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Abstract

Accumulated evidences have demonstrated that signal transducer and activator of transcription 3 (STAT3) is a critical link between inflammation and cancer. Multiple studies have indicated that persistent activation of STAT3 in epithelial/tumor cells in inflammation-associated colorectal cancer (CRC) is associated with sphingosine-1-phosphate (S1P) receptor signaling. In inflammatory response whereby interleukin (IL)-6 production is abundant, STAT3-mediated pathways were found to promote the activation of sphingosine kinases (SphK1 and SphK2) leading to the production of S1P. Reciprocally, S1P encourages the activation of STAT3 through a positive autocrine-loop signaling. The crosstalk between IL-6, STAT3 and sphingolipid regulated pathways may play an essential role in tumorigenesis and tumor progression in inflamed intestines. Therapeutics targeting both STAT3 and sphingolipid are therefore likely to contribute novel and more effective therapeutic strategies against inflammation-associated CRC. 
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Core tip: Patients with inflammatory bowel diseases have a predisposition for the development of colorectal cancer (CRC). We summarize current literature on the interleukin (IL)-6/signal transducer and activator of transcription 3 (STAT3) inflammatory pathway and its association with CRC. Recent papers within the last couple of years have demonstrated the crosstalk between IL-6, STAT3 and sphingosine-1-phosphate pathways in inflammation associated tumorigenesis in intestine. This signaling cascade in tumor cells appears to be an essential pathway for CRC tumor progression. Current therapies exploiting sphingolipid signaling have provided an attractive strategy against inflammation-associated CRC.
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COLORECTAL CANCER AND INFLAMMATION

Colorectal cancer (CRC) is a third leading cause of cancer death in United States[1]. Patients with inflammatory bowel disease (IBD) of which two major known types are ulcerative colitis (UC) and Crohn’s disease (CD) have a predisposition for the development of CRC[2-5]. IBD-associated CRC occurs frequently in patients at younger age compared to sporadic CRC[4,6,7]. Among IBD patients, IBD-associated CRC accounts for a high mortality rate (10%-15%) with a 5-year survival of approximately 50%[6]. The association between inflammation and cancer is well recognized but the mechanistic link of these events is still under investigation[4]. Although the pathogenesis of IBD itself is unknown, cumulative data strongly support the hypothesis that IBD is due to a genetic predisposition that leads to a dysregulation of mucosal immune reactions to enteric microbes or environmental antigens[8-10]. 

In almost every IBD intestines, there is an overproduction of proinflammatory cytokines including tumor necrosis factor- (TNF-), interleukin (IL)-6 and interferon-gamma (IFN-)[11]. These factors have been known to stimulate the activation of intracellular STAT proteins, which are phosphorylated, then dimerized, and translocated to nucleus for transactivation a number of genes[12]. IL-6 has emerged as a key cytokine mediating IBD pathogenesis since serum level of IL-6 was shown to significantly elevate in patients with IBD[13-15] and local production of IL-6 was highly correlated with degree of intestinal inflammation[16]. During chronic inflammation, IL-6 functions are believed to recruit B and T cells to the inflamed site[17,18] by activation of JAK kinase pathway which phosphorylates signal transducer and activator of transcription (STAT) proteins, mainly STAT3[19]. 

Persistent activation of STAT3 has been observed in multiple human malignancies including various stages of colorectal cancer[20-23]. Several studies have shown that high expression of STAT3 alters the cell cycle[24,25] or inhibits apoptosis by up regulating anti-apoptotic signaling[26,27] in inflammation-associated CRC or and in other human cancers[28]. Moreover, STAT3 activation in tumor is often associated with poor prognosis of various human malignancies[29-32] suggesting that STAT3 promotes tumor progression or metastasis. 

Recent genome-wide analysis of CD has identified the Stat3 gene as one of the susceptibility loci for the development of inflammatory bowel disease[33]. A study of human ulcerative colitis associated cancer has shown that dysplastic cells exhibited significantly higher expression of IL-6 and phosphorylated STAT3 (p-STAT3)[34] suggesting that the signaling cascade involving IL-6 and STAT3 is one of the important pathways in inflammation associated-CRC development. The potential pro-tumor role of IL-6/STAT3 pathway in inflamed intestine is also supported by studies using experimental models. Bollrath et al[35] have shown that mice carrying genetic modification in IL-6 cytokine family receptor  subunit, gp130 (gp130Y757F), exhibiting hyperactivation of Jak1/2-STAT3 signaling cascade upon IL-6 stimulation, had increased multiplicity of frequency and size of tumor in intestine when mice were treated with a carcinogen, azoxymethane (AOM) followed by dextran sodium sulfate (DSS) to induce inflammation and tumorigenesis in intestine. The development of tumors in AOM/DSS model was significantly suppressed when either IL-6 or epithelial stat3 was inactivated[35,36]. These experiments suggest that IL-6 plays a crucial role in inflammation-induced tumorigenesis in intestine and the activities of IL-6 is potentially mediated by STAT3[37-40]. We and others have recently demonstrated that IL-6/STAT3 linked to the sphingosine-1-phosphate (S1P) signaling in CRC tumor progression[41-43].

S1P/S1P KINASES IN INFLAMMATION ASSOCIATED HUMAN CANCER 

S1P is a signaling sphingolipid characterized by a presence of a particular aliphatic amino alcohol (sphingosine)[44]. S1P is activated from sphingosine, a derivative of ceramide, by two known sphingosine kinases, SphK1 and SphK2, that have a broad but overlapping tissue distribution[45-47]. Numerous studies have shown that S1P signaling orchestrates many important physiological and pathophysiological processes including cell proliferation, migration and immune regulations[44,48-50]. As an inflammatory mediator, S1P has a pleotrophic effects including modulation of macrophage and neutrophil anaphylatoxin C5a signaling pathway[51,52] and stimulation lymphocyte trafficking into inflamed area[53]. The chemotatic ability of S1P to specific cell migration was reported to be dependent on the S1P receptors found on the cell membrane[54]. 

The uniqueness of S1P as an inflammatory mediator is ability to function either inside or outside of the cell. Intracellularly, S1P has been shown to bind to histone deacetylases regulating epigenic gene expression[55]. It can form complex with TNF- receptor and TRAF2 in activation of NF-B signaling[56]. S1P can also be transported across the plasma membrane as part of the “inside-out” signaling mediated by inflammation regulator ATP-binding cassette (ABC) family-member receptors including ABCC1, ABCG2 and sphingolipid transporter spinster homolog 2 (SPNS2)[57-61]. In addition, S1P has also been shown to regulate cell growth in a variety of cells by increase expression of anti-apoptotic Bcl2 and MCL1 while down regulate the pro-apoptotic proteins BAD and BAX[62-64]. 

Consistent to the potential tumor promoting function of S1P, increased expression of SphK1 has been found in multiple types of human cancers including stomach, lung, brain, colon and kidney[65]. Elevated expression of SphK1 has been correlated with increased tumor grade and mortality in several human malignancies including astrocytoma, gastric cancer and non-Hodgkin’s lymphoma[66-68]. In colon cancer, over-expression of SphK1 exhibits increased cell viability and enhances invasiveness associated with an upregulation of metalloproteinases 2/9 and urokinase plasminogen activator[69]. Interestingly, CRC cells resistant to cetuximab, a monoclonal antibody against epidermal growth factor (EGF) receptor prescribed for treatment of metastatic colon cancer exhibit an over expression of SphK1 suggesting a cross signaling between SphK1 and EGF receptor[70]. Further analysis of human colon cancer demonstrates a strong correlation between upregulation of SphK1 and focal adhesion kinases in cancer cells indicating that SphK1 activity is linked to an increase of tumor cell attachment and migration, initial steps in malignant transition[71].

The significance of S1P signaling in gastrointestinal tract tumor was demonstrated by Kohno et al[72] in 2006 who initially showed that the expression of SphK1 was required for intestinal adenoma development in Apc Min/+ mice. Further studies indicate that SphK1 was upregulated in colonic adenocarcinoma of rats induced by AOM[73]. Similarly, inactivation of SphK1 results in a significant delay in tumor progression in AOM/DSS induced mouse model of colitis-associated CRC[74]. Collectively, these studies suggest that S1P-SphK1 axis may also play a role CRC tumorigenesis. Interestingly, a study by Liang et al[42] observed that AOM/DSS treatment of SphK2-/- mice did not caused a reduction in tumor formation as expected but rather caused an increase in colitis associated tumorigenesis. This observation at first seems counter intuitive as both SphK1 and SphK2 phosphorylate sphingosine to S1P and thus, inactivation of SphK2 would result in a decrease of the overall S1P pool. In fact, the group reported that deletion of SphK2 caused a compensatory effect that resulted in an increase of SphK1 expression hence overall increase in S1P[42]. The study demonstrates that SphK1 and SphK2 are functionally compensated in the major positive feedback loop of inflammation-induced tumorigenesis in colon[42].

The potential connection between the two pathways, IL-6/STAT3 and S1P-SphK1, in tumor biology was not illuminated until Lee et al[41] who demonstrated that in many tumors (lymphoma, breast, prostate and adenocarcinoma) with persistently activation of STAT3 correlated with an elevation of S1P receptor, S1PR1. Enhanced S1PR1 expression, which activated STAT3 and upregulated IL-6 expression, accelerated tumor growth and metastasis[41]. The study demonstrates that SphK1/S1P/S1PR1 axis plays an essential role in regulating the production of IL-6 and persistent activation of STAT3 that linked to inflammation and tumor progression. Using a conditional genetic targeting approach, we reported that mice with Stat3 inactivation specifically in hematopoietic cells developed chronic inflammation in large intestine that led to tumorigenesis in the flamed colon[75]. In this model, termed Stat3-IKO, persistent activation of STAT3 in colonic epithelial cells was found to be associated with a marked elevation of IL-6 expression consistent to the observation in human IBD[15,40,75]. The over expression of IL-6 and persistent activation of STAT3 in epithelial cells were associated with a significant elevation of S1PR1 and SphK2 expression in epithelial cells in inflamed colon 43 consistent with the other reports[76-78]. Interestingly, inactivation of epithelial Stat3 in Stat3-IKO mice did not inhibit inflammation-associated epithelial over proliferation but significantly delayed tumor progression to invasive stages[43]. 

The delayed tumor progression was associated with a significantly decreased expression of S1PR1 and SphK2 in colonic epithelial/tumor cells[43]. We observed that the decreased expression of S1PR1 and SphK2 in this model is associated with marked increase of CD8+ T cell and regulatory T lymphocytes (Treg) populations in colon suggesting that epithelial STAT3-S1P pathway may regulate tumor progression through regulating the recruitment of specific populations of immune cells consistent with previous studies[41,79]. Based on previous studies including ours, a positive feedback pathway linking inflammation and tumor progression via the IL-6/STAT3/S1PR1 is proposed as illustrated in Figure 1. Proinflammatory cytokines including IL-6 produced by infiltrated inflammatory cells initiate the activation of STAT3 in epithelial cell. In addition, to promote pathways that regulate cell proliferation and survival, epithelial STAT3 triggers the activation of SphK-S1P-S1PR pathway that further stimulates the activation of epithelial STAT3 through (1) enhancing the infiltration of inflammatory cells; and (2) promoting the positive feedback loop via S1PR-STAT3 expressed on epithelial cells. This vicious cycle maintains the persistent activation of STAT3 in epithelial cells and consequently leads to malignant transformation in these cells. 

THERAPIES TARGETING INFLAMMATION AND S1P/SPHK1 PATHWAY IN COLORECTAL CANCER

In light of mouse models of inflammation associated colorectal cancer linking persistent activation of STAT3 with S1P signaling pathway, many distinctive features seen in mice are observed in human CRC. Therefore, strategies targeting these pathways may improve the current treatment of the disease. Indeed, multiple strategies have been proposed and currently in clinical trials.
It has been long recognized that the balance between sphingosine and ceramide known as the sphingosine rheostat determines the fate of the cell as increase of ceramide mediates apoptosis while increase of sphingosine/S1P induces cell mitogenesis[80,81], as illustrated in Figure 2. A therapeutic strategy for the treatment of CRC is to shift the balance of the sphingosine rheostat in favor of the increase of ceramide. Inhibitors for ceramidase, an enzyme that cleaves ceramide to sphingosine, such as, B13, have been shown to induce apoptosis in metastatic human colon cancer[82]. Direct application of ceramide derivatives including ceramide LCL-30 and sphingosine analogue, (2S,3S,5S)-2-amino-3,5-dihydroxyoctadecane (Enigmol), have also been used to inhibit CRC development in mice[83-85]. Another interesting approach is to target S1P lyase, an enzyme that cleaves S1P to hexadecenal and phosphothanolamine. S1P lysase isolated from the prokaryote Symbiobacterium thermophilum called StSPL was shown to inhibit MCF-7 human breast cancer cell and HCT-116 colon carcinoma cell growth by decreasing the S1P pool[86]. Monoclonal antibody against human S1P, iSONEP, manufactured by Lpath Inc., provides a direct method to immuno-deplete S1P and is in lined for clinical testing[87]. 

Several inhibitors targeting the SphK have been developed in the treatment of different cancers including CRC[70,88,89]. Of note worth mentioning is methylated sphingosine derivative N,N-dimethylsphingosine (DMS)[88]. DMS was originally identified as an inhibitor of protein kinase C that regulates cell growth and induces apoptosis in number of cancer cells[88,90]. It was later shown to inhibit SphK’s[91]. Colon cancer cells that are resistant to cetuximab due to over expression of SphK 1[70] responded well to cetuximab in conjunction with DMS or with SphK1 siRNA inhibitor[70]. Another inhibitor of SphK1 is dihydrosphingosine (DHS)[92]. Interestingly, an increase of intracellular DHS was observed in human PC-3 and LNCaP prostate cancer cells treated with vitamin E -tocotrienol[93]. The elevation of DHS was associated with an increase of apoptosis, necrosis and autophagy in these cells[93]. Similarly, -tocotrienol treatment of human colon carcinoma SW620 and HCT-8 cells also caused similar paraptosis-like cell death[94]. These and other SphK1 inhibitors such as, F-12509a, B-5354c, and SKI-I-V[89] have been shown to prevent the development of CRC in AOM/DSS model[95]. 

Prevention therapy that target S1P mediated inflammation is being developed. For instance, several drugs that target S1P receptor, such as, ONO-4641 and KRP-203 have been shown to reduce inflammation in mouse models of colitis[96,97]. While these drugs have yet to be tested on patients with colitis-associated CRC, the pharmacokinetic of ONO-4641 has been tested using experimental models[98,99]. The most promising drug in clinical testing for inflammation associated with CRC is FTY720, fingolimod. This drug is particularly important since it blocks S1P pathway at multiple levels. Activated intracellularly by SphK2, phosphorylated FTY720 is believed to bind to G coupled-protein S1P receptor and prevents the receptor from recycling to the membrane thereby rendering cells unresponsive to S1P[100]. FTY720 blocks T and B lymphocyte egression from secondary lymphoid tissue to the blood[101]. Additionally, the anti-inflammatory effect of FTY720 is demonstrated in a colitis mouse model induced by 2,4,6-trinitrobenzene sulfonic acid (TNBS) in which FTY720 appears to block Th1 mediated colitis[102]. Interestingly, FTY720 treatment of these mice resulted in up-regulation of FoxP3+ T cells consistent with our hypothesis that the S1P/S1PR1 pathway modulates the activities of FoxP3+ Treg cells[102]. In inflammation associated CRC, FTY720 inhibits tumor angiogenesis by blocking S1P-mediated Ca+2 mobilization important for vascular endothelial cell migration[100]. Furthermore, the FTY720 was recently shown to decrease SphK1 and S1PR1 expression and eliminate the NF-B/IL6/STAT3 amplification cascade critical for the development of CRC[42]. 

Additional strategies targeting IL-6/STAT3 in the treatment of colitis-associated CRC are also being developed. Tofacitinib, which targets the Janus kinases, the major enzyme phosphorylating STAT3, was reported to have a better clinical remission rates in UC patients compared to those on other anti-inflammatory drugs, mesalamine, or glucocorticoids immunosuppressant, or anti-TNF therapy[103]. Furthermore, chemotherapeutic agents, camptothecin (CPT) and oxaliplatin (OXP) were shown to enhance apoptosis by inhibiting IL-6 activation of STAT3 in human colon cancer cells HCT116 and HT29[104]. Other STAT3 targeting drugs worth mentioning are trichostatin A (TSA), a histone deacetylase inhibitor, but has shown to inhibit Jak2/STAT3 activation in CRC cells[105,106] and 2 -cyclodextrin inclusion compounds of auraptene and 4’-geranyloxyferulic acid used as part of the diet in reducing inflammation[107]. Small interfering RNA (siRNA) targeting STAT3 has shown to inhibit colon cancer cell invasion ability[108] and sensitize the cells to chemoradiotherapy[109]. Collectively, these drugs and other inhibitor of S1P/SphK inhibitors offering promising therapeutic potential in CRC treatment. 

CONCLUSION

Persistent activation of STAT3 in epithelial/tumor cells has been linked to multiple human malignancies including inflammation-associated colorectal cancer. Studies have shown that in patients with inflammatory bowel diseases, IL-6 may play an crucial role in controlling inflammation in intestine. IL-6 may stimulate the activation of STAT3 in colonic epithelial cells in inflamed intestine that consequently promotes the activation of S1P pathway. STAT3 promotes the activation of S1P-SphK-S1PR axis that reciprocally facilitates the maintenance of STAT3 activation in epithelial cells through a positive-feedback loop. Multiple studies have demonstrated that the cross talk of STAT3 and S1P-SphK-S1PR pathways may play an essential role in inflammation-induced tumorigenesis and tumor progression in intestine. Several classes of drugs have developed to specifically target these pathways and have shown promising results in mouse models of CRC and in some clinical trials. Thus, the development of sphogolipid-centric therapeutics in conjunction with anti-inflammatory drug would likely to add novel and more effective therapeutic strategies against colorectal cancer especially those cancers associated with inflammation. 
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FIGURE LEGENDS

Figure 1  Hypothetical positive feedback pathway necessary for tumor progression. In an inflamed region, pro inflammatory interleukin (IL)-6 produced by macrophages and other immune cells activated epithelial signal transducer and activator of transcription 3 via IL6R signaling. Signal transducer and activator of transcription 3 (STAT3) mediates cell proliferation and up regulation of S1PR’s. Signaling from S1PR maintains persistently activated STAT3 and up regulation of S1P kinases, which contributes to the overall increase in S1P pool. S1P auto-regulates epithelial cell growth and modifies immune cell recruitment including CD8+ T and Treg cells. S1P: Sphingosine-1-P.
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Figure 2  Regulation of sphingosine 1 phosphate. Ceramide and sphingosine 1 phosphate (S1P) are balanced by regulatory enzymes: sphingosine 1 phosphate kinases (SphK1 and 2), S1P phosphatase (S1PP), S1P lyases (SGPL) and ceramide synthase (CS). Activation of signal transducer and activator of transcription 3 (STAT3) from S1PR signaling shifts the balance toward more S1P production.  
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