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Review Article



NF-κB in Pancreatic Cancer Guido M. Sclabas, Shuichi Fujioka, Christian Schmidt, Douglas B. Evans, and Paul J. Chiao* Departments of Surgical Oncology and Molecular Oncology, The University of Texas M.D. Anderson Cancer Center, 1515 Holcombe Blvd., Houston, TX 77030



Abstract Although the genetic profile of pancreatic cancer is emerging as a result of much research, the role of specific genetic alterations that initiate tumorigenesis and produce its cardinal clinical features of locally aggressive growth, metastasis, and chemotherapy resistance remains unresolved. Recently, a number of studies have shown that the inhibition of constitutive NF-κB activation, one of the frequent molecular alterations in pancreatic cancer, inhibits tumorigenesis and metastasis. It also sensitizes pancreatic cancer cell lines to anticancer agent-induced apoptosis. Therefore because of the crucial role of NF-κB in pancreatic cancer, it is a potential target for developing novel therapeutic strategies for the disease. In vivo and in vitro models that mimic the tumorigenic phenotypes in the appropriate histological and molecular concert would be very useful for confirming the suspected role of the pancreatic cancer signature genetic lesions and better understanding the molecular basis of this disease. Key Words: NF-κB; IκBα; pancreatic cancer; tumorigenesis; metastasis; apoptosis; angiogenesis.



Introduction



(Ink4a/Arf) is at an intermediate stage in 71% of ductal lesions; inactivation of p53 is identified in 50 to 75% of pancreatic cancers; inactivation of Smad4/DPC4 is found in 50% of the cancers, and BRCA2 mutation occurs relatively late and in much lower frequency (4–9). NF-κB activity is found constitutively activated in about 70% of pancreatic cancers (10). These studies show that pancreatic cancer presents a quite consistent set of genetic alterations in contrast to most other adult cancers (11). The combination of cDNA microarray and cDNAbased CGH analyses can expand the list of signature mutations for pancreatic cancer. However, the role this genetic lesion profile plays in pancreatic cancer induction and metastasis is still unclear. This review focuses on the possible role of NF-κB, one of the recently identified molecular alterations in



A key point that has emerged from the analysis of mutations present in human pancreatic adenocarcinoma is that the cancer a unique profile of genetic and molecular alterations that distinguishes it from all other cancers (1,2). Genetically, pancreatic cancer is one of the better-characterized neoplasms (1,3). For example, it is known that HER-2/neu is overexpressed in about 90% of duct lesions and in 70% of invasive pancreatic adenocarcinoma; that point mutations in the K-ras gene exist in 45% of duct lesions and about 80–95% of pancreatic adenocarcinomas; inactivation of the p16 *Author to whom all correspondence and reprint requests should be addressed. E-mail: [email protected]
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16 pancreatic cancer, in the initiation or progression of pancreatic adenocarcinoma.



Oncogenic Activity of NF-κB NF-κB is a family of pleiotropic transcription factors that orchestrate the expression of a plethora of genes that play key roles in growth, oncogenesis, differentiation, apoptosis, tumorigenesis, and immune and inflammatory responses (12–14). Five members of mammalian NF-κB are described: NF-κB1 (p50 and its precursor p105), NF-κB2 (p52 and its precursor p100), c-Rel, RelA (p65), and RelB (15–18), each of which has a 300 residue-long Rel homology domain (RHD) (13,19–23). The C-terminal domains are responsible for dimerization with other Rel proteins, but sequence-specific interactions come primarily from loops in the N-terminal domain (24). Interaction of c-Rel, RelA (p65) and RelB with its inhibitors, referred to as IκB, results in inactive complexes in the cytoplasm by masking the nuclear localization signal, which is located at the C terminal end of the Rel homology domain (13,19–23). Currently, the inhibitor proteins IκBα, IκBβ, IκBγ, IκBε, Bcl-3, and the Drosophila protein Cactus are described and characterized (13,19–23). In most cell types, NF-κB proteins are sequestered in the cytoplasm in an inactive form through their noncovalent association with the inhibitor IκB (16). This association masks the nuclear localization signal of NF-κB, thereby preventing NF-κB nuclear translocation and DNA binding activity (25). NF-κB is activated through complex signaling cascades that are integrated by activation of IκB kinase complex (IKK) (26–30), which phosphorylates IκB bound to NF-κB complexes as its substrates (31). Consequently, NF-κB proteins are translocated into the nucleus, where they activate transcription of their target genes (13,20). One of the key target genes regulated by NF-κB is its inhibitor IκBα. A feedback inhibition pathway for control of IκBα gene transcription and downregulation of transient activation of NF-κB activity is described (32–34). The c-rel member of the Rel/NF-κB family of pleiotropic transcription factors was first identified as a cellular homolog of the v-rel oncogene from a highly oncogenic retrovirus (35). The v-Rel oncoprotein induces aggressive leukemias and lym-
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Sclabas et al. phomas in chickens and transgenic mice and is able to transform avian lymphoid cells and fibroblasts, indicating the possibility that other members of Rel/NF-κB are oncogenes (36–38). Many reports demonstrated that members of the NF-κB and IκB families are involved in the development of cancer. Chromosomal amplification, overexpression and recurrent genomic rearrangement in the genes encoding c-Rel, Bcl-3, p105 (p50), and p100 (p52) are identified in many human hematopoietic cancers and several types of solid tumor, such as human non-small cell lung carcinomas (NSCLC) (39), squamous carcinomas of head and neck, and in adenocarcinomas of breast and stomach (40,41), thyroid carcinoma cell lines (42), colon, prostate, breast, bone, and brain cancer cells (43). Constitutive NF-κB activation has been found in many human hematopoietic malignancies and several types of solid tumors such as pancreas and breast cancers, as a result of mutations activating continuously upstream signaling kinases or inactivating inhibitory IκB proteins. For example, NF-κB constitutive activation was initially reported in Hodgkin’s disease as a direct consequence of mutations in the IκBα gene, which generate nonfunctional inhibitory proteins (44–46). Constitutive NF-κB activity is also detected in 93% of childhood acute lymphoblastic leukemia (C-ALL) (47). These results suggest a crucial role for NF-κB in leukemia cell survival. Constitutive activation of NF-κB is also emerging as a characteristic of various types of solid tumors, including breast (48–51), ovarian (43,48), colon (48), pancreatic (10), bladder (50), and prostate carcinomas (52–54), as well as in melanomas (55). In light of constitutive NF-κB activation found in approx 70% of pancreatic adenocarcinomas and the recent progress in elucidating its role in this disease, constitutive NF-κB activation in pancreatic cancer is reviewed in greater detail below.



Constitutive Activation of NF-κB in Pancreatic Cancer Our initial study demonstrated that NF-κB is constitutively activated in 67% (16 of 24) of human pancreatic adenocarcinoma, but not in normal pancreatic tissue, and in 69% (11of 16) of pancreatic adeno-



Volume 33, 2003



NF-κB in Pancreatic Cancer carcinoma specimens in our recent follow-up study. NF-κB is also constitutively activated in 9 of 11 human pancreatic tumor cell lines, but not in immortalized nontumorigenic pancreatic cell lines. The constitutive NF-κB activity in some of the human pancreatic cancer cell lines can be further enhanced by TNF-α stimulation. Our data also showed that IκBα, a previously identified NF-κB-inducible gene, was overexpressed in human pancreatic tumor tissues and cell lines (10). NF-κB activation is inhibited by dominant negative mutants of IκBα, raf, and MAP kinase in the pancreatic tumor cell lines (10). These data are consistent with the possibility that NF-κB is activated in pancreatic tumor cells by the upstream signaling pathway involving Ras and MAP kinases. Recently, a number of reports provided supporting evidence for the constitutive NF-κB activity in various pancreatic cancer cell lines (56). Suppression of NF-κB activation correlated with inhibition of IL-6 and IL-8 secretion (57,58). Constitutive production of IL-8 and NF-κB activity were inhibited by curcumin treatment in the SUIT-2 human pancreatic cancer cell line (57). In the CAPAN-2 cell line, antioxidants inhibited both NF-κB activation and IL-6 and IL-8 secretion, whereas antioxidants generally failed to suppress both NF-κB activation and IL-6 and IL-8 secretion in CAPAN-1 cell line (58). Treatment with various NF-κB inhibitors such as Gliotoxin, MG132, and Sulfasalazine, or transfection with the IκBα super-repressor, strongly enhanced the apoptotic effects of VP16 or doxorubicin on resistant CAPAN-1 and 818-4 pancreatic cancer cells, indicating that the resistance of pancreatic carcinoma cells to chemotherapy is rather owing to their constitutive NF-κB activity than the transient induction of NF-κB by some anticancer drugs (59). These results suggest that blockade of NF-κB activity by well-established inhibitors efficiently reduces chemoresistance of pancreatic cancer cells and offers the potential for improved therapeutic strategies.



The Role of Constitutive NF-κB Activation Despite the identification of these specific genetic and molecular alterations, it was not possible to eluInternational Journal of Gastrointestinal Cancer



17 cidate their roles in pancreatic tumorigenesis and metastasis so far. The studies of this disease have unfortunately been hampered by a number of unique challenges. For instance, at the time of diagnosis, pancreatic cancer is usually at an advanced stage and has often metastasized. As a result, the stepwise tumorigenic progression has been inaccessible for study and the precursor cell types still remain an area of ongoing studies. Animal models that carry specific genetic alterations and resemble human pancreatic cancer and immortalized and nontumorigenic pancreatic cancer cell lines are lacking. To determine the role of constitutive NF-κB activity in pancreatic cancer and to specifically inhibit NF-κB activity, we constructed a retroviral vector that expressed a Flag-tagged IκBαM and infected several pancreatic cancer cell lines. The expression of Flag-tagged IκBαM suppressed the constitutive NF-κB activity completely in Panc-1 and AsPc-1 cells. Inhibiting constitutive NF-κB activity by IκBαM expression suppresses the formation of liver metastasis in the metastatic pancreatic tumor cell line, AsPc-1, and tumorigenesis in the non-metastatic pancreatic tumor cell line PANC-1, using an orthotopic nude mouse model (60,61). These findings further suggest that NF-κB plays a critical role in the development of pancreatic cancer. It still remains unclear why inhibition of NF-κB activation in AsPc-1 cells only suppressed metastasis but not tumor formation in pancreas, while inhibition of constitutive NF-κB activation in PANC-1 cells suppressed tumorigenesis. Several reports show that the PANC-1 cell line is nonmetastatic in the orthotopic nude mouse model (62–64). PANC-1 cells express wild-type Smad4 and a functional TGF-β signaling pathway, unlike other human pancreatic tumor cell lines (65). Reconstitution of Smad4 expression in a Smad4-null Hs667t human pancreatic cancer cell line reduced tumor formation by inhibiting angiogenesis (66). It is possible that Smad4 may reduce the expression of angiogenic factors and results in small, slow growing, and lower vascularized PANC-1 tumors with undetectable metastatic potential in the pancreas of nude mice. However, it remains unknown whether a functional TGF-β pathway reduces the metastatic potential of PANC-1 cells. It is also possible that constitutive NF-κB activity is required for tumorigenesis at the early stage of pancreatic cancer development. Oncogenic ras Volume 33, 2003



18 initiated p53-independent apoptotic response was inhibited through activation of NF-κB (19). This study suggests that NF-κB is required for ras mediated oncogenesis and ras-transformed cells are susceptible to apoptosis even in the absence of a functional p53 tumor suppressor gene. The transcription factors Stat3 and NF-κB induce increased Bcl-xL expression in the premalignant lesions and tumor cells from the EL-TGF-α and p53 null compound mutant mice. Functional analysis shows that blocking of both Stat3 and NF-κB together induces programmed cell death in murine pancreatic tumor cells. These findings indicate that apoptosis resistance precedes formation of invasive pancreatic cancer. Similarly, the activation of NF-κB appears to be an early event that occurs prior to the malignant transformation of human mammary epithelial cells in vitro and in rats treated with carcinogen in vivo (67). These findings support a model in which NF-κB may be involved early in the progression of breast epithelial cells towards malignancy. Another report showed that NF-κB activation correlates with the conversion of breast cancer cells to hormoneindependent growth, a characteristic of more aggressive and metastatic tumors (49). Abnormalities in apoptotic pathways may contribute to a variety of diseases, including cancer, autoimmunity, and degenerative disorders (68–72). Indeed, massive apoptosis of liver cells in embryos lacking relA suggests a role of NF-κB complexes in protecting cells from pro-apoptotic stimuli (73,74) and is supported by anti-apoptotic functions of NF-κB after TNF-α stimulation (75). Furthermore, the anti-apoptotic function of the v-Rel oncoprotein is essential for its oncogenic activity (76–78). Therefore, constitutive NF-κB activity plays an essential role in the initiation or progression of malignant transformation of pancreatic ductal epithelial cells by promoting tumor cell survival towards malignancy.



The NF-κB Downstream Target Genes Involved in Pancreatic Cancer NF-κB induces the expression of numerous genes encoding growth factors, cytokines, apoptotic and cell cycle regulators, reviewed in (19,21,79) (Fig. 1). The expression of the apoptosis inhibitors that are regulated by NF-κB (80) include c-IAP1, c-IAP2, Traf1, Traf2, A20, IEX-1L and the Bcl-2International Journal of Gastrointestinal Cancer
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Fig. 1. NF-κB inducers and downstream target genes. Many factors can induce NF-κB. These include cytokines (i.e., IL-1, TNF-α), growth factors (i.e., EGF), proapoptotic stimuli (i.e., Doxycycline, Taxol, UV irradiation), and hydrogen peroxide. Once NF-κB is active, it induces downstream target genes that encode IκBα, cytokines (TNF-α, IL-1), antiapoptotic proteins, such as Bcl-xL (a member of the Bcl-2 family), proteins involved in metastasis (i.e., urokinase-like plasminogen activator [uPA] and matrix metalloproteinases [i.e., MMP9]), and proteins involved in cell-cycle arrest (i.e., p21Cip1).



homologs Bfl-1/A1 and Bcl-x (81–89). A number of reports show that NF-κB is a direct activator of bcl-xL expression (90–93) and suggest that apoptotic inhibitors such as Bcl-xL play a key role in NF-κB mediated antiapoptotic signaling cascades in pancreas cancers (10,94–100). However, the role of most of these factors in tumors, that display deregulated NF-κB activity, remains to be elucidated. In certain cell types, the constitutive NF-κB activity activates the expression of genes important for invasion and metastasis and is associated with advanced stages of oncogenesis, supporting its role in tumor progression. These include angiogenic factors like vascular endothelial growth factor (VEGF). VEGF is one of the most important and potent inducers and mediators of angiogenesis (101). A hallmark of cancer (102) bigger than 1 mm3 is angiogenesis (103,104) and involvement of NF-κB is under debate (105,106). The exact mechanisms underlying NFκB function in angiogenesis remain unclear. Recently published data may illustrate the complex signaling pathways mediated by EGFR (107–109) and an Volume 33, 2003



NF-κB in Pancreatic Cancer involvement of NF-κB in VEGF regulation (110–114). However, how angiogenesis is controlled and which factors or pathways are involved needs to be further elucidated. Moreover, constitutive NF-κB activity also activates the expression of genes encoding proteolytic enzymes such as matrix metalloproteinases, urokinase plasminogen activator (uPA) and cell adhesion molecules such as ICAM-1 (79), which are important for invasion and metastasis. uPA is significantly increased in most breast cancer cell lines that contain constitutively active NF-κB, is required for intravasation, and is associated with poor prognosis (115). This supports a role for NF-κB in metastasis. The function of NF-κB signaling in tumorigenesis and angiogenesis has been illustrated in AsPc-1 and PANC-1 human pancreatic cancer cell lines. IκBαM-mediated inhibition of constitutive NF-κB activity substantially inhibited the expression of key antiapoptotic genes bcl-xL and bcl-2, and of major proangiogenic molecules VEGF and IL-8, suggesting that the antiapoptotic potential of the tumor cells and neoplastic angiogenesis may be decreased. Our results suggest that constitutive NF-κB activity, found in 70% of pancreatic cancers, plays an important role in pancreatic tumorigenesis. Our study also implies that constitutive NF-κB activity induces overexpression of its downstream target genes such as bcl-xL, bcl-2, VEGF, and IL-8, which may mediate its cardinal features of locally aggressive growth and resistance to therapeutically induced apoptosis.



The Signaling Cascades for Activating NF-κB in Pancreatic Cancer NF-κB is activated by many distinct stimuli, including pro-inflammatory cytokines, such as TNF-α and IL-1 (13,14). Potent activators, like tumor necrosis factor-α (TNF-α) or interleukin 1 (IL-1) induce rapid degradation of IκB within minutes, exposing the nuclear localization sequence of NF-κB, which results in translocation to the nucleus (13,19–23). Pro-inflammatory cytokine-induced NF-κB activation is biphasic, consisting of a rapid and transient phase mediated through IκBα followed by a delayed and persistent phase mediated through IκBβ (116). Recent studies have shown that biphasic NF-κB actiInternational Journal of Gastrointestinal Cancer



19 vation is induced in response to LPS stimulation in an animal model and in various cell types, and is important for the host defense, underlying the proand antiinflammatory function of NO (117–119). Phosphorylation of IκBα on serine-residues thirty-two and thirty-six is the critical step in activation of NF-κB from NF-κB: IκBα complexes. The responsible kinase was named IκB kinase (IKK) and contains three polypeptides: IKK1, IKK2, and NF-κB Essential Modulator (NEMO). Deletion studies revealed that IKK1 is dispensable, whereas IKK2 and NEMO are necessary for pro-inflammatory cytokine-mediated activation of NF-κB (120–126). Genetic studies revealed that NEMO is the essential modulatory element of the IKK complex (123, 124,127). Several genetic analyses show that the two related kinases IKK1 and IKK2 have distinct roles and cannot be substituted for each other’s function (120–122). The IKK2 subunit, but not IKK itself, serves as the target for phosphorylation-dependent activation by other, as-yet-unidentified protein kinases involved in pro-inflammatory signaling (22,128). Although several members of the MAP3K family, such as MEKK1, MEKK2, MEKK3, transforming growth factor-β-activating kinase 1 (TAK1), and NIK can activate IKK and NF-κB when overexpressed (129–133), recent genetic studies revealed that MEKK1 and NIK are not involved in NF-κB activation induced by most stimuli, including TNF-α (134,135). Consistent with the report that mutations in dtak1 reveal a conserved function for MAPKK in NF-κB regulation (136), biochemical analyses showed that TAK1 may function as ubiquitindependent kinase of IKK (137). The signaling cascades that regulate IKK activity may be also cell type dependent (138). One genetic study revealed that PKCξ is not required for IKK activation in embryonic fibroblasts, but PKCξ is required for IKK activation in lungs (139). Another report showed that MEKK3 is necessary in early TNF-α-induced NF-κB activation (140). However, the underlying molecular mechanisms are unknown. Other pathways for NF-κB activation are phosphorylation of tyrosine residue forty-two of IκBα, followed by dissociation from NF-κB, or degradation of IκBα, induced by ultraviolet light, independent of its phosphorylation (13,19–23). Another activation pathway for NF-κB has been discovered. It is described that IKK1 is necessary Volume 33, 2003



20 for NF-κB2 p100 processing (141,142). After removing its IκB like C-terminus, the active N-terminal half, NF-κB2 (p52), function as transcription factor. Claudio et al. reported that NF-κB2–/– mice have defects in B-cell development, similarly to BAFF –/– (B-cell activating factor) mice (143) and demonstrated that BAFF-induced processing of NF-κB2 p100 is dependent on BAFF-R, NF-κB inducing kinase (NIK)(134), but independent of NEMO. This report demonstrates that NF-κB2 p100 processing is dependent on IKK1. Another line of evidence comes from Dejardin et al. Using LTβR–/– (lymphotoxin β receptor) mice, they describe IKK1-dependent LTβR-induced genes (144). Many human tumors frequently contain mutations in ras genes. NF-κB is a critical downstream mediator of cell transformation mediated by oncogenic ras (145,146). In this context, the transcriptional activity of RelA is significantly increased in Rastransformed cells as compared to non-transformed cells (145). It is thus reasonable to expect that activation of the Ras pathway in human tumors may yet be another means to induce constitutive NF-κB activity and oncogenesis. In agreement with this hypothesis, RelA has been observed to be constitutively activated in 67% of pancreatic adenocarcinomas and the human K-ras oncogene to be frequently mutated in pancreatic cancer (10). Epidermal growth factor receptor (EGFR) is overexpressed in 30% to 50% of human pancreatic tumors (147–149) and simultaneous overexpression of EGFR and its principal ligands, EGF and TGF-α, is associated with enhanced tumor growth and metastasis (150,151). Several studies have shown that EGFR can activate NF-κB in various human cancer cell lines (152). There is also evidence that transactivation of EGFR by TNF-α leads to NF-κB activation (153) and that a high level of EGFR expression is optimal for EGF-induced NF-κB activation (152). However, the signals generated by EGFR that lead to NF-κB activation remain unknown (154–157). The cumulative data suggest that the overexpression of EGFR in human pancreatic adenocarcinoma cell lines may be critical to the mediation of constitutive NF-κB activity and resistance to apoptosis. Pancreatic cancer, as many other malignant tumors, exhibit autocrine- or paracrine-stimulated growth (158). Besides EGFR also cytokines are reported to play an important role. Elevated basal NF-κB activity involving an IL-1β mediated autocrine mechaInternational Journal of Gastrointestinal Cancer



Sclabas et al. nism is described in the two chemoresistant pancreatic cancer cell lines A818-4 and PancTu-1. In these cells, blockade of NF-κB disrupts the IL-1β mediated amplification loop and the accompanying chemoresistance, giving further evidence that in pancreatic cancer cells, NF-κB is important in mediating cell signals responsible for chemoresistance (159). The data further suggest that IL-1β may play an important role in constitutive NF-κB activity in these cells. Similar findings are also reported in other cell types. IL-1 as an important autocrine growth factor in raf-induced transformation is described in NIH3T3 cells (160). The importance of cytokines in NF-κB activation is shown in a study using small interfering RNAs against IKK1, IKK2 and the upstream regulatory kinase TAK1. In this study both IKK1 and IKK2 are important for cytokine-induced NF-κB activation, and MAP3K TAK1 is found to be critical for TNF-α-induced NF-κB activation (161). Another study reports the importance of MAPK signaling cascades in NIK-induced constitutive activation of NF-κB in melanoma cells (162).



Conclusion Of the many unanswered questions concerning the roles of various signature genetic alterations in pancreatic cancer, this review focused on the potentially important function of NF-κB in pancreatic cancer. A recent National Cancer Institute Pancreatic Cancer Progress Review Group identified the crucial questions and challenges facing pancreatic cancer research and called for insightful study of pancreatic cancer biology. The identification of signature genetic and molecular alterations in pancreatic adenocarcinoma was an important first step in this direction providing conceptual framework to guide the future research in this disease. The development of pancreatic cancer-relevant in vitro and in vivo models that induce tumorigenic transformation, pancreatic cancer, and metastasis on the appropriate histological and molecular background would be very useful to confirm the suspected role of the pancreatic cancer signature genetic and molecular alterations (Fig. 2). The elucidation of the roles of these genetic alterations in the induction and progression of pancreatic cancer and the delineation of complexities of intersecting signaling cascades that control cellular growth, apoptosis, and differentiation will provide a better understanding of the molecuVolume 33, 2003
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Fig. 2. Involvement of NF-κB in cellular transformation. Oncogenes such as Her2/neu and p21K-Ras and environmental carcinogens can activate NF-κB. NF-κB positively influences signaling pathways involving the tumor suppressor protein p53, anti-apoptotic members of the Bcl-2 family (Bcl-xL), and factors involved in metastasis (IL-8 and VEGF). In contrast, NF-κB negatively influences TGF-β signal transduction at the level of the SMAD4 signaling intermediates. Independent of these functions, NF-κB may also be involved in cell-cycle control via ERK/p16Ink4a. Little is known about the connection between NF-κB, environmental carcinogens, and DNA repair genes.



lar basis of this disease and serve as a guide to design new early detection and therapeutic strategies.
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