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Abstract

:

Colorectal cancer (CRC) is a common cause of cancer-related deaths largely due to CRC liver metastasis (CRLM). Identification of targetable mechanisms continues and includes investigations into the role of inflammatory pathways. Of interest, MAPK is aberrantly expressed in CRC patients, yet the activation status is not defined. The present study assessed p38γ activation in CRC patients, cancer cells, and tissues of cotton top tamarin (CTT) and common marmoset (CM). The primate world is an overlooked resource as colitis-CRC-prone CTT are usually inure to liver metastasis while CM develop colitis but not CRC. The results demonstrate that p38γ protein and phosphorylation levels are significantly increased in CRC patients compared to normal subjects and CTT. Furthermore, p38γ phosphorylation is significantly elevated in human CRC cells and hepatoblastoma cells but not in CM colon. Additionally, carcinoembryonic antigen (CEA) and biliary glycoprotein (BGP) are induced in the CRC patients that showed p38γ phosphorylation. Inhibition of p38 MAPK in CRC cells showed a significant decline in cell growth with no effect on apoptosis or BGP level. Overall, p38γ is activated in CRC tumorigenesis and likely involves CEA antigens during CRLM in humans but not in the CTT or CM, that rarely develop CRLM.
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1. Introduction


Colorectal cancer (CRC) is the third most common cancer with respect to global mortality [1]. The majority of deaths are due to the development of colorectal liver metastasis (CRLM) as the liver is the most ominous site of distant metastatic spread in CRC patients, often heralding demise [2]. Despite advancements in surgical interventions and chemotherapeutics, CRLM morbidity is a leading healthcare concern emphasizing the need to define contributing mechanisms. The role of signaling cascades in CRC tumor cell progression is an avid area of investigation with associated factors implicated as potential mechanisms [3,4,5,6]. In previous work of an animal preclinical model contrasted with humans, we found a structural translocation in the distribution of a downstream VEGF-effector, biliary glycoprotein (BGP-CEACAM-1), in livers bearing metastasis in the human [7]. This suggested a paraneoplastic hepatopathy but patients with all-cause cirrhosis and hepatitis did not demonstrate this translocation. As part of the current effort to define contributing mechanisms, our goal was to investigate the role of carcinoembryonic antigen molecular family (CEACAMs) and MAPK signaling in CRC patients, cancer cells, and primate colon tissue. Additionally, we hypothesized and assessed the relationship of prometastatic blood group antigens [8] and expression of a putative innate immune system glycoprotein 87 (p87) [9] to that of BGP in a preclinical model.



CEA (CEACAM5) and biliary glycoprotein (BGP) belong to the immunoglobulin adhesion molecule superfamily and have been implicated in colon tumorigenesis and metastasis [10]. CEA and BGP are overexpressed in cells of the majority of colorectal carcinomas and this is associated with measurable serum levels, recurrence rates, and liver metastasis [11]. Studies have shown that a direct relationship exists between CEA and the metastatic potential of CRC cells [12]. CEA stimulates tumorigenic factors produced by hepatic cells that are prometastatic. BGP also has been implicated in tumor development and survival [13,14]. However, it remains to be determined what role BGP, CEA, and related signaling mechanisms have in CRC proliferation and tumorigenicity.



Along with CEACAMs, MAPK signaling and p38γ activation have been implicated in colon tumorigenesis [15,16,17,18]. Studies have shown p38γ and p38δ activation associates with inflammation-related colon cancer development [15,18]. Further, p38 MAPK signaling is suggested as a contributor in obesity-related CRC [19]. In addition, a recent study by Tomas-Loba et al. showed a role of enhanced p38γ expression during intrahepatic hepatocellular carcinoma (HCC) metastases [20]. However, the contribution of p38γ signaling in colorectal cancer liver metastasis is not defined.



The present study was undertaken to determine the role of CEACAMs and p38γ in CRC patients compared with normal subjects, CRC cell lines (HCT 116, HT-29, Caco-2, and SW620), and a liver hepatoblastoma cell line (HepG2). In addition, we studied p38γ and other liver metastasis-associated antigens in the cotton-top tamarin (CTT), a spontaneously occurring primate model for colitis and cancer [7,21] that does not usually develop liver metastasis after contracting CRC. We contrasted the latter to its close cousin, the common marmoset (Callithrix jacchus) which develops colitis but not CRC and compared p38γ and adhesion molecule expression. We further investigated the effects of p38 MAPK inhibitors [22,23] on tumor cell growth and apoptosis in CRC cancer cells. The results demonstrate that p38γ protein and phosphorylated p38γ are significantly increased in CRC patients and that phosphorylated p38γ is induced in CRC tumor cells. Moreover, inhibition of p38 MAPK signaling abrogates cell growth without affecting apoptotic cell markers in the CRC cells. Additionally, BGP and CEA protein levels are similarly increased in CRC patient tissues. The relationship of BGP to hepatic metastasis as indicated previously [7] was augmented herein with positive correlations shown for both prometastatic antigens and prognostic biomarker p87 [9], a product of gut Paneth cells known as key effectors of the innate immune system.



Overall, this work indicates that p38γ is activated in CRC tumorigenesis and likely involves CEA antigens during CRLM in humans but not in the CTT or CM, that usually do not develop CRLM. Studies using the CTT model that develops CRC but rarely liver metastasis has led to several suggested mechanisms of avoidance of CRLM. Most of the putative mechanisms involve changes in the immunoglobulin superfamily of adhesion molecules but there is little understanding of the role of inflammatory markers and signaling cascades. This report contributes new information concerning MAPK activation and association with prometastatic antigens. Based on these findings, vaccines or decoy nanoparticles and vaccines may be devised to obviate CRLM in the human.




2. Materials and Methods


2.1. Chemicals and Antibodies


Phospho-p38γ antibody was a generous gift from Dr. J Luo [24]. Doxorubicin treated cells were a generous gift from Dr. A. Rishi (26). CEA (T84.66) antibodies were the generous gifts received from Dr. J. Shively and Dr. S Hefta (City of Hope, Duarte, CA, USA) and the Tosoh Medics quantitative CEA testing was performed by Lois Nakayama. 4D1/C2 anti-BGP monoclonal antibody was provided from Dr. C. Wagener (Freiberg, Germany); anti-CEA family C53.5 and anti-CEA 46.1 was provided by Dr. WJ Allard and from Bayer Diagnostics (Tarrytown, NY, USA). The FH6 monoclonal antibodies to fucoganglioside 6B, FH2 to sialylated Lewis X and SH1 to extended Lewis Y blood groups were gifted by Dr. Hakomori (University of Washington, Seattle, WA, USA) [8]. Anti α-sialyl Tn monoclonal was gifted by Dr. ME Key (DakoCytomation Inc., Carpinteria, CA, USA); and CaCo3/61 against fucosylated aminoproteoglycans blood groups was a generous gift from Dr. A. Quaroni (SUNY, Ithaca, NY, USA). Total p38 and p38γ antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA). Horseradish peroxidase (HRP)-conjugated anti-mouse and anti-rabbit IgG secondary antibodies were obtained from Cell Signaling Technology (Danvers, MA, USA). MAPK inhibitors, Losmapimod (inhibitor of p38α and β) and Doramapimod (inhibitor of p38α, β, γ, and δ) were from Cayman Chemicals (Ann Arbor, MI, USA). Solid-phase ELISA was performed as described previously [9,25] and results were expressed as OD-background at protein concentration of 5 µg protein/well. Seeing that rodents are commonly used in cancer research we amplified the applicability of our data by determining total p38 and p38γ in rat liver and in small bowel rat IEC-6 cells. Since equivalent human small bowel mucosal cells lines are not generally available, this provided a convenient alternative. In order to determine that the CTT likely expresses total p38 we performed a BLAST analysis on the protein expression of the closely related CM using the published genome and verified the presence of p38.




2.2. Cell Lines, Culture Conditions, and Viability Measures


Human cancer cell lines (HT-29, SW620, Caco-2, HCT-116, and HEPG2) and rat small bowel epithelial IEC-6 cells were purchased from ATCC. All cells were cultured and maintained in DMEM or Eagle’s minimal essential medium, containing 10% fetal bovine serum and 1% penicillin and streptomycin at 37 °C with 5% CO2/95% air. Cells used in all experiments were at 3–4 passages and synchronized for growth phase. The basic growth media and antibiotics were obtained from Invitrogen (Waltham, MA, USA). Fetal bovine serum (FBS) additive was purchased from Denville Scientific Inc. (Metuchen, NJ, USA), and DMSO was purchased from Thermo Fisher Scientific (Fair Lawn, NJ, USA).



Cell viability was measured using the MTT (3-(4, 5)-dimethyl thiazol-2, 5-diphenyl tetrazolium bromide) assay as described [26]. HT-29 and HCT-116 cells were seeded in 96-well plates and incubated with media alone (untreated control), or treated with Losmapimod and Doramapimod for 24, 48, and 72 h, respectively. After treatment, MTT reagent was added at 0.5 mg/mL concentration for 2–4 h at 37 °C. DMSO was added to solubilize formazan and the plate was read at 570 nm.




2.3. Tissue Sources, Protein Extraction, and Western Immunoblotting


Tissues from normal subjects, CRC patients, CTT, and common marmoset were obtained by colonoscopic biopsy and animal necropsy from MARCOR (Marmoset Colony of Oak Ridge, University of Tennessee at Oak Ridge, Oak Ridge, TN, USA) and the NEPC (New England Primate Center, Southborough, MA, USA). Specimens were collected subject to protocols approved by the ethics committees of the institutions involved, and informed consent was obtained from the patients where applicable. A membrane-enriched tissue extract (MEE) was prepared from the biopsies by homogenization in RIPA buffer containing protease and antiphosphatase inhibitors and clarified by centrifugation (1000× g) and the supernatant sonicated and centrifuged (10,000× g) [27]. Cell extracts from various cancer cell lines, after the aforementioned treatments, were made in RIPA buffer containing protease and phosphatase inhibitors. Equal amounts of proteins (20 µg) were mixed with the same volume of 2X sample buffer, separated on 10% SDS-polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride (PVDF) membrane (Bio-Rad, Hercules, CA, USA). The PVDF membrane was blocked with 5% dry milk in TBST (Tris-buffered saline with 0.1% Tween-20), rinsed, and incubated with primary antibody overnight. The blots were washed and incubated with a HRP-conjugated secondary anti-IgG antibody. Membranes were washed and immunoreactive bands were visualized using a chemiluminescent substrate (ECL-Plus, GE Healthcare, Pittsburgh, PA, USA). Images were captured on Hyblot CL film (Denville Scientific Inc., Metuchen, NJ, USA). Optical density analysis of signals was performed using Image Quant software (version 5, GE Healthcare, Chicago, IL, USA) [26].




2.4. Statistics


Differences of means were analyzed by the parametric Student’s t-test using an online statistical program (www.vassarstats.net). Nonparametric tests (chi-square, Fishers, Pearson) were used to analyze proportions and the linear correlation analysis by least squares method was used to obtain correlation coefficients (r) and test for significance. p values were considered significant at the p < 0.05 level.





3. Results


3.1. Increased p38γ and pp38γ in CRC Patients Compared to Normal Subjects


Previous studies have shown the overexpression of p38γ in CRC subjects by immunohistochemistry [16,27,28]. Recent studies have shown that p38γ is required for inflammation-associated colon tumorigenesis [18] and p38γ is essential for intrahepatic HCC metastases [20]. Our aim was to study the activation (increased phosphorylation) of p38γ in normal and CRC patients. We determined both p38γ and pp38γ levels in CRC patients and normal subjects by Western blot analysis. The results in Figure 1a clearly demonstrate that p38γ (2.5 fold) and pp38γ (2.9 fold) levels are significantly increased in CRC patients. β-actin band is included for equitable loading. Figure 1b,c represents the densitometry values (mean ± SEM) of the phosphorylated form of p38γ and p38γ from 10 CRC patients and 10 normal subjects normalized to total p38.




3.2. Presence of p38γ Protein and pp38γ in Preclinical Tissues Compared to Human Colon Cancer Specimens


The results in Figure 2a show the presence of p38γ protein in preclinical models (normal human tissue and CTT liver, lanes 1 and 4 respectively) in comparison with CRC patients with pp38γ detected only in the human cancerous tissues (lanes 2 and 3). Furthermore, we determined the presence of p38γ protein in the common marmoset (CM-Callithrix jacchus) colon tissues. Figure 2c shows that p38γ protein (46 kDa) is not detected by p38γ antibody, whereas total p38 (α and β isoforms) is present in all the samples. It is an important aim to illustrate clearly that tissues susceptible to cancer should express p38γ. We also determined the presence of p38γ in different organs of common marmoset using specific p38γ antibody. The results in Figure 2d show that p38γ protein is expressed in the liver (lanes 1 and 2), but it is not detected in either gall bladder or colon tissues. On the other hand, p38γ protein is strongly expressed in ileum (lane 5).




3.3. Increased Carcinoembryonic Antigen (CEA) and Biliary Glycoprotein (BGP) in CRC Patients


Previous study has demonstrated that mRNA levels and the concentration of CEA are significantly induced in CRC patients compared to normal subjects [29]. On the other hand, BGP mRNA levels are reduced in CRC patients [30]. Conversely, it is also reported that BGP levels are overexpressed in human CRC cells that have high metastatic potential [13,14]. Based on these results, we determined the CEA and BGP protein levels in the same CRC patients and normal subjects that were used for the determination of p38γ levels. The results in Figure 3a show that CEA and BGP proteins are induced in colon cancer patients compared to normal subjects. Figure 3b,c shows the densitometry values for CEA (3.15 fold) and BGP (6.3 fold) from 10 CRC patients and 10 normal subjects normalized to β-actin.




3.4. Increased pp38γ and CEA Protein Levels in CRC Cell Lines


We determined the phosphorylation levels of p38γ in CRC cell lines (HCT-116, HT-29, Caco-2, and SW620) and compared these with IEC-6 (normal rat intestinal epithelial cells) and HEPG2 (hepatocellular carcinoma cells). Figure 4a depicts phosphorylation levels that are significantly induced in all the CRC cell lines as well as in HepG2 (human hepatoblastoma carcinoma cell line) cell line compared to that of the IEC-6 cells. Similarly, Figure 4c shows that CEA levels are also increased in all CRC cell lines and HepG2 cell line when compared to IEC-6 cells.




3.5. Losmapimod (LOS) and Doramapimod (DORA) Inhibition of CRC Cell Growth


Previous studies have demonstrated that inhibitors of p38α and p38β, (SB203580 and other pyridinyl imidazole compounds) inhibited the cell growth of CRC cell lines [31,32]. In this study, we investigated the growth inhibitory effects of losmapimod (inhibitor of p38α and β) [23] and doramapimod (inhibitor of p38α, β, γ, and δ) [22], on the HCT 116 and HT-29 CRC cell lines. Figure 5a,b shows the dose dependent cell growth inhibition by LOS and DORA in HCT 116 cells between 48 and 72 h of treatment. With respect to cell viability, ≈50–60% inhibition was observed between 48 and 72 h. Similarly, Figure 5c,d shows the similar inhibition of cell growth by LOS and DORA in HT-29 cells. The cell growth inhibition was statistically significant in both cell lines (p < 0.005).




3.6. Inhibition of p38 MAPK by Losmapimod and Doramapimod Has no Effect on Caspase 8 and 3 Activities


Activation of caspases has been regarded as a hallmark of cell apoptosis. To assess the effects of p38 MAPK inhibition by losmapimod and doramapimod, HT-29 and HCT 116 cells were pretreated with LOS and DORA for 24 and 48 h. The results in Figure 6 demonstrate that caspase 8 caspase 3 protein levels were not altered by p38 MAPK inhibition by losmapimod or DORA. The results further show that no cleaved products of caspase 3 were formed by p38 MAPK inhibition in both the cell lines.




3.7. Inhibition of p38 MAPK by Losmapimod and Doramapimod Has no Effect on BGP Levels


BGP is a member of the immunoglobulin gene superfamily [10]. Here, we investigated p38 MAPK inhibition by LOS and DORA on BGP levels in HT-29 and HCT 116 cells. Both cell lines were pretreated with LOS and DORA (5 and 10 µM) for 48 h. The results in Figure 7 show that p38 MAPK inhibition by losmapimod or doramapimod had no effect on BGP levels in both the cell lines.




3.8. Expression of Tumor Metastasis-Associated Antigens in Colon Mucosal Extracts of the Cotton Top Tamarin and Common Marmoset (Callitrichidae)


Figure 8 shows that BGP, CEA family members (other than T84.66 which is most specific to human CEA shown in lane 4) and p87 are all expressed equally in the Callitrichidae family of nonhuman primates (CTT and CM). There was insufficient material to assay CM tissue for reactivity to certain blood group antigens and these were only assayed in the CTT tissues and most found to be absent. The sialylated antigens are the most depressed as a group (lanes 5–8) perhaps explaining the lack of liver metastasis in these animals as these antigens usually correlate highly with liver metastasis [8]. Despite detectable CEA and BGP antigens in the colonic tissues our past work suggests that there are significant changes in Callitrichidae CEA, CEA liver receptors, and glycosylation that makes the liver an “infertile field” [7]. In addition, BGP is not expressed in the CTT liver (but is found in the gallbladder wall) [33]. BGP, a downstream effector of VEGF, clearly has detectable tissue levels in the colon tissue but apparently absent in the liver depriving metastatic cells of crucial angiogenic support. We therefore contrasted BGP with the expression of other tumor metastasis-associated antigens as determined by ELISA in CTT and CM colon tissue extracts.




3.9. Correlation of BGP with other Prometastatic Antigens in Preclinical Primate Models


Figure 9 shows a significant correlation of Adnab-9 expression (recognizing p87 a Paneth cell product) with BGP in CTT and CM. This suggests a relationship with the innate immune system which is the major defense against cancers and pathogens. There was also a significant correlation between BGP and CaCo3/61 expression (r = 0.96; p < 0.01) but only in CM tissues. This is interesting as immunohistochemistry with this antibody in CTT was positive in the colon [35]. This data is confirmatory of a previous study which found similar profiles in humans with inflammatory bowel disease [34]. Additionally, the scatter gram results shown in Figure 10 indicate a statistically significant correlation between the Adnab-9 and T84.66 antibody binding in tissues extracts from the CTT in both cancerous and normal material. T84.66 is a monoclonal antibody that binds with high specificity and affinity to human tumor-associated CEA. This suggests activation of the immune system in the face of inflammation and cancer and the prometastatic CEA prognostic marker. This is accurate in humans and that observation would probably apply to the CTT despite the fact that metastases are not usually found in the liver. The CM colonic tissues extracts did not show this correlation as they have very limited cancer risk as compared to CTT. All possible permutations from differences by Student’s t-test between CTT and CM tissues were not statistically significant. The relationship between BGP and CEA in CTT normal mucosal extracts are however, highly inversely correlated as shown in Figure 11, suggesting opposing but interrelated functions.





4. Discussion


Colorectal cancer (CRC) is a leading cause of cancer mortality with the majority of deaths associated with colorectal liver metastasis (CRLM). Ongoing research efforts are focused on the identification of targetable mechanisms to combat progressive CRC. A variety of preclinical models along with human CRC patient samples are employed in the search for potential therapeutic targets.



One overlooked resource is that the primate world is usually inure to advanced CRC and liver metastasis. CRC has been documented in new and old-world primates but the overall prevalence is unknown and unlike the CTT and CM the biological context of inflammatory bowel disease is undefined. Previous work in our laboratory using the CTT, which develops colitis complicated by CRC but rarely CRLM, suggests that five mechanisms of avoidance of CRLM may explain this phenomenon and be potential targetable mechanisms. Most of these putative mechanisms involve changes in the immunoglobulin superfamily of adhesion molecules (IgSFAM) and little work has been done as yet with other factors which can play a role in cancer. Of interest, the expression of MAPK is aberrantly expressed in CRC patients, yet the activation status is not defined. The present study assessed p38γ activation in CRC patients, CRC and liver cancer cells, and tissues of the CTT and CM, which develops colitis that is not complicated by CRC.



Efforts towards the identification of putative mechanisms of CRC and liver metastatic disease include the study of MAPK signaling and p38γ activation in particular. p38 MAPK was first identified and cloned in response to stress-induced cytokine expression [27,36]. Thus far, p38 MAPKs consist of four characterized isoforms (α, β, γ, and δ) and are mainly proinflammatory cellular kinases [37]. All MAPKs are activated by phosphorylation of threonine and tyrosine residues within Thr-Xaa-Tyr motifs without significant changes in their expression [38,39]. Studies indicate that p38γ (gene name: MAPK12) plays a significant role in colon tumorigenesis. First, p38γ is increased by the RAS oncogene that in turn induces Ras which engenders invasive activity [17,40,41]. Second, p38γ levels are expressed in several human malignancies including CRC [16,17], breast cancer [42,43], aside from the aforementioned hepatocellular cancer [20]. Studies have shown p38γ and p38δ activation links inflammation-associated colon cancer development [15,18]. Interestingly, a recent study by Tomas-Loba et al. has shown high expression of p38γ in human hepatocellular carcinoma (HCC) which is essential for intrahepatic HCC metastases [20]. Moreover, the procarcinogenic roles of leptin and associated liver diseases (i.e., NAFLD) have been linked to the promotion of CRC cell invasiveness via the activation of the MAPK signaling pathway [44]. Considering this, we hypothesized that the activation of p38γ could be a significant mediator involved in CRC tumorigenesis. Indeed, the results of this study demonstrate for the first time that the phosphorylation of p38γ is significantly increased in CRC patients. Although previous studies [16,28] have shown that p38γ protein is increased in CRC patients by immunohistochemistry, the immunoblot analyses of this work clearly demonstrate that p38γ protein and its phosphorylation product are strongly expressed in human colorectal cancers.



Our analyses were strengthened by the comparison of human CRC p38γ to preclinical models including the CTT. The CTT is known as a natural animal model for inflammatory bowel disease complicated by CRC [9,33,45]. We used the CTT liver as a pp38γ protein negative control as it evades hepatic metastasis, which is dependent on p38γ phosphorylation, at least in the HCC scenario [20]. In contrast, the close cousin of CTT, the CM, develops colitis but does not share the vulnerability of the CTT for CRC [46] and shows absence of p38γ and pp38γ in colon (Figure 2c). In contrast to the colon, the liver extract is p38γ positive in the CM (Figure 2d). Of interest also, is the finding of p38γ in the ileum of the CM. This is important as it suggests cancer susceptibility in the small bowel and the commonest cancer of elderly CM is adenocarcinoma of the small bowel [47]. The CTT is an endangered species and access to tissues are severely limited, which does not currently allow p38γ for comparisons in colonic tissue. Overall, we have posited several potential mechanisms by which the CTT evades liver metastasis [7,33] and the absence of hepatic pp38γ may be an additional novel mechanism. Given the predilection of humans for liver spread of CRC, our results showing enhanced phosphorylation of p38γ in CRC patients suggest that p38γ is a prometastatic protein in CRC.



In addition to the activation of p38γ, this study demonstrates that CEA and BGP proteins levels are significantly increased in the same CRC patients that have high p38γ protein. Similarly, the phosphorylation of p38γ and CEA levels are significantly induced in several colon cancer cell lines and HepG2 cell line compared to normal epithelium cells. Our results in the CTT and CM suggest a relationship between BGP and p87 expression and a relative lack of prohepatic metastatic blood group substance expression relative to BGP. These findings suggest some constitutive defense against both invading cancer and liver metastasis. This notwithstanding, one third of CTT die of CRC, so in contradistinction to liver metastasis, primary colon cancer poses a substantial threat to the survival of this endangered species.



The use of inhibitors to p38 that have variable specificities demonstrated that both losmapimod (p38 α and β inhibitor) and doramapimod (p38 α, β, γ, and δ inhibitor) significantly inhibited the cell growth of CRC cell lines. The inhibition was not uniform, with doramapimod slightly higher than losmapimod. We also investigated the effect of perfenidone, inhibitor of p38γ on the growth of HT-29 and HCT-116 cells. The results indicate that perfenidone treatment at two different concentrations (5 and 10 µM) inhibited only 20% of cell growth of both the cell lines (data not shown). On the other hand, losmapimod and doramapimod treatment of HT-29 and HCT-116 cells did not activate caspase 8 and caspase 3 indicating that interfering with the p38 MAPK pathway has no effect on the apoptotic death in these cell lines.



The role of p38 MAPK in regulating BGP protein levels was clarified in the CRC cells as no effect on BGP protein was observed following p38 MAPK inhibition. In comparison to the CTT that do not express BGP in liver tissues, the lack of effect of the p38 MAPK inhibition suggests that BGP has a separate role in human liver metastasis which remains to be fully defined. Since BGP is a downstream effector for VEGF and important in establishing a vital blood supply for liver metastases [33], we postulate that as long as BGP remains a structural biliary canalicular component it is not able to act as a VEGF effector. However, we have shown that BGP does translocate to the hepatocyte cytoplasm in patients with metastasis, thus allowing it to potentially promote liver metastases [7]. The question of whether this translocation is part of a human paraneoplastic hepatopathy that benefits the growth and spread of CRC is an alluring hypothesis and it is likely that BGP and p38 interact in this process. The finding of an inverse relationship between CEA and BGP is a novel finding in the CTT however, a seminal paper on familial adenomatous polyposis in humans compared the expression profiles of these two antigens in neoplastic tissue of varying dedifferentiation and found twofold decrease in BGP expression in the more differentiated mucosa whereas CEA levels were only 30% higher than normal mucosa in the equivalent tissue [48]. Furthermore, in a study of well-differentiated human lung adenocarcinoma A549 cell line, researchers found significantly diminished BGP (about seven times less) than CEA expression in the conditioned media of confluent cell growth by ELISA [49]. Conversely, the positive correlation between BGP and p87 may reflect a protective effect against neoplastic progression in the mucosa at risk.



To summarize, we demonstrate for the first time that p38γ activation (phosphorylation) is increased in CRC patients and CRC cell lines along with enhanced BGP levels in the CRC patients. p38 MAPK specific inhibitors (losmapimod and doramapimod) inhibited the cell growth without affecting the apoptotic cell death in colon cancer cells. Furthermore, BGP which is structurally similar to CEA, is not affected by p38 MAPK inhibitors in CRC cells. The CEA molecule is widely accepted as a colonic tumor marker that is significantly increased in CRC patients and used as an indicator of liver metastases [50,51]. The role of CEA in metastasis is not fully characterized but implicated as a prometastatic adhesion and signaling molecule that interacts with cells in the hepatic microenvironment [52,53]. Moreover, the prometastatic effects of CEA are enhanced in the setting of pre-existing liver disease including alcoholic [5,54] and nonalcoholic liver disease [55,56]. Most recently, it was reported that NAFLD and CEA expression are associated with an increased incidence of liver metastasis in CRC patients [55]. Thus, CEA and its family members having similar DNA sequence and structure homology such as BGP [13,14] might play a role in the metastatic process. Whether pp38γ MAPK is involved in enhanced CRLM is not known. However, the results of this study support the role of this MAPK in liver metastasis as we detected an increased pp38γ activation in CRC patients along with a lack of pp38γ in animals that do not develop CRLM. Indeed, the absence of pp38γ in extracts of CTT liver and common marmoset may provide a potential 6th mechanism by which the CTT evades liver metastasis [7,33]. A possible 7th mechanism may be the lack of blood group substance expression of the sialylated phenotype. We also postulate that differences in p38γ expression may explain why CTT contracts colitis complicated by cancer (p38γ positive) while CM does not (p38γ negative). Further study is necessary to substantiate this postulate. Our future aim is to better define the role of p38 and BGP, a family member of CEA, in colon-induced liver metastasis. Both the CTT and more recently the CM have been used as models for vaccination research, superior to the older macaque model [57,58]. By focusing on elements of the MAPK and an innate-immune system effector cell product we believe that we have provided a novel perspective that combines these elements that could be integrated into the newly advocated holistic approach to vaccine development [59]. Taken together, this supports an approach of using vaccination against prometastatic elements to avoid CRLM. In addition, since the CM is an animal model for serious coronavirus infection [60], this may have research implications for COVID-19 vaccine and therapeutics development. Given these considerations, and that the MAPK are active in innate cell immunity [61], we believe that our research is most relevant and may potentially inform future development in preventative strategies as has been done in rats using stem cell vaccination [62] based on the “seed” hypothesis that could be applied to the “soil” counterpart based on the above findings.




5. Conclusions


In this study, we directly assayed for the expression of phosphorylated p38γ in clinical, preclinical, and cell line preparations. Notably, pp38γ is absent in a preclinical model which has little predilection for liver metastasis. Clinical CRC specimens and cell lines do show elevated expression along with elevated BGP and CEA, unaffected by p38γ inhibitors. The relationship between BGP and p87 in the CTT and CM is intriguing and demands elaboration as does the apparent difference in p38γ. These observations, taken together with our published data, suggest a direct link to the liver metastatic process via conceptualization of a paraneoplastic hepatopathy, is likely.







Author Contributions


Conception and study design, H.T. and M.T.; data collection, H.T. and M.T.; methodology H.T. and M.T.; validation, H.T., B.M. and M.T.; data analysis/interpretation; H.T., B.M. and M.T.; writing—Original draft H.T., B.M. and M.T.; writing—Review and editing, H.T., B.M. and M.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded in part by the Biomedical Laboratory Research and Development, VA Office of Research and Development, Grant #BX004127 (B.M and M.T.) and a base grant NIH RR00168 to the New England Primate Research Center, Scarborough, MA 01772. No VA funds were expended in the acquisition of primate samples and the opinions expressed in this paper do not necessarily reflect those of the United States Federal Government.




Acknowledgments


We thank our colleagues J. Shively, S. Hefta, C. Wagener, WJ Allard, S-I Hakomori, A. Quaroni, ME Key and P. Thomas for reagents and for their scientific expertise and to D. Kaplan for the internal review of the manuscript. This paper is dedicated to the memory of Alexis Shelokov.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ferlay, J.; Soerjomataram, I.; Dikshit, R.; Eser, S.; Mathers, C.; Rebelo, M.; Parkin, D.M.; Forman, D.; Bray, F. Cancer incidence and mortality worldwide: Sources, methods and major patterns in GLOBOCAN 2012. Int. J. Cancer 2015, 136, E359–E386. [Google Scholar] [CrossRef]

	



Haddad, A.J.; Bani Hani, M.; Pawlik, T.M.; Cunningham, S.C. Colorectal liver metastases. Int. J. Surg. Oncol. 2011, 2011, 285840. [Google Scholar] [CrossRef]

	



Kim, G.-A.; Lee, H.C.; Choe, J.; Kim, M.-J.; Lee, M.J.; Chang, H.-S.; Bae, I.Y.; Kim, H.-K.; An, J.; Shim, J.H.; et al. Association between non-alcoholic fatty liver disease and cancer incidence rate. J. Hepatol. 2018, 68, 140–146. [Google Scholar] [CrossRef] [PubMed]

	



Lv, Y.; Patel, N.; Zhang, H.-J. The progress of non-alcoholic fatty liver disease as the risk of liver metastasis in colorectal cancer. Expert Rev. Gastroenterol. Hepatol. 2019, 13, 1169–1180. [Google Scholar] [CrossRef] [PubMed]

	



Mohr, A.M.; Gould, J.J.; Kubik, J.L.; Talmon, G.A.; Casey, C.A.; Thomas, P.; Tuma, D.J.; McVicker, B.L. Enhanced colorectal cancer metastases in the alcohol-injured liver. Clin. Exp. Metastasis 2017, 34, 171–184. [Google Scholar] [CrossRef] [PubMed]

	



Van der Eynden, G.G.; Majeed, A.W.; Illemann, M.; Vermeulen, P.; Bird, N.C.; Høyer-Hansen, G.; Eefsen, R.L.; Reynolds, A.R.; Brodt, P. The Multifaceted Role of the Microenvironment in Liver Metastasis: Biology and Clinical Implications. Cancer Res. 2013, 73, 2031–2043. [Google Scholar] [CrossRef] [PubMed]

	



Tobi, M.; Kim, M.; Zimmer, R.; Hatfield, J.; Kam, M.; Khoury, N.; Carville, A.; Lawson, M.J.; Schiemann, W.P.; Thomas, P. Colorectal cancer in the cotton top tamarin (Saguinus oedipus): How do they evade liver metastasis? Dig. Dis. Sci. 2011, 56, 397–405. [Google Scholar] [CrossRef] [PubMed]

	



Fukushi, Y.; Nudelman, E.; Levery, S.B.; Hakomori, S.; Rauvala, H. Novel fucolipids accumulating in human adenocarcinoma. III. A hybridoma antibody (FH6) defining a human cancer-associated difucoganglioside (VI3NeuAcV3III3Fuc2nLc6). J. Biol. Chem. 1984, 259, 10511–10517. [Google Scholar]

	



Tobi, M.; Elitsur, Y.; Moyer, M.P.; Halline, A.; Deutsch, M.; Nochomovitz, L.; Luk, G.D. Mucosal origin and shedding of an early colonic tumor marker defined by Adnab-9 monoclonal antibody. Scand. J. Gastroenterol. 1993, 28, 1025–1034. [Google Scholar] [CrossRef]

	



Beauchemin, N.; Arabzadeh, A. Carcinoembryonic antigen-related cell adhesion molecules (CEACAMs) in cancer progression and metastasis. Cancer Metastasis Rev. 2013, 32, 643–671. [Google Scholar] [CrossRef]

	



Kuespert, K.; Pils, S.; Hauck, C.R. CEACAMs: Their role in physiology and pathophysiology. Curr. Opin. Cell Biol. 2006, 18, 565–571. [Google Scholar] [CrossRef] [PubMed]

	



Aldulaymi, B.; Byström, P.; Berglund, Å.; Christensen, I.J.; Brünner, N.; Nielsen, H.J.; Glimelius, B. High Plasma TIMP-1 and Serum CEA Levels during Combination Chemotherapy for Metastatic Colorectal Cancer Are Significantly Associated with Poor Outcome. Oncology 2010, 79, 144–149. [Google Scholar] [CrossRef] [PubMed]

	



Ieda, J.; Yokoyama, S.; Tamura, K.; Takifuji, K.; Hotta, T.; Matsuda, K.; Oku, Y.; Nasu, T.; Kiriyama, S.; Yamamoto, N.; et al. Re-expression of CEACAM1 long cytoplasmic domain isoform is associated with invasion and migration of colorectal cancer. Int. J. Cancer 2011, 129, 1351–1361. [Google Scholar] [CrossRef] [PubMed]

	



Yeatman, T.J.; Mao, W.; Karl, R.C. Biliary glycoprotein is overexpressed in human colon cancer cells with high metastatic potential. J. Gastrointest. Surg. 1997, 1, 292–298. [Google Scholar] [CrossRef]

	



Del Reino, P.; Alsina-Beauchamp, D.; Escos, A.; Cerezo-Guisado, M.I.; Risco, A.; Aparicio, N.; Zur, R.; Fernandez-Estevez, M.; Collantes, E.; Montans, J.; et al. Pro-oncogenic role of alternative p38 mitogen-activated protein kinases p38gamma and p38delta, linking inflammation and cancer in colitis-associated colon cancer. Cancer Res. 2014, 74, 6150–6160. [Google Scholar] [CrossRef]

	



Hou, S.-W.; Zhi, H.-Y.; Pohl, N.; Loesch, M.; Qi, X.-M.; Li, R.-S.; Basir, Z.; Chen, G. PTPH1 dephosphorylates and cooperates with p38gamma MAPK to increase ras oncogenesis through PDZ-mediated interaction. Cancer Res. 2010, 70, 2901–2910. [Google Scholar] [CrossRef]

	



Gutkind, J.S. Essential role of p38gamma in K-Ras transformation independent of phosphorylation. Fac. J. Biol. Chem. 2005, 280, 23910–23917. [Google Scholar] [CrossRef]

	



Yin, N.; Qi, X.; Tsai, S.; Lu, Y.; Basir, Z.; Oshima, K.; Thomas, J.P.; Myers, C.R.; Stoner, G.; Chen, G. p38gamma MAPK is required for inflammation-associated colon tumorigenesis. Oncogene 2016, 35, 1039–1048. [Google Scholar] [CrossRef]

	



Hsiao, Y.-H.; Chen, N.-C.; Koh, Y.-C.; Nagabhushanam, K.; Ho, C.-T.; Pan, M.-H. Pterostilbene Inhibits Adipocyte Conditioned-Medium-Induced Colorectal Cancer Cell Migration through Targeting FABP5-Related Signaling Pathway. J. Agric. Food Chem. 2019, 67, 10321–10329. [Google Scholar] [CrossRef]

	



Tomas-Loba, A.; Manieri, E.; Gonzalez-Teran, B.; Mora, A.; Leiva-Vega, L.; Santamans, A.M.; Romero-Becerra, R.; Rodriguez, E.; Pintor-Chocano, A.; Feixas, F.; et al. p38gamma is essential for cell cycle progression and liver tumorigenesis. Nature 2019, 568, 557–560. [Google Scholar] [CrossRef]

	



Kim, H.-S.; Berstad, A. Experimental Colitis in Animal Models. Scand. J. Gastroenterol. 1992, 27, 529–537. [Google Scholar] [CrossRef] [PubMed]

	



Kuma, Y.; Sabio, G.; Bain, J.; Shpiro, N.; Marquez, R.; Cuenda, A. BIRB796 inhibits all p38 MAPK isoforms in vitro and in vivo. J. Biol. Chem. 2005, 280, 19472–19479. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.; Cui, L.; Feng, X.; Wang, C.; Zhang, Y.; Wang, L.; Ding, Y.; Zhao, T. Losmapimod Protected Epileptic Rats From Hippocampal Neuron Damage Through Inhibition of the MAPK Pathway. Front. Pharmacol. 2019, 10, 625. [Google Scholar] [CrossRef] [PubMed]

	



Xu, M.; Wang, S.; Ren, Z.; Frank, J.A.; Yang, X.H.; Zhang, Z.; Ke, Z.J.; Shi, X.; Luo, J. Chronic ethanol exposure enhances the aggressiveness of breast cancer: The role of p38gamma. Oncotarget 2016, 7, 3489–3505. [Google Scholar] [CrossRef]

	



Tobi, M.; Chintalapani, S.; Kithier, K.; Clapp, N. Carcinoembryonic antigen family of adhesion molecules in the cotton top tamarin (Saguinus oedipus). Cancer Lett. 2000, 157, 45–50. [Google Scholar] [CrossRef]

	



Venkatesh, J.; Sekhar, S.C.; Cheriyan, V.T.; Muthu, M.; Meister, P.; Levi, E.; Dzinic, S.; Gauld, J.W.; Polin, L.A.; Rishi, A.K. Antagonizing binding of cell cycle and apoptosis regulatory protein 1 (CARP-1) to the NEMO/IKKgamma protein enhances the anticancer effect of chemotherapy. J. Biol. Chem. 2020, 295, 3532–3552. [Google Scholar] [CrossRef]

	



Lee, J.C.; Laydon, J.T.; McDonnell, P.C.; Gallagher, T.F.; Kumar, S.; Green, D.; McNulty, D.; Blumenthal, M.J.; Keys, J.R.; Vatter, S.W.L.; et al. A protein kinase involved in the regulation of inflammatory cytokine biosynthesis. Nat. Cell Biol. 1994, 372, 739–746. [Google Scholar] [CrossRef]

	



Qi, X.; Xie, C.; Hou, S.; Li, G.; Yin, N.; Dong, L.; Lepp, A.; Chesnik, M.A.; Mirza, S.P.; Szabo, A.; et al. Identification of a ternary protein-complex as a therapeutic target for K-Ras-dependent colon cancer. Oncotarget 2014, 5, 4269–4282. [Google Scholar] [CrossRef]

	



Boucher, D.; Cournoyer, D.; Stanners, C.P.; Fuks, A. Studies on the control of gene expression of the carcinoembryonic antigen family in human tissue. Cancer Res. 1989, 49, 847–852. [Google Scholar]

	



Neumaier, M.; Paululat, S.; Chan, A.; Matthaes, P.; Wagener, C. Biliary glycoprotein, a potential human cell adhesion molecule, is down-regulated in colorectal carcinomas. Proc. Natl. Acad. Sci. USA 1993, 90, 10744–10748. [Google Scholar] [CrossRef]

	



Yang, S.Y.; Miah, A.; Sales, K.M.; Fuller, B.; Seifalian, A.M.; Winslet, M. Inhibition of the p38 MAPK pathway sensitises human colon cancer cells to 5-fluorouracil treatment. Int. J. Oncol. 2011, 38, 1695–1702. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Wang, X.; Qin, X.; Wang, X.; Liu, F.; White, E.; Zheng, X.F. PP2AC Level Determines Differential Programming of p38-TSC-mTOR Signaling and Therapeutic Response to p38-Targeted Therapy in Colorectal Cancer. EBioMedicine 2015, 2, 1944–1956. [Google Scholar] [CrossRef] [PubMed]

	



Tobi, M.; Thomas, P.; Ezekwudo, D. Avoiding hepatic metastasis naturally: Lessons from the cotton top tamarin (Saguinus oedipus). World J. Gastroenterol. 2016, 22, 5479–5494. [Google Scholar] [CrossRef] [PubMed]

	



Tobi, M.; Chintalapani, S.; Kithier, K.; Clapp, N. Gastrointestinal tract antigenic profile of cotton-top tamarin, Saguinus oedipus, is similar to that of humans with inflammatory bowel disease. Dig. Dis. Sci. 2000, 45, 2290–2297. [Google Scholar] [CrossRef] [PubMed]

	



Tobi, M.; Kalia, V.; Chintalapani, S.; Kithier, K.; Henke, M.; Clapp, N. An antigenic Profile in Cotton-Top Tamarins-Saguinus oedipus: Model for Human Inflammatory Bowel Disease and Colorectal Cancer. In The Cotton-Top Tamarin: A Primate Model for the Study of Colon Carcinogenesis; Clapp, N., Ed.; CRC Press Inc.: Boca Raton, FL, USA, 1993; pp. 113–125. [Google Scholar]

	



Han, J.; Lee, J.D.; Bibbs, L.; Ulevitch, R.J. A MAP kinase targeted by endotoxin and hyperosmolarity in mammalian cells. Science 1994, 265, 808–811. [Google Scholar] [CrossRef] [PubMed]

	



Ono, K.; Han, J. The p38 signal transduction pathway Activation and function. Cell. Signal. 2000, 12, 1–13. [Google Scholar] [CrossRef]

	



Chang, L.; Karin, M. Mammalian MAP kinase signalling cascades. Nat. Cell Biol. 2001, 410, 37–40. [Google Scholar] [CrossRef]

	



Weston, C.R.; Lambright, D.G.; Davis, R.J. Signal transduction. MAP kinase signaling specificity. Science 2002, 296, 2345–2347. [Google Scholar] [CrossRef]

	



Qi, X.; Pohl, N.M.; Loesch, M.; Hou, S.; Li, R.; Qin, J.Z.; Cuenda, A.; Chen, G. p38alpha antagonizes p38gamma activity through c-Jun-dependent ubiquitin-proteasome pathways in regulating Ras transformation and stress response. J. Biol. Chem. 2007, 282, 31398–31408. [Google Scholar] [CrossRef]

	



Qi, X.; Tang, J.; Loesch, M.; Pohl, N.; Alkan, S.; Chen, G. p38gamma mitogen-activated protein kinase integrates signaling crosstalk between Ras and estrogen receptor to increase breast cancer invasion. Cancer Res. 2006, 66, 7540–7547. [Google Scholar] [CrossRef]

	



Meng, F.; Zhang, H.; Liu, G.; Kreike, B.; Chen, W.; Sethi, S.; Miller, F.R.; Wu, G. p38gamma mitogen-activated protein kinase contributes to oncogenic properties maintenance and resistance to poly (ADP-ribose)-polymerase-1 inhibition in breast cancer. Neoplasia 2011, 13, 472–482. [Google Scholar] [CrossRef] [PubMed]

	



Rosenthal, D.T.; Iyer, H.; Escudero, S.; Bao, L.; Wu, Z.; Ventura, A.C.; Kleer, C.G.; Arruda, E.M.; Garikipati, K.; Merajver, S.D. p38gamma promotes breast cancer cell motility and metastasis through regulation of RhoC GTPase, cytoskeletal architecture, and a novel leading edge behavior. Cancer Res. 2011, 71, 6338–6349. [Google Scholar] [CrossRef] [PubMed]

	



Sanna, C.; Rosso, C.; Marietti, M.; Bugianesi, E. Non-Alcoholic Fatty Liver Disease and Extra-Hepatic Cancers. Int. J. Mol. Sci. 2016, 17, 717. [Google Scholar] [CrossRef] [PubMed]

	



Clapp, N.; Nardi, R.V.; Tobi, M. Future Directions for Colon Research using Cotton-Top Tamarins. In The Cotton-Top Tamarin: A Primate Model for the Study of Colon Carcinogenesis; Clapp, N., Ed.; CRC Press Inc.: Boca Raton, FL, USA, 1993; pp. 319–324. [Google Scholar]

	



Cohen, B.; Mosbach, E.H.; Henke, M.A.; Clapp, N.K. Fecal steroids in tamarins & marmosets. In The Cotton-Top Tamarin: A Primate Model for the Study of Colon Carcinogenesis; Clapp, N., Ed.; CRC Press Inc.: Boca Raton, FL, USA, 1993; pp. 241–251. [Google Scholar]

	



Miller, A.D.; Kramer, J.A.; Lin, K.C.; Knight, H.; Martinot, A.; Mansfield, K.G. Small Intestinal Adenocarcinoma in Common Marmosets (Callithrix jacchus). Veter. Pathol. 2010, 47, 969–976. [Google Scholar] [CrossRef] [PubMed]

	



Ilantzis, C.; Jothy, S.; Alpert, L.C.; Draber, P.; Stanners, C.P. Cell-surface levels of human carcinoembryonic antigen are inversely correlated with colonocyte differentiation in colon carcinogenesis. Lab. Investig. 1997, 76, 703–716. [Google Scholar] [PubMed]

	



Singer, B.B.; Scheffrahn, I.; Kammerer, R.; Suttorp, N.; Ergun, S.; Slevogt, H. Deregulation of the CEACAM Expression Pattern Causes Undifferentiated Cell Growth in Human Lung Adenocarcinoma Cells. PLoS ONE 2010, 5, e8747. [Google Scholar] [CrossRef]

	



Garrett, E.P.; Kurtz, S.R. Clinical utility of oncofetal proteins and hormones as tumor markers. Med Clin. N. Am. 1986, 70, 1295–1306. [Google Scholar] [CrossRef]

	



Steele, G.; Zamcheck, N. The use of carcinoembryonic antigen in the clinical management of patients with colorectal cancer. Cancer Detect. Prev. 1985, 8, 421–427. [Google Scholar]

	



Thomas, P.; Forse, R.A.; Bajenova, O. Carcinoembryonic antigen (CEA) and its receptor hnRNP M are mediators of metastasis and the inflammatory response in the liver. Clin. Exp. Metastasis 2011, 28, 923–932. [Google Scholar] [CrossRef]

	



Toth, A.C.; Thomas, P.; Broitman, A.S.; Zamcheck, N. Receptor-mediated endocytosis of carcinoembryonic antigen by rat liver Kupffer cells. Cancer Res. 1985, 45, 392–397. [Google Scholar]

	



McVicker, B.L.; Tuma, D.J.; Lazure, K.E.; Thomas, P.; Casey, C.A. Alcohol, Carcinoembryonic Antigen Processing and Colorectal Liver Metastases. In Biological Basis of Alcohol-Induced Cancer. Advances in Experimental Medicine and Biology; Vasiliou, V., Zakhari, S., Seitz, H., Hoek, J., Eds.; Springer: Cham, Switzerland, 2014; Volume 815, pp. 295–311. [Google Scholar]

	



Lv, Y.; Zhang, H.-J. Effect of Non-alcoholic Fatty Liver Disease on the Risk of Synchronous Liver Metastasis: Analysis of 451 Consecutive Patients of Newly Diagnosed Colorectal Cancer. Front. Oncol. 2020, 10, 251. [Google Scholar] [CrossRef] [PubMed]

	



Min, Y.W.; Yun, H.S.; Chang, W.I.; Kim, J.Y.; Kim, Y.-H.; Son, H.J.; Kim, J.J.; Rhee, J.C.; Chang, D.K. Influence of non-alcoholic fatty liver disease on the prognosis in patients with colorectal cancer. Clin. Res. Hepatol. Gastroenterol. 2012, 36, 78–83. [Google Scholar] [CrossRef] [PubMed]

	



Finerty, S.; Mackett, M.; Arrand, J.; Watkins, P.; Tarlton, J.; Morgan, A. Immunization of cottontop tamarins and rabbits with a candidate vaccine against the Epstein-Barr virus based on the major viral envelope glycoprotein gp340 and alum. Vaccine 1994, 12, 1180–1184. [Google Scholar] [CrossRef]

	



Smith, D.R.; Johnston, S.C.; Piper, A.; Botto, M.; Donnelly, G.; Shamblin, J.; Albariño, C.G.; Hensley, L.E.; Schmaljohn, C.; Nichol, S.T.; et al. Attenuation and efficacy of live-attenuated Rift Valley fever virus vaccine candidates in non-human primates. PLoS Negl. Trop. Dis. 2018, 12, e0006474. [Google Scholar] [CrossRef]

	



van den Boorn, J.G.; Hartmann, G. Turning Tumors into Vaccines: Co-opting the Innate Immune System. Immunity 2013, 39, 27–37. [Google Scholar] [CrossRef]

	



Falzarano, D.; de Wit, E.; Feldmann, F.; Rasmussen, A.L.; Okumura, A.; Peng, X.; Thomas, M.J.; van Doremalen, N.; Haddock, E.; Nagy, L.; et al. Infection with MERS-CoV causes lethal pneumonia in the common marmoset. PLoS Pathog. 2014, 10, e1004250. [Google Scholar] [CrossRef]

	



Umasuthan, N.; Bathige, S.; Noh, J.K.; Lee, J. Gene structure, molecular characterization and transcriptional expression of two p38 isoforms (MAPK11 and MAPK14) from rock bream (Oplegnathus fasciatus). Fish Shellfish. Immunol. 2015, 47, 331–343. [Google Scholar] [CrossRef]

	



Duarte, S.; Momier, D.; Baqué, P.; Casanova, V.; Loubat, A.; Samson, M.; Guigonis, J.-M.; Staccini, P.; Saint-Paul, M.-C.; De Lima, M.P.; et al. Preventive Cancer Stem Cell-Based Vaccination Reduces Liver Metastasis Development in a Rat Colon Carcinoma Syngeneic Model. Stem Cells 2013, 31, 423–432. [Google Scholar] [CrossRef]








[image: Vaccines 08 00720 g001 550] 





Figure 1. Increased protein expression and activation of p38γ in human cancerous colonic tissue compared to normal subjects. (a) Whole tissue extracts from colon cancer patients and normal subjects were prepared and 25 µg of protein subjected to SDS-gel electrophoresis and Western blot analysis using antibodies against p38γ and pp38γ. Equal loading was confirmed using an antibody against total p38 antibody. Representative blotting is shown for four normal (N) and four colon cancer (CRC) subjects. (b) Densitometric values expressed as fold increase of ratio of phosphorylated p38γ/total p38. (c) Densitometric values expressed as fold increase of the ratio of p38γ/total p38. The data was analyzed using the paired, two-tailed Student’s t-test, and the results were expressed as fold change ± SEM of 10 colon cancer patients and 10 normal subjects * p-value < 0.001. 
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Figure 2. Presence of p38γ and pp38γ in preclinical and human tissue. (a) Whole tissue extracts from normal subject, CTT liver, and two derived from human cancerous colorectal tissue were prepared and subjected to SDS-PAGE and Western blot analysis using specific antibodies to pp38γ. Equal loading was confirmed using antibodies against p38γ. Normal subject (lane 1), CRC patients (lane 2, lane 3), and CTT liver (lane 4). (b) Densitometric values (means ± SEM) expressed as ratio of pp38γ/p38γ. * p value < 0.001. (c) Whole tissue extracts prepared from common marmoset (CM-C. jacchus) colon tissues (lanes 1–6) not at risk representing a negative control, in contrast CM small intestinal ileum are potentially at risk and a positive control (doxorubicin treated breast cancer cell line) were all similarly subjected to SDS-PAGE and Western blot analysis using specific antibodies to p38 and p38γ. None of the CM tissues have p38γ but all express total p38 (α and β) (n = 6). (d) Whole tissue extracts prepared from different organs of common marmoset, liver (lanes 1 and 2), gall bladder (lane 3), colon (lane 4), and ileum (lane 5) were subjected to SDS-PAGE and Western blot analysis using specific antibody to p38γ (n = 2). 
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Figure 3. Increased protein expression of carcinoembryonic antigen (CEA) and biliary glycoprotein (BGP) from cancerous and corresponding normal tissues from patients with CRC were compared to normal colon from patients without colon cancer. (a) Whole tissue extracts from colon cancer (CRC) subjects and normal (N) subjects (included in this figure are four samples shown in Figure 1a with an additional sample making a total of five) were subjected to Western blot analysis using specific antibodies to CEA and BGP. Equal loading was confirmed with β-actin. A representative blot is shown for five normal subjects and five CRC subjects. (b) Densitometric values are expressed as fold increase of the ratio of CEA/β-actin (mean± SEM) from 10 CRC and 10 normal patients, * p-value < 0.007. (c) Densitometric values are expressed as a fold increase of the ratio of BGP/β-actin (mean± SEM) from 10 CRC and 10 normal patients, * p-value < 0.005. As shown in (a) the CRC patients exhibited increased protein expression of BGP and CEA compared to normal subjects. 
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Figure 4. Increased phosphorylation of p38γ and protein expression of CEA in CRC cell lines. (a) Western blot using specific antibodies to p38γ and pp38γ in cell extracts from IEC-6 rat intestinal epithelial cells (lane 1), HCT 116 human CRC cells (lane 2), HT-29 human CRC cells (lane 3), Caco-2 human CRC cells (lane 4), SW620 human CRC cell line (lane 5), and HepG2 human hepatoblastoma carcinoma cell line (lane 6). (b) Densitometric values expressed as fold increase of the ratio of pp38γ/p38γ mean ± SEM (n = 4) * p-value < 0.05. The above results show the increased phosphorylation in CRC cell lines and HepG2 cells compared to normal IEC-6 cells. (c) Whole cell extracts from different cell lines were subjected to Western blotting with specific antibodies to CEA. (d) Densitometric values showing the fold increase of the ratio of CEA/β-actin mean ± SEM (n = 4) * p-value < 0.05. As shown in (c) the CEA levels are uniformly increased in colon cancer cell lines and HepG2 cell line. 
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Figure 5. Cell growth inhibition of human CRC HT-29 and HCT 116 cell lines by losmapimod and doramapimod. HCT-116 and HT-29 CRC cells were treated with DMSO (untreated) or with different doses of losmapimod (LOS) and doramapimod (DORA) for 24, 48, and 72 h. Determination of viable/live cells was carried out by MTT assay as described in Section 2. (a,b) show the dose dependent inhibition of cell growth at 48 and 72 h by losmapimod and doramapimod in HCT-116 cells. Similarly, (c,d) show the dose dependent inhibition in HT-29 cells. The results are shown as mean ± SEM (n = 6); * p-value < 0.005. The dose is on the x-axis, and the viability of cells on y-axis. 
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Figure 6. Inhibition of p38 MAPKs did not alter the caspase 8 or caspase 3 activity in CRC cells. HCT-116 and HT-29 CRC cell lines were treated with different doses of losmapimod or doramapimod or DMSO (control) for 48 h. Whole cell extracts were prepared and subjected to SDS-PAGE. Western blotting was performed using specific antibodies to caspase 8 and caspase 3. Equal loading was confirmed with β-actin. As shown above, neither caspase 3 or caspase 8 levels were altered by losmapimod or doramapimod. 
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Figure 7. Lack of inhibition of biliary glycoprotein (BGP) protein levels by losmapimod or doramapimod by in colon cancer cells. (a,b) HCT-116 and (c,d) HT-29 CRC cells were treated with different doses of losmapimod or doramapimod or DMSO (control) for 48 h. Whole cell extracts were prepared and SDS-PAGE was performed followed by Western blotting with specific BGP antibodies. Equal loading was confirmed with β-actin. Panels (b,d) depict the resultant densitometric values showing fold change of the ratio of BGP/β-actin in HCT-116 and HT-29 cells. 
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Figure 8. Expression of tumor metastasis associated antigens in tamarin and marmoset colonic tissue. Tissue extracts were obtained from the Callitrichidae family of nonhuman primates; cancerous (CTT n = 5) and corresponding normal mucosa (CTT n = 5) and (CM n = 5). The expression of tumor metastasis associated antigens were determined by ELISA. Antibody and antigen group designations: BGP-Biliary glycoprotein (CEACAM1), CEA Superfamily 53.5, CEA family 46.1, T84.66,FH6 Sial LeX fucoganglioside 6B, FH2 sialylated Lewis X, KH1 Extended Lewis Y blood group, Sialyl Tn α-sialyl Tn, CaCo3/61 fucosylated aminoproteoglycan, Adnab-9 Paneth cell glycoprotein p87. Positivity status was determined by an OD-background ≥0.05 as previously described [9]. Significant differences comparisons were made to BGP by nonparametric tests and the * indicates a p value < 0.002. Only CTT extracts were available for most of the blood group antigen testing. Additional comparisons to human can be found as described [34] 
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Figure 9. The correlation between BGP and Adnab-9 epitope expression in colonic tissues of CTT and CM. The scatter gram plot shows a statistically significant correlation between BGP antibody binding and Adnab-9 antibody binding by ELISA as previously published in [34]. 
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Figure 10. The correlation between Adnab-9 antibody binding and T84.66 antibody binding to CTT cancerous and normal tissue extracts. The scatter gram plot shows a statistically significant correlation between Adnab-9 and CEA. There was no correlation between Adnab-9 and anti-CEA T84.66 binding in CM tissues. 
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Figure 11. Normal CTT tissue correlation of BGP versus CEA in ng/mL shows an inverse relationship. The scatter gram plot shows a statistically significant correlation between BGP and CEA concentration. There was a similar correlation between BGP and CEA concentration when expressing the results in ng/mg protein in these normal-appearing mucosal sample CTT extracts. These extracts shown here are identical to the normal CTT shown in Figure 8, Figure 9 and Figure 10. There was no BGP versus CEA concentration correlation seen in the cancer tissue extracts. The CEA concentrations were obtained using the TOSOH Medics kit [25]. 
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