B). These results indicated  
concurrent activity of the classical NF-κB and Notch pathways.

To further dissect the interaction of the Tnf-α/Ikk2 and Notch 
signaling pathways, we examined the response of cell lines derived 
from KrasG12D, KrasG12DTnfaΔPdx and KrasG12DIkk2ΔPdx mice to recom-
binant Tnf-α (rTnf-α) stimulation in vitro. Basal Notch activity 
in KrasG12D cell lines was demonstrated by nuclear localization of 

Table 1
Disease spectrum in KrasG12DIkk2ΔPdx mice

ID	 Age (d)	 PDAC	 Histology	 Liver	 Lung	 PD	 Ascites	 Skin	 BO	 Atrophy
TH03-35	 526	 N		  N	 N	 N	 N	 N	 N	 Y
TH03-58	 599	 N		  N	 N	 N	 N	 N	 N	 Y
TH03-59	 517	 N		  N	 N	 N	 N	 N	 N	 Y
TH03-61	 422	 Y	 Glandular	 Y	 Y	 Y	 N	 N	 Y
TH03-66	 501	 N		  N	 N	 N	 N	 N	 N	 Y
TH03-67	 449	 N		  N	 N	 N	 N	 N	 N	 Y
TH03-82	 209	 N		  N	 N	 N	 N	 Y	 N	
TH03-88	 297	 N		  N	 N	 N	 N	 Y	 N	
TH03-89	 388	 N		  N	 N	 N	 N	 N	 N	 Y
TH03-115	 436	 Y	 Undifferentiated	 Y	 Y	 Y	 N	 N	 N	
TH03-131	 587	 N		  N	 N	 N	 N	 N	 N	 Y
TH03-136	 555	 N		  N	 N	 N	 N	 N	 N	 Y
TH03-148	 475	 N		  N	 N	 N	 N	 N	 N	 Y
TH03-149	 391	 N		  N	 N	 N	 N	 N	 N	 Y
TH03-167	 155	 N		  N	 N	 N	 N	 Y	 N	
TH03-177	 422	 Y	 Glandular	 Y	 N	 N	 Y	 N	 N
TH03-181	 448	 N		  N	 N	 N	 N	 N	 N	 Y
TH03-196	 401	 N		  N	 N	 N	 N	 N	 N	 Y
TH03-197	 412	 Y	 Undifferentiated	 Y	 Y	 Y	 N	 N	 Y	
TH03-206	 389	 Y	 Undifferentiated	 N	 N	 N	 N	 N	 N	
TH03-207	 455	 N		  N	 N	 N	 N	 Y	 N	
TH03-213	 438	 N		  N	 N	 N	 N	 N	 N	 Y
TH03-344	 264	 N		  N	 N	 N	 N	 Y	 N	
TH03-365	 428	 N		  N	 N	 N	 N	 N	 N	 Y
TH03-374	 417	 N		  N	 N	 N	 N	 N	 N	 Y
TH03-384	 409	 Y	 Glandular	 N	 N	 N	 N	 N	 N
TH03-402	 337	 N		  N	 N	 N	 N	 N	 N	 Y
TH03-404	 316	 Y	 Undifferentiated	 Y	 Y	 Y	 Y	 Y	 Y	
TH03-405	 406	 N		  N	 N	 N	 N	 N	 N	 Y
TH03-416	 472	 N		  N	 N	 N	 N	 N	 N	 Y
TH03-425	 515	 N		  N	 N	 N	 N	 N	 N	 Y
TH03-431	 411	 N		  N	 N	 N	 N	 N	 N	 Y
TH03-452	 509	 Y	 Undifferentiated	 Y	 Y	 N	 Y	 N	 Y	
TH03-497	 377	 N		  N	 N	 N	 N	 N	 N	 Y
TH03-499	 482	 Y	 Undifferentiated	 N	 Y	 Y	 N	 N	 Y	
TH03-503	 568	 N		  N	 N	 N	 N	 N	 N	 Y
TH03-509	 263	 N		  N	 N	 N	 N	 Y	 N	
TH03-515	 174	 N		  N	 N	 N	 N	 Y	 N	
TH03-518	 248	 N		  N	 N	 N	 N	 Y	 N	
TH03-522	 315	 N		  N	 N	 N	 N	 N	 N	
TH03-546	 427	 N		  N	 N	 N	 N	 N	 N	 Y
TH03-551	 482	 N		  N	 N	 N	 N	 N	 N	 Y
TH03-552	 517	 N		  N	 N	 N	 N	 N	 N	 Y
TH03-568	 268	 N		  N	 N	 N	 N	 Y	 N	
TH03-574	 216	 N		  N	 N	 N	 N	 Y	 N	
TH03-681	 498	 N		  N	 N	 N	 N	 N	 N	 Y
TH03-682	 571	 N		  N	 N	 N	 N	 N	 N	 Y
TH03-693	 501	 N		  N	 N	 N	 N	 N	 N	 Y
TH03-699	 585	 Y	 Glandular	 N	 N	 N	 Y	 N	 Y	 Y
TH03-706	 433	 N		  N	 N	 N	 N	 Y	 N	 N
Median	 427.5	 20% Y	 60% undifferentiated, 	 12%	 12%	 10%	 8%	 24%	 12%	 58%
			   40% glandular

PD, peritoneal disease; BO, biliary obstruction.
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Hes1 and low levels of cytoplasmic staining (Figure 3A). Stimula-
tion with rTnf-α increased expression of both nuclear and cytoplas-
mic Hes1 protein (Figure 3A). The expression of Hes1, Hey1, as well 
as Batf, Vegf, Igfr1, Myc, and tenascin C was increased in KrasG12D and 

KrasG12DTnfaΔPdx cells after rTnf-α stimulation. In contrast, rTnf-α 
failed to upregulate expression of these genes in KrasG12DIkk2ΔPdx cells 
(Figure 3B and Supplemental Figure 3A). We next transiently trans-
fected the cell lines with a Hes1 luciferase reporter construct and 

Figure 2
Molecular analysis of Notch and NF-κB  
target gene expression in KrasG12D 

TnfaΔPdx and KrasG12DIkk2ΔPdx pancre-
ases. (A) Relative mRNA expression 
of Hes1, Hey1, Batf, Vegf, Igfr1, Myc, 
and tenascin C in KrasG12DTnfaΔPdx and 
KrasG12DIkk2ΔPdx 3-month PanIN-bearing 
pancreases was measured by real-time 
PCR. Data are shown as mean + SD;  
n = 6. *P < 0.05, **P < 0.01. The experi-
ment was done in duplicate. (B) Immuno
fluorescence staining for Hes1 and  
E-cadherin in PanIN-bearing pancreases 
from KrasG12DTnfaΔPdx, KrasG12DIkk2ΔPdx, 
and KrasG12D mice at 3 months of age. 
Original magnification, ×40. Blue, DAPI; 
red, E-cadherin; green, Hes1.
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stimulated them with 1 ng/ml rTnf-α. This resulted in enhanced 
transcriptional activity of the Hes1 promoter in KrasG12DTnfaΔPdx but 
not in KrasG12DIkk2ΔPdx cells (Figure 3C). These results showed that 
in initiated pre-malignant epithelial cells Ikk2 signaling enhanced 
the expression of Notch target genes.

Activation of the NF-κB pathway is known to upregulate Notch 
receptors and ligands, both of which are found to be expressed 
on PanIN and PDAC cells (17, 22–26). However, an interaction 
downstream of the two pathways has not been described. We next 
assessed whether this enhanced expression of Notch target genes 
upon stimulation with rTnf-α was due to upregulation of Notch 
receptors and ligands, which would reinforce downstream signal-
ing. We stimulated KrasG12DTnfaΔPdx cell lines with rTnf-α over a full 
12-hour time course and assessed mRNA expression of Hes1 and 
Hey1. Upregulation of gene expression occurred within 30 min-
utes and reached a plateau between 6 and 12 hours after treatment 
(Figure 3D and Supplemental Figure 3B). This rapid upregulation 
of Hes1 and Hey1 was independent of new protein synthesis and 
suggested a direct interaction between the pathways (Figure 3E 
and Supplemental Figure 3C).

Tnf-α–induced Notch target gene expression requires canonical Notch 
signaling and Ikk2-mediated histone phosphorylation. We next sought 
to determine whether Tnf-α–induced upregulation of Notch tar-
get genes required canonical Notch signaling. This is initiated by 
proteolytic cleavage of NICD following receptor-ligand interac-
tions, mediated by the γ-secretase activity of a multiprotein com-
plex (27). Pharmacological inhibition of γ-secretase using the 
synthetic inhibitor L685458 resulted in attenuation of Hes1 and 
Hey1 expression in rTnf-α–stimulated KrasG12DTnfaΔPdx PanIN cell 
lines (Figure 4A). While expression of both these genes was sensi-
tive to L685458, transcription levels of Il1b, Mmp13, and Cox2, 
all NF-κB targets, remained unaffected (Supplemental Figure 4). 
We maximally engaged Notch receptors by stimulating KrasG12D 
cells with the classical Notch ligands Jagged-2 and Delta-like–1 
(Dll1) and compared the levels of Hes1 and Hey1 expression with 
those after treatment with rTnf-α. rTnf-α induced higher Hes1 
and Hey1 levels than ligand-mediated Notch activation of the 
pathway (Figure 4B).

We further examined the requirement of Notch signaling for 
Tnf-α–mediated upregulation of Hes1 and Hey1 using siRNA to 
knock down the expression of Rbpj, a nuclear transcription fac-
tor essential for Notch target gene expression. Transfection of 
KrasG12DTnfaΔPdx cell lines with Rbpj siRNA resulted in a 4-fold 
decrease in Hes1 and Hey1 transcripts, confirming the require-
ment of NICD–Rbp-j interaction for upregulation of target gene 
expression (Figure 4C and Supplemental Figure 5A). Expression 
of the NF-κB targets Il1b and Cox2 remained unaffected in Rbpj-
knockdown cells (data not shown). Specific siRNA inhibition of 
Ikk2 also resulted in a downregulation of Hes1 and Hey1 expres-
sion following rTnf-α treatment (Figure 4D and Supplemental 
Figure 5B). This was consistent with our previous observation 
that KrasG12DIkk2ΔPdx cell lines lost the capacity to upregulate Hes1 
and Hey1 upon rTnf-α stimulation. Similarly, knockdown of 
Nemo blocked Hes1 and Hey1 expression (Supplemental Figure 
5C), while knockdown of Ikk1 (Supplemental Figure 5D) had no 
effect on Hes1 or Hey1 expression.

Hes1 expression is not known to be regulated by NF-κB (16). To 
investigate the pathways downstream of Ikk2 that lead to Hes1 
activation, we examined phosphorylation of histone H3 at serine 
10, a histone modification that is induced by Ikk2 and is linked 
with recruitment of RNA polymerase II and transcriptional acti-
vation (28–30). We carried out ChIP and real-time PCR assays 
and showed that rTnf-α stimulation induced phosphorylation 
of histone H3 at serine 10 at the Hes1 promoter (Figure 5). This 
inducible phosphorylation was abolished in KrasG12DIkk2ΔPdx cells 
(Figure 5). These results indicate a link between Tnf-α–stimulated 
Ikk2 signaling and the Hes1 locus, whereby Tnf-α enhanced the 
transcriptional activity of a classical Notch target gene via Ikk2 by 
inducing histone H3 phosphorylation.

Tnf-α–induced crosstalk between NF-κB and Notch pathways leads 
to Hes1-mediated Pparγ inhibition. Hes1 is known to bind to the 
promoter region of the nuclear receptor Pparγ and suppress its 
expression (31). Pparγ represses inflammatory gene expression 
induced by other classes of transcription factors including NF-κB.  
We observed higher Pparg mRNA expression in 2-month-old 
KrasG12DTnfaΔPdx and KrasG12DIkk2ΔPdx compared with KrasG12D pan-
creases (Figure 6A). However, by 5 months of age, expression 
of Pparg in KrasG12DTnfaΔPdx was only marginally higher than in 
KrasG12D mice. In contrast, it remained elevated in KrasG12DIkk2ΔPdx 
pancreases (Figure 6A). Moreover, after rTnf-α stimulation, Pparg 
mRNA in KrasG12DTnfaΔPdx cells decreased to levels similar to those 
in KrasG12D cells (Figure 6B). Binding of Hes1 to the Pparg promoter 
in KrasG12D cells was confirmed by ChIP (Figure 6C). These data 
indicated that Tnf-α–induced Hes1 upregulation in initiated pre-
malignant cells resulted in Pparg suppression.

We further examined the interplay between Hes1 and Pparg using 
Hes1-specific siRNA to knock down Hes1 expression in KrasG12D 
PanIN cell lines. This resulted in robust upregulation of Pparg 
expression, which indicates Hes1-mediated inhibition of Pparg 
transcription (Figure 6D and Supplemental Figure 6, A and B). 
Similarly, Cebpa, a transcription factor whose expression requires 
Pparg, was also negatively regulated by Hes1 (Figure 6D and Sup-
plemental Figure 6C).

Hes proteins suppress gene expression by a number of mechanisms 
that include binding to N boxes or suppressing E box–mediated tran-
scription in promoters that contain tandem E boxes and Rbp-j sites 
(32–34). We investigated the mechanism by which Hes1 inhibits 
Pparg expression in our system by analyzing the effects of Hes1 on 

Figure 3
Tnf-α–induced Notch and NF-κB target gene expression in PanIN cell 
lines. (A) Expression of Hes1 and Hey1 in KrasG12D PanIN cell lines 
was examined by immunofluorescence staining; cells were left unstim-
ulated or were stimulated with 10 ng/ml rTnf-α for 24 hours. Original 
magnification, ×40. Blue, DAPI; red, actin; green, Hes1. One represen-
tative experiment of 3 performed is shown. (B) Relative mRNA expres-
sion of Hes1 and Il1b in PanIN cell lines stimulated with 1 ng/ml rTnf-α 
for 6 hours. Relative expression was calculated by setting expression 
of untreated KrasG12D samples as 1. (C) Hes1 luciferase reporter assay 
in KrasG12DTnfaΔPdx and KrasG12DIkk2ΔPdx PanIN cell lines stimulated 
with 1 ng/ml rTnf-α for 6 hours. Results were normalized to firefly 
luciferase activity relative to internal control and are expressed as 
mean + SD from triplicate transfections. ***P < 0.01. One representa-
tive experiment of 3 performed is shown. (D) Kinetic analysis of Hes1 
mRNA expression in KrasG12DTnfaΔPdx PanIN cell lines stimulated with 
1 ng/ml rTnf-α. (E) KrasG12DTnfaΔPdx PanIN cells were treated with  
1 ng/ml rTnf-α in the presence or absence of 15 μg/ml cycloheximide 
(CHX). Expression of Hes1 was quantified by real-time PCR. Relative 
expression was calculated by setting expression of untreated KrasG12D 
samples as 1. (B, D, and E) Data are shown as mean + SD of triplicate 
determinants, and 1 representative experiment of 3 is shown.
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the activity of a Pparg promoter–driven reporter gene. We confirmed, 
in transient transfection assays, that Hes1 suppressed expression of 
a Pparg promoter–driven reporter gene, in a dose-dependent manner 
(Figure 6E), through sequences from –1,500 to –160 that contain 6  
E-box elements (31). A truncated E box sequence abrogated the abil-
ity of Hes1 to inhibit Pparg promoter activity (Figure 6F).

Pharmacological intervention in Notch and Pparγ signaling modulates 
the inflammatory profile of malignant cells and inhibits PanIN growth. 
Pharmacological inhibition of NF-κB or Notch signaling by anti–
Tnf-α, the NF-κB inhibitor Bay11-7082, or the γ-secretase inhibi-
tor DAPT could block the expression of Hes1 in PanIN-bearing  
5-month-old mice. As shown in Figure 7, each of these approaches 

inhibited Hes1 in PanIN-bearing pancreases and reduced Tnf-α 
cytokine levels in KrasG12D cells (P < 0.01; Figure 7, A–C).

We hypothesized that this interplay between NF-κB and Notch 
signaling and a coordinated downregulation of Pparg acted as a 
forward feedback loop that sustains expression of inflammatory 
cytokines and chemokines by the transformed cells. To address 
this hypothesis, we treated KrasG12D mice with DAPT, a γ-secretase 
inhibitor. Cytokine arrays on whole pancreases of untreated and 
DAPT-treated mice revealed downregulation of proinflammatory 
cytokines and chemokines (Figure 7D). To further strengthen the 
impact of Notch signaling on the inflammatory state of the trans-
formed cells, we used KrasG12D mice carrying the Rosa26-LSL-Eyfp 

Figure 4
Tnf-α–induced Notch target gene expression requires expression of Rbpj and Ikk2. (A) Inhibition of Hes1 and Hey1 mRNA expression in Tnf-α– 
induced KrasG12DTnfaΔPdx PanIN cells treated with the γ-secretase inhibitor L685458 (5 μM). Cells were stimulated with 1 ng/ml rTnf-α. (B) 
KrasG12DTnfaΔPdx PanIN cells were treated with rTnf-α, 20 μg/ml Jagged-2/Fc, or cocultured with OP9-DL1 cells. Tnf-α was more efficient in 
inducing the expression of Hes1 and Hey1. The results were normalized to values obtained from KrasG12D cells. (C and D) KrasG12DTnfaΔPdx 
PanIN cell lines transfected with (C) Rbpj- or (D) Ikk2-specific siRNA. Forty-eight hours after transfection, cells were stimulated with 1 ng/ml 
rTnf-α for 6 hours, and expression of Hes1 was quantified by real-time PCR. Nontargeting siRNA and/or unstimulated controls were included. 
Results were normalized to uninfected and unstimulated KrasG12DTnfaΔPdx cells. All data are shown as mean + SD of triplicate determinants and 
are representative of 3 independent experiments.
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allele. In these mice, Eyfp expression was confined to the KrasG12D-
expressing epithelial cell pool. Cohorts of n = 12 mice were treated 
with DAPT or vehicle, and the Eyfp-positive cells were isolated by 
FACS. Analysis of the sorted cells showed significant downregula-
tion of Tnfa (P < 0.05), Il6 (P < 0.001), and Il1b expression (P < 0.01) 
in the DAPT-treated group (Figure 7E).

We finally asked whether treatment with rosiglitazone, a Pparγ 
agonist with antiinflammatory properties in vivo, would influence 
PanIN development in KrasG12D mice (35, 36). Mice were treated 
with 3 mg/kg/d rosiglitazone added to their daily diet, and cohorts 
of KrasG12D mice were followed for nearly 2 years (Table 2). Progres-
sion of PanINs was significantly delayed in rosiglitazone-treated 
mice compared with the untreated controls (P < 0.01, n = 12, Fig-
ure 8A). Tumor incidence was 2-fold lower (11 of 40) compared 
with that in untreated mice, greater than that observed in the Ikk2-
depleted KrasG12DIkk2ΔPdx animals (10 of 50) (Figure 8, B and C). 
Analysis of the macrophage infiltrate showed a reduction in the 
frequency of these cells in rosiglitazone-treated animals (Figure 
8D). In total, these data suggest that modulation of tumor-associ-
ated inflammatory networks can inhibit PanIN progression and 
restrain stromal inflammatory components.

Discussion
The integrative interactions among proinflammatory cytokines, 
transcription factors, and oncogenic signaling pathways are cur-
rently the focus of extensive investigation. Here we demonstrated 
that in the context of Kras-driven pancreatic carcinogenesis, genet-
ic inactivation of Ikk2 blocked the progression of PanIN lesions. 
Depletion of Ikk2 correlated with decreased expression of the clas-

sical Notch target genes Hes1 and Hey1. Our further work showed 
that Tnf-α–induced activation of the NF-κB pathway in initiated 
pre-malignant epithelial cells cooperated with basal Notch sig-
nals to enhance the expression of Notch target genes, in an Ikk2-
dependent manner. The interplay between Ikk2 and Notch, via the 
expression of Hes1, repressed the antiinflammatory nuclear recep-
tor Pparγ and created a forward feedback loop that retained the 
transformed cells in an inflammatory state.

Ikk2 is essential for canonical activation of NF-κB and has been 
shown to be required for carcinogenesis both in settings where 
NF-κB activation is driven by ras mutations and in inflammation-
induced cancer models (7, 8, 10, 11). However, the role of the Ikk2/
NF-κB axis is context and cell type dependent; in certain settings, 
such as those observed in hepatocarcinogenesis, Ikk2 depletion 
results in tumor promotion (37). Our data demonstrated that in the 
context of Kras-driven pancreatic carcinogenesis, genetic deletion of 
Ikk2 blocked the progression of malignant epithelial cell lesions.

Activation of NF-κB is known to regulate a number of cellular 
processes, including a malignant cell–intrinsic network of inflam-
matory cytokines and chemokines (38). These act in an autocrine 
and paracrine manner both on the malignant cells and on the sur-
rounding stroma and induce the activity of a number of oncogen-
ic transcription factors, including Stat3 and AP-1 as well as NF-κB 
itself (10, 11, 20, 39, 40). With deletion of Ikk2 in initiated pre-
malignant epithelial cells, an array of inflammatory cytokines and 
chemokines at the tumor site was significantly downregulated, 
and recruitment of macrophages and neutrophils was profoundly  
decreased (Supplemental Figure 2 and data not shown). Cell-
autonomous processes such as proliferation were also affected, 

Figure 5
Tnf-α–induced Notch target gene expression is dependent on Ikk2 and chromatin remodeling. ChIP was performed on rTnf-α–treated KrasG12D, 
KrasG12DTnfaΔPdx, and KrasG12DIkk2ΔPdx samples with anti–histone H3 (A) or anti–phospho–histone H3 at serine 10 (pH3) (B). Rabbit IgG was 
used as control. Precipitated DNA was measured by real-time PCR using primers specific for Hes1. Results are shown as mean + SD of triplicate 
determinants and are representative of 3 independent experiments.
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and downregulation of Notch target genes was observed. Notch 
signaling has oncogenic properties in pancreatic carcinogenesis; 
however, a link between this pathway and canonical NF-κB had 
not been previously appreciated (17–19).

Tnf-α is a major inflammatory cytokine that activates the NF-κB 
pathway and is regulated in its expression by NF-κB. We demon-
strated that Tnf-α stimulation of initiated pre-malignant epithe-
lial cells resulted in upregulated expression of classical Notch tar-
gets. This occurred at the level of transcription by Ikk2-mediated 
phosphorylation of histone H3, a modification that is linked with 
transcriptional activation (28–30). Accordingly, Tnf-α–mediated 
upregulation of Hes1 and Hey1 was independent of de novo protein 
synthesis but required canonical Notch signaling. Our data suggest 
that activation of NF-κB signaling can synergize with basal Notch 
signals to induce maximal expression of Notch target genes.

Conversely, Vilimas et al. have demonstrated that in T cell acute 
lymphoblastic leukemia, constitutively active Notch results in 
activation of the NF-κB pathway (13). Work from the same group 
demonstrated that the Notch/Hes1 signaling sustained NF-κB 

pathway activation by repressing the deubiquitinase CYLD, a nega-
tive Ikk complex regulator (41). In conjunction with our data, these 
studies indicate a bidirectional interaction between the NF-κB  
and Notch pathways that can result in bidirectional expression of 
target genes and enhanced malignant cell growth.

Within the tumor microenvironment, Tnf-α stems from two 
sources: the tumor-infiltrating immune cells and the malignant 
cells. In accordance with previous studies, we found an influx 
of inflammatory cells, predominantly macrophages and neutro-
phils, in KrasG12D mice as disease progressed (42). These cells were 
a major source of the cytokine in aged mice. We also showed that 
Kras-induced PanIN and PDAC cells constitutively secreted low 
levels of Tnf-α. Crosstalk between NF-κB and Notch signaling 
can therefore be fueled both by a constitutive autonomous activa-
tion of NF-κB signaling due to mutant Kras and by inflammatory 
cytokines provided by the immune cells. Our data suggested that 
early in the carcinogenic process, Tnf-α secreted by the malig-
nant cells is critical for their growth, while at later stages, influx 
of immune cells constitutes the major source of the cytokine.

Figure 6
Tnf-α/NF-κB and Notch crosstalk 
leads to Hes1-mediated Pparg inhibi-
tion. (A) Pparg mRNA expression in 
2- and 5-month-old KrasG12DTnfaΔPdx 
and KrasG12DIkk2ΔPdx pancreases. 
Data were normalized to KrasG12D 
pancreases. Data are shown as 
mean + SD; n = 6. ***P < 0.001. The 
experiment was performed in dupli-
cate. (B) Tnf-α stimulation (1 ng/ml) 
induced downregulation of Pparg in 
KrasG12DTnfaΔPdx PanIN cell lines. 
(C) ChIP was performed on KrasG12D 
cells using anti-Hes1 or a control 
IgG. Precipitated DNA was ampli-
fied by real-time PCR using primers 
specific for Pparg. (D) siRNA knock-
down of Hes1 upregulated Pparg 
and Cebpa expression in KrasG12D 
PanIN cells. (E) KrasG12D and 
KrasG12DTnfaΔPdx PanIN cells were 
cotransfected in duplicate with a 
Pparg reporter construct containing 
1,500 bases of the proximal Pparg 
promoter (full length) and a Hes1 
expression plasmid or empty vec-
tor control. Twenty-four hours after 
transfection, cells were analyzed 
for luciferase activity. (F) Transfec-
tion of KrasG12DTnfaΔPdx PanIN cells 
as described in E with a full-length 
Pparg reporter construct or a con-
struct with a truncated Hes1-binding 
sequence. All data are shown as 
mean + SD from duplicate transfec-
tions and are representative of 3 
independent experiments.
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Inflammation induced extrinsically by tissue damage (i.e., pan-
creatitis) or inflammation related to metabolic stress has been 
shown to accelerate PanIN development (43–45). The underlying 
mechanism is a deregulated regeneration process whereby consti-
tutively active Notch permits PanIN formation. By identifying a 
direct link between NF-κB signaling and enhanced Notch activity, 
we provide evidence that a major proinflammatory and a develop-
mental signaling pathway can cooperate in the context of mutant 
ras to promote carcinogenesis.

Repression of inflammatory genes by the nuclear receptor Pparγ 
has been highlighted as an important mechanism by which cells can 
regulate inflammatory responses and homeostasis (46). Our find-
ings demonstrated that a Tnf-α/Hes1–driven mechanism of Pparγ 
inhibition operates in initiated pre-malignant pancreatic epithelial 
cells. Hes1 suppressed Pparg expression by targeting E box elements 

in the promoter of the gene. We propose that the coordinated activity 
of NF-κB and Notch along with a suppression of antiinflammatory 
transcription factors such as Pparγ leads to a sustained expression 
of inflammatory genes and transcription factors and a constitu-
tive production of inflammatory mediators and chemokines by the 
transformed cells. Pharmacological inhibition of the Notch pathway 
in KrasG12D mice with a γ-secretase inhibitor resulted in attenuation 
of inflammatory gene expression by the transformed cells and down-
regulation of cytokine production in the pancreas. It has also been 
shown to significantly attenuate the development of PanINs (21).

Synthetic Pparγ ligands induce allosteric changes to the receptor 
and allow it to enter into a repression pathway (47). These agents 
are shown to have antiinflammatory activity in a variety of models 
of acute and chronic inflammation, as reviewed in ref. 35. By using 
rosiglitazone, a Pparγ ligand of the thiazolidinedione class, to treat 

Table 2
Disease spectrum in KrasG12D mice treated with rosiglitazone

ID	 Age (d)	 PDAC	 Histology	 Liver	 Lung	 PD	 Ascites	 Skin	 BO
CHS601-8	 421	 N		  N	 N	 N	 N	 N	 N
CHS601-15	 438	 N		  N	 N	 N	 N	 N	 N
CHS601-19	 567	 N		  N	 N	 N	 N	 N	 N
CHS601-21	 558	 Y	 Glandular	 N	 N	 Y	 Y	 N	 Y
CHS601-25	 621	 N		  N	 N	 N	 N	 N	 N
CHS601-27	 521	 Y	 Glandular	 Y	 N	 N	 Y	 N	 Y
CHS601-30	 504	 Y	 Glandular	 N	 N	 Y	 N	 N	 Y
CHS601-31	 486	 N		  N	 N	 N	 N	 N	 N
CHS601-33	 531	 N		  N	 N	 N	 N	 N	 N
CHS601-46	 367	 N		  N	 N	 N	 N	 N	 N
CHS601-55	 422	 N		  N	 N	 N	 N	 N	 N
CHS601-57	 394	 Y	 Undifferentiated	 Y	 Y	 N	 N	 N	 Y
CHS601-67	 357	 Y	 Glandular	 Y	 N	 N	 N	 N	 N
CHS601-68	 547	 Y	 Glandular	 Y	 N	 N	 Y	 N	 Y
CHS601-69	 555	 N		  N	 N	 N	 N	 N	 N
CHS601-79	 501	 N		  N	 N	 N	 N	 N	 N
CHS601-80	 408	 N		  N	 N	 N	 N	 N	 N
CHS601-83	 486	 N		  N	 N	 N	 N	 N	 N
CHS601-84	 433	 N		  N	 N	 N	 N	 N	 N
CHS601-92	 567	 N		  N	 N	 N	 N	 N	 N
CHS601-96	 555	 N		  N	 N	 N	 N	 N	 N
CHS601-99	 537	 N		  N	 N	 N	 N	 N	 N
CHS601-108	 521	 N		  N	 N	 N	 N	 N	 N
CHS301-116	 482	 Y	 Glandular	 N	 N	 Y	 Y	 N	 Y
CHS601-127	 444	 N		  N	 N	 N	 N	 N	 N
CHS601-128	 518	 N		  N	 N	 N	 N	 N	 N
CHS601-142	 525	 Y	 Glandular	 Y	 N	 N	 N	 N	 Y
CHS601-144	 367	 N		  N	 N	 N	 N	 N	 N
CHS601-161	 418	 N		  N	 N	 N	 N	 N	 N
CHS601-167	 632	 N		  N	 N	 N	 N	 N	 N
CHS601-170	 555	 Y	 Undifferentiated	 Y	 Y	 N	 N	 N	 N
CHS601-177	 407	 N		  N	 N	 N	 N	 N	 N
CHS601-178	 634	 N		  N	 N	 N	 N	 N	 N
CHS601-185	 524	 Y	 Glandular	 N	 N	 N	 Y	 N	 Y
CHS601-192	 301	 N		  N	 N	 N	 N	 N	 N
CHS601-197	 287	 N		  N	 N	 N	 N	 N	 N
CHS601-201	 425	 N		  N	 N	 N	 N	 N	 N
CHS601-222	 486	 N		  N	 N	 N	 N	 N	 N
CHS601-224	 411	 Y	 Glandular	 Y	 N	 N	 N	 Y	 N
CHS601-229	 518	 N		  N	 N	 N	 N	 N	 N
Median	 493.5	 27.5%	 18% undifferentiated, 	 17.5%	 5%	 7.5%	 12.5%	 2.5%	 20%
			   82% glandular
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KrasG12D mice, we demonstrated a marked decrease in the frequency 
of PanINs and their progression into invasive carcinoma. Nev-
ertheless, Pparγ has a wide range of effects on metabolism (48). 
Thiazolidinedione drugs are best characterized by their insulin-
sensitizing action and have been used in the treatment of diabetes. 
Notably, individuals with type 2 diabetes receiving metformin, a 
glucose-lowering drug, have a decreased risk of developing pan-
creatic cancer (49, 50).

Our findings and an increasing body of studies highlight the 
requirement for inflammatory signaling pathways in the devel-
opment of pancreatic cancer and reveal key molecular targets to 
assist current treatments.

Methods
Mouse strains. Kras+/LSL-G12D, Pdx1-cre (5), Tnfafl/fl (51), and Ikk2fl/fl strains (52) 
were interbred to obtain KrasG12D, KrasG12DTnfaΔPdx , and KrasG12DIkk2ΔPdx tri-
ple mutant mice on a mixed 129/SvJaa/C57BL/6 background (see Supple-
ment Figure 1 for the breeding plan). Ikk2fl/fl mice were a gift from Toby 
Lawrence (Inflammation Biology Group, Centre d’Immunologie de Mar-
seille-Luminy, CNRS-INSERM-Université de la Méditerranée, Marseille, 
France). Mx1-cre mice were obtained from The Jackson Laboratory (53) and 
crossed to Tnfafl/fl mice. The mice were genotyped at weaning by a commer-
cial vendor (Transnetyx). Six-week-old KrasG12D and KrasG12DTnfaΔPdx female 
mice were lethally irradiated and underwent transplantation with bone 
marrow of female Tnfafl/fl or Tnfafl/flMx1-cre mice (n = 10 each group). Two-
month old mice were injected 3 times with 5 μg/g body weight poly(I:C)  
to delete Tnfa. Deletion was examined by Tnf-α ELISA of peripheral leuko-
cytes upon ex vivo LPS stimulation. For in vivo experiments, we used rosi-
glitazone (Cayman Chemical) incorporated into standard rodent chow  
(3 mg/kg/d; 8 weeks); the Notch antagonist N-[N-(3,5-difluorophenace-
tyl)-l-alanyl]-S-phenylglycine t-butyl ester (DAPT/γ-secretase inhibitor IX, 
Calbiochem) at 100 mg/kg/d i.p.; L685458 (Sigma-Aldrich) and Bay11-
7082 (Alexis) at 10 mg/kg/d i.p. or vehicle; anti–murine Tnf-α (R&D Sys-
tems) at 10 mg/kg/d or respective IgG control antibody (R&D Systems). 
Five-month-old mice were treated for 1 week.

Cell lines and reagents. Primary pancreatic ductal cell lines were derived 
from KrasG12D, KrasG12DTnfaΔPdx, and KrasG12DIkk2ΔPdx mice as previously 

described (54). PanIN cell lines were derived from PanIN lesions with no 
invasive cancer present within the pancreas of the mouse. OP9-DL1 cells, a 
bone marrow–derived stromal cell line that ectopically expresses the Notch 
ligand Dll1 (55), were cocultured with KrasG12DTnfaΔPdx pancreatic ductal 
cells. Cycloheximide and L685458 were purchased from Sigma-Aldrich. 
Recombinant mouse Tnf-α and Jagged-2/Fc chimeric protein were pur-
chased from R&D Systems.

Histology and immunofluorescence. Histological analysis of pancreases was 
carried out by standard procedures. Specimens were harvested from time-
matched animals, fixed in buffered formalin, and embedded in paraffin. 
Tissue sections (5 μm) were stained with hematoxylin and eosin or used 
for immunostaining. PanIN lesions and PDACs were graded as previously 
described (56). Proliferating cells were assessed by immunohistochemistry 
using an anti-PCNA antibody (BD Biosciences). Trichrome (Masson’s) 
staining was carried out according to the manufacturer’s instructions 
(Sigma-Aldrich). For immunofluorescence staining, cells were stained 
using anti-Hes1 (Santa Cruz Biotechnology Inc.) or anti–E-cadherin 
(Invitrogen) primary antibodies. Cell nuclei were counterstained with 
DAPI, and cells were visualized under a LSM 510 confocal microscope.

Flow cytometry. Pancreases were minced and digested with 2 mg/ml 
collagenase type IV (Sigma-Aldrich). Single-cell suspensions were pre-
pared and cells were immunolabeled with fluorochrome-conjugated 
antibodies in PBS supplemented with 1% FBS. All antibodies were pur-
chased from eBioscience: anti-F4/80–APC (clone BM8), anti-CD11b–PE 
(M1/70), anti-Ly6G–FITC (RB6-8C5). Flow cytometric data were subse-
quently acquired on a FACSCalibur flow cytometer (BD Biosciences) and 
analyzed using FlowJo software. For sorting of Eyfp-positive pancreatic 
epithelial cells, single-cell suspensions were further digested with 0.05% 
trypsin (Sigma-Aldrich), and EYFP-positive cells were collected using a 
FACSAria II sorter (BD Biosciences).

Real-time PCR analysis, protein expression, and kinase activity assay. Total tis-
sue RNA was prepared using an RNeasy kit (QIAGEN). Quantitative PCR 
was performed as described previously (57). We performed antibody-based 
multiplex cytokine arrays analyzing the abundance of 62 cytokines and 
chemokines (Millipore). Tnf-α levels in cell culture supernatants were 
determined using a commercially available ELISA kit (R&D Systems) 
according to the manufacturer’s instructions. Cells and tumors were lysed 
and analyzed by SDS-PAGE and immunoblotting (58) with antibodies 
to Hes1 and Rbp-j (both from Santa Cruz Biotechnology Inc.), Ikk2 (Cell 
Signaling Technology), and β-actin (Sigma-Aldrich). In vitro Ikk2 kinase 
activity was assessed using the Kinase Assay Kit (Cell Signaling Technol-
ogy) according to the manufacturer’s instructions.

ChIP. ChIP was performed with the EZ-ChIP Assay Kit (Millipore) in 
accordance with the manufacturer’s instructions. A total of 106 PanIN cells 
were used per condition. Antibodies against phospho–histone H3 at serine 
10 (Cell Signaling Technology), anti–total histone H3 (Cell Signaling Tech-
nology), and control rabbit IgG (R&D Systems) were used.

siRNA transfection. Rbpj-, Ikk2-, and Hes1-specific siRNAs and nontarget-
ing control siRNAs were purchased from Dharmacon. siRNAs were trans-
fected with Lipofectamine RNAiMAX reagent (Invitrogen).

Luciferase reporter assay. For Hes1 reporter gene assays, primary KrasG12D 

TnfaΔPdx and KrasG12DIkk2ΔPdx cells were transfected in duplicate in 24-well 
plates with a Hes1 luciferase reporter construct containing the –194 to +160 
promoter fragment of the Hes1 gene inserted upstream of the luciferase 
gene in pGL2 (gift from Sangram S. Sisodia, Department of Neurobiology, 
University of Chicago, Chicago, Illinois, USA) and an internal control plas-
mid encoding Renilla luciferase (Promega) with Lipofectamine Plus reagent 
from Invitrogen (59, 60). On the next day, cells were stimulated with rTnf-α  
for 6 hours, and cell lysates were prepared and analyzed for firefly and 
Renilla luciferase activity with the Dual-Luciferase Reporter Assay System 

Figure 7
Inhibition of Notch/NF-κB signaling attenuates the inflammatory pro-
file of malignant cells. (A) KrasG12DTnfaΔPdx cells were stimulated with 
1 ng/ml rTnf-α for 6 hours in the presence or absence of L685458 
or Bay11-7082. Hes1 mRNA expression was quantified by real-time 
PCR. Results were normalized to unstimulated KrasG12D cells. Data are 
shown as mean + SD of triplicate determinants and are representative 
of 3 independent experiments. (B) Hes1 mRNA expression in pancre-
ases of 5-month-old untreated KrasG12D and KrasG12DIkk2ΔPdx mice and 
of KrasG12D mice treated with anti–Tnf-α, control IgG, DAPT, Bay11-
7082, or the vehicle control. Results were normalized to Kras pancre-
ases. Data are shown as mean + SD; n = 6. **P < 0.01. The experi-
ment was done in duplicate. (C) KrasG12D PanIN cells were treated with 
DAPT or Bay11-7082. Tnfa mRNA expression and cytokine secretion 
are indicated. Data are shown as mean + SD of triplicate experiments 
and are representative of 3 independent experiments. (D) Cytokine 
and chemokine array on whole pancreases of DAPT or vehicle-treated 
5-month-old KrasG12D mice. The data are represented graphically as 
normalized signal intensity. (E) Tnfa, Il6, Il1b, and Mmp7 expression 
in FACS-sorted EYFP-positive KrasG12D cells treated for 1 week with 
DAPT or vehicle. Data are shown as mean + SD; n = 12. *P < 0.05, 
**P < 0.01, ***P < 0.001. Analysis of Mmp7 expression did not reveal 
statistical significance.
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(Promega). The Pparg reporter gene and Hes1 plasmids (gifts from Marc 
Montminy, Salk Institute for Biological Studies, La Jolla, California, USA) 
have been previously described (31). Cells were transfected with the Pparg 
reporter plasmids and an expression plasmid encoding Hes1 or a control 
vector as described for Hes1 reporter gene assays. Results are shown as fire-
fly normalized to Renilla luciferase activity.

Statistics. Results were tested for statistical significance using 1- or 2-way 
ANOVA and Bonferonni’s multiple comparisons test on GraphPad Prism 

version 4.0c software. Tumor incidence was analyzed by Fisher’s exact test. 
P values of 0.05 or less were considered statistically significant.

Study approval. Mice were maintained under specific pathogen–free con-
ditions in the Biological Services Unit, Barts Cancer Institute, Queen Mary 
University of London, and used according to the established institutional 
guidelines under the authority of a UK Home Office project license (Guid-
ance on Operation of Animals [Scientific Procedures] Act 1986; all animal 
studies were approved by the UK Home Office).

Figure 8
Rosiglitazone treatment blocks PanIN progression in KrasG12D mice. (A) Quantification of the percentage or pancreatic parenchyma occupied by 
PanINs in KrasG12D mice treated with rosiglitazone compared with untreated controls. Values are shown as mean + SD; n = 12. (B) Tumor incidence 
and (C) histology grade in rosiglitazone-treated KrasG12D mice compared with untreated KrasG12D and KrasG12DIkk2ΔPdx mice. (D) Percentage of 
F4/80+CD11b+Gr1– cells in the pancreas of 2-, 5-, and 8-month-old KrasG12D mice treated with rosiglitazone or untreated as measured by flow cytom-
etry. Each data point represents an individual mouse. Mean values are depicted by the horizontal lines; n = 10. *P < 0.05, **P < 0.01, ***P < 0.001.
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