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Abstract

:

Hepatocellular carcinoma (HCC), accounting for more than 90% of cases of primary liver cancer, is the third most common cause of cancer-related death worldwide. Chronic inflammation precedes the development of cirrhosis and HCC. TREM (triggering receptor expressed on myeloid cell)-1 is an inflammatory marker and amplifier of inflammation that signals through PI3K and ERK1/2 to activate transcription factors, resulting in increased secretion of pro-inflammatory cytokines, causing chronic inflammation and predisposing the liver to carcinogenesis. Thus, targeting TREM-1 in HCC might be a potential therapeutic target. A low level of vitamin D has been associated with chronic inflammation and poor prognosis in HCC. Thus, we evaluated the effect of vitamin D on TREM-1 expression in the HCC cell line. Additionally, the effects of high mobility group box-1, lipopolysaccharide, and transcription factor PU.1 on the expression of TREM-1 in normal liver cells and HCC cells have been investigated in the presence and absence of vitamin D. The results showed increased expression of TREM-1 in HCC cells and with IL-6, TNF-α, LPS, and rHMGB-1 and decreased expression with calcitriol. Calcitriol also attenuated the effect of IL-6, TNF-α, LPS, and rHMGB-1 on TREM-1. Calcitriol treatment attenuated the proliferation, migration, and invasion of HCC cells. These results (in vitro) provide molecular and biochemical evidence that calcitriol significantly attenuates the expression of mediators of inflammation, and thus might be used therapeutically together with conventional treatment to delay the progression of HCC. Additionally, the negative regulation of TREM-1 by PU.1 suggests PU.1 as a potential therapeutic target.
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1. Introduction


Liver cancer is the sixth most common cancer diagnosis and the third most common cause of cancer-related death worldwide [1]. Hepatocellular carcinoma (HCC) accounts for more than 85% of primary liver cancer and is a major public health problem [2]. The incidence of HCC is increasing around the world including the United States [3]. Chronic inflammation in the liver changes the microenvironment and plays a crucial role in the pathogenesis of HCC. The main triggering factors are exposure to infections and toxic agents, including hepatitis B virus (HBV) and hepatitis C virus (HCV) [1], infection accounting for nearly 75% of the HCC; alcoholic liver injury, primary sclerosing cholangitis, and non-alcoholic steatohepatitis (NASH) disrupting the normal architecture and regenerative mechanism, resulting in fibrosis, cirrhosis, and the development of HCC [4,5,6]. Chronic inflammation in the liver results in the induction of a high rate of cell turnover and a highly oxidative microenvironment leading to increase DNA damage, mutation, and carcinogenesis [7]. The death of hepatocytes during chronic inflammation, chronic hepatitis, or cirrhosis is followed by the secretion of pro-inflammatory cytokines by resident (Kupffer) cells and recruited inflammatory cells. High mobility group box-1 (HMGB-1) released from necrotic cells or dying hepatocytes mediate the activation of surface receptors such as triggering receptors expressed on myeloid cell (TREM)-1 and toll-like receptors (TLRs) activating the downstream signaling pathways and secretion of pro-inflammatory cytokines [8]. These pro-inflammatory cytokines in general induce an inflammatory response that is initially beneficial to the liver and compensates for the loss of hepatocytes. However, deregulation between innate and adaptive immunity due to chronic inflammation results in the loss of hepatocyte and regenerative process. This leads to the over secretion of pro-inflammatory cytokines involving signaling pathways and transcription factors mediating excessive tissue remodeling, loss of tissue architecture, apoptosis, and necrosis, thereby increasing the risk of carcinogenesis and development of HCC [9,10]. Cirrhosis is an irreversible end-stage disease and precedes HCC. The five-year survival of HCC is 10% [11,12], and the one-year survival rate is less than 50% [13]. The only curative treatment for HCC is liver resection or transplant depending on the stage of the disease, but this is associated with the reactivation and recurrence of HCC post-surgery. The five-year survival rate post-transplant is only 30–40% [14], and there is no improvement in the overall survival rate despite the advanced therapeutic strategies [15]. Thus, there is a need to understand the inflammatory pathophysiology in-depth to investigate the noble therapeutic targets.



TREM-1 is a transmembrane glycoprotein belonging to the immunoglobulin superfamily and family related to the natural killer cell receptor, expressed on monocytes, neutrophils, macrophages, and fibroblasts [16,17]. TREM-1 is a mediator of inflammation and its role in the pathogenesis and progression of HCC has been discussed [9,18,19,20,21]. TREM-1 activation results in increased secretion of tumor necrosis factor (TNF)-α, granulocyte-macrophage colony-stimulating factor (GM-CSF), monocyte chemoattractant protein (MCP)-1, interleukin (IL)-1β, IL-6, IL-8, and IL-12 from monocytes, neutrophils, and macrophages, and this indicates the role of TREM-1 in inflammation [16,22]. Contrary to TREM-1, TREM-2 is a negative regulator of inflammation [23,24]. TREM-2 expressed on macrophages, dendritic cells, and microglial cells is a cell surface receptor protein belonging to the immunoglobulin and lectin-like superfamily. TREM-2 suppresses inflammation in the hepatic, lung, and bone-marrow-derived macrophages, osteoclasts, and dendritic cells. The protective role of TREM-2 in HCC as a tumor suppressor and an anti-inflammatory agent has been documented [25,26,27]. TREM-1 and TREM-2 signals through common ligand cytosolic adaptor DAP-12 for downstream signaling [28,29]. TLR signaling is amplified by TREM-1 in macrophage/monocyte and neutrophils but suppressed by TREM-2 in macrophage and dendritic cells [30].



Vitamin D deficiency is associated with HCC, and vitamin D being an anti-inflammatory agent may play a potential role in slowing down the inflammation and progression of HCC [31]. Since there is a high prevalence of hypovitaminosis D in the adult US population and studies have stressed increasing the intake of vitamin D [32], there is a need to investigate the role of vitamin D in regulating the mediators of inflammation, particularly TREM-1, to attenuate inflammation in HCC. TREM-1 is an amplifier of inflammation [33] and plays a role in the pathogenesis of the development of HCC. Suppression or inhibition of TREM-1 activity may serve as a tool to attenuate inflammation. Vitamin D is a well-known anti-inflammatory agent and has been used to suppress inflammation [34]. Hence, vitamin D may be used to suppress TREM-1 activity. To our knowledge, no study has reported the effects of vitamin D in regulating TREM-1 expression. In this study, we have investigated the effect of calcitriol on TREM-1 and TREM-2 in epithelial cells transformed with SV40 large T antigen (THLE-2) and HCC cell line (HepG2) cells with the hypothesis that calcitriol attenuates TREM-1 expression. Additionally, we have investigated the regulatory effect of the transcription factor PU.1 on TREM-1.




2. Results


2.1. Increased Expression of Mediators of Inflammation in Hep G-2 Cells


RT-PCR and immunofluorescence (IF) studies showed significantly increased expression of TREM-1 in HepG2 cells compared to THLE-2 cells (Figure 1, panels a, b, and c). The gene and protein expression of TREM-2 was higher in THLE-2 cells compared to HepG2 cells (Figure 1, panels a, b, and c). The protein expression of IL-6 and TNF-α (Supplementary Figure S1) was higher in HepG-2 cells compared to THLE-2 cells. IF also showed increased expression of HMGB-1 and DAP-12 (Figure 2) in HepG2 cells compared to THLE-2 cells. IF studies showed membranous and cytoplasmic expression of TREM-1 and TREM-2. More specifically, cytoplasmic more than nuclear expression for IL-6 and TNF-α (Supplementary Figure S1), and cytoplasmic as well as nuclear expression of HMGB-1 and DAP-12 (Figure 2). Increased immunoreactivity for TREM-1, IL-6, TNF-α, and HMGB-1 in HCC cells (HepG-2) compared to normal cells (THLE-2) suggests the presence of inflammation. Further, colocalization of TREM-1 and TREM-2 with DAP-12 on IF studies (Figure 2) suggests that DAP-12 is the common ligand for TREM-1 and TREM-2.




2.2. IL-6 and TNF-α Increase While Calcitriol Decreases TREM-1 Expression in HepG-2 Cells


RT-PCR studies showed significantly increased (p < 0.05) TREM-1 mRNA expression in HepG-2 cells treated with IL-6 and TNF-α and significantly decreased expression with calcitriol (Figure 1a). The effects of IL-6, TNF-α, and calcitriol on TREM-1 and TREM-2 expression were similar on Western blot analysis (Figure 1d). It was also noted that calcitriol attenuated the effect of IL-6 and TNF-α on TREM-1 expression. These findings were supported by IF for protein expression and increased TREM-1 immunoreactivity with IL-6 and TNF-α and decreased immunoreactivity with calcitriol (Figure 3). Further, decreased expression of TREM-1 with calcitriol, even in the presence of IL-6 and TNF-α, supports the effective role of vitamin D in attenuating the inflammation in HepG2 cells (Figure 3). There was an increased mRNA expression of TREM-2 with IL-6, TNF-α, and vitamin D (Figure 1a). However, upregulation of TREM-2 mRNA expression was more with calcitriol than with IL-6 and TNF-α. Calcitriol suppresses the effect of IL-6 and TNF-α on TREM-1 expression, while it had an additive effect on TREM-2 expression in HepG-2 cells. These findings suggest that vitamin D downregulates TREM-1 expression as well as the effect of pro-inflammatory cytokines in HepG-2 cells. Since calcitriol showed an attenuated effect on the gene and protein expression of TREM-1 even in the presence of IL-6 and TNF-α, we sought to investigate the receptors and enzymes involved in vitamin D activity and metabolism. Immunostaining of HepG2 and THLE2 cells showing immunopositivity for vitamin D receptor (VDR), Cyp24A1, and Cyp27B1 (Supplementary Figure S2) suggests the presence of VDR, Cyp24A1, and Cyp27B1 in both THLE-2 and HepG2 cell lines. The increased immunoreactivity for VDR, Cyp24A1 and Cyp27B1 in HepG2 cells compared to THLE-2 cells suggests their increased activity in HepG2 cells.




2.3. Recombinant (r)HMGB-1 Increases Expression of TREM-1 in HepG2 Cells


HMGB-1 secreted from necrotic cells binds to TREM-1 and activates TREM-1. This results in the activation of downstream signaling pathways and transcription factors leading to increased secretion of pro-inflammatory cytokines. IF studies revealed increased expression of HMGB-1 in HepG2 cells compared to THLE-2 cells (Figure 2), so we investigated the effect of recombinant (r) HMGB-1 (H4652, Sigma Aldrich) on TREM-1 gene expression. RT-PCR studies showed a significantly increased mRNA expression of TREM-1 (Figure 4a), IL-6 (Figure 4b), and TNF-α (Figure 4c) with rHMGB-1. These findings were supported by the increased expression of TREM-1, IL-6, and TNF-α (Figure 4 panels D, J, and P) in HepG2 cells treated with rHMGB-1. These findings suggest that HMGB-1 activates the mediators of inflammation and factors associated with HCC pathology.




2.4. Vitamin D Downregulates NF-κB Expression in HepG-2 Cells


NF-κB is a downstream signaling transcription factor in the HMGB-1 pathway and regulates TREM-1 expression, so we investigated the effect of calcitriol, IL-6, TNF-α, and LPS on the expression of NF-κB. RT-PCR analysis of the HepG-2 cells treated with calcitriol, IL-6, TNF-α, and LPS showed downregulated mRNA expression of NF-κB with calcitriol and an upregulated mRNA expression of NF-κB with IL-6, TNF-α, and LPS (Figure 5 panel 1). The results also revealed an immunomodulating effect of calcitriol on the effect of IL-6, TNF-α, and LPS and decreased effects of IL-6, TNF-α, and LPS on the mRNA expression of NF-κB (Figure 5 panel 1). Increased expression with LPS and decreased expression of IκB Kinase (IKK) with calcitriol further suggest the immunomodulatory effect of calcitriol (Figure 5 panel 2).




2.5. PU.1 Regulates the Expression of TREM-1 in HepG2 Cells


To elucidate the transcription factors (TF) regulating the expression of TREM-1 other than NK-κB, we investigated the role ofPU.1. PU.1 is a transcription factor binding to the promoter region of the TREM-1 gene and regulates the expression of TREM-1. RT-PCR and IF studies revealed the presence of PU.1 in HepG2 cells (Figure 5 panel 5). Immunopositivity for PU.1 in HepG-2 and THLE-2 cells showed the nuclear expression of PU.1 (Figure 5 panels 5B, F, J, and N). It was also noted that PU.1 expression was more in HepG2 cells compared to THLE-2 cells and co-localizes with TREM-1 (Figure 5 panels 5D, H, L, and P) in THLE-2 and Hep G-2 cells. RT-PCR studies showed that calcitriol and LPS increase while IL-6 and TNF-α attenuate PU.1 mRNA expression in HepG-2 cells (Figure 5 panel 3). These results indicate the inhibitory effect of IL-6 and TNF-α and the stimulatory effect of vitamin D and LPS on PU.1. Further, to investigate the effect of PU.1 on TREM-1 expression, we treated the cells with PU.1 siRNA to suppress its expression and plasmid to overexpress it. The titration with 40 nM and 80 nM of PU.1 siRNA showed a higher inhibitory effect on PU.1 at 80 nM. Increased expression of TREM-1 with siRNA PU.1, more at 80 nM, suggests a negative correlation between TREM-1 and PU.1 (Figure 5 panel 4). To further, test this hypothesis, HepG2 cells were treated with PU.1 plasmid. Transfection of HepG-2 cells with PU.1 plasmid enhances the PU.1 mRNA expression and decreased TREM-1 mRNA expression. These results confirmed the hypothesis that PU.1 negatively correlates with TREM-1 expression. Titration of the plasmid cDNA at a concentration of 1, 2, 4, and 10 μg showed a maximum effect of PU.1 plasmid at 10 μg and this was reflected by decreased TREM-1 mRNA expression (Figure 5 panel 4). Suppression of TREM-1 expression was confirmed by TREM-1 siRNA. These results suggest that suppression of PU.1 results in the upregulation and overexpression of PU.1 which downregulates TREM-1 mRNA expression.



Lipopolysaccharide (LPS) increases the expression of TREM-1 in HepG2 cells: Lipopolysaccharides (LPS) and endotoxins, are large molecules found in the outer membrane of gram-negative bacteria. LPS or LPS/TLR4 complex interaction with TREM-1 activates TREM-1 and induces inflammatory signaling resulting in chronic inflammation. To investigate the effect of LPS on TREM-1 in HepG2 cells, we treated the cells with LPS and checked the expression of TREM-1. RT-PCR studies revealed significantly increased TREM-1 and decreased TREM-2 mRNA expression with LPS and significantly increased TREM-2 and decreased TREM-1 mRNA expression with calcitriol (Figure 6 panel 1). Similar results were revealed with Western blot (Figure 6 panel 2). It was also observed that calcitriol attenuates the effect of LPS on TREM-1 and TREM-2 expression. These findings were further validated with immunofluorescence studies and mean fluorescence intensity analysis (Figure 6 panel 3) of the HepG2 cells stained for TREM-1 and TREM-2 (Figure 6 panel 4). The results showed increased TREM-1 expression with LPS and attenuation of the effect of LPS with calcitriol. It was also observed that the effect of PU.1 decreased with LPS (Figure 6 panel 2).




2.6. IL-6 and TNF-α Increase While Calcitriol Decreased Proliferation, Migration, and Invasion of HepG-2 Cells


IL-6 and TNF-α play a crucial role in the pathogenesis of carcinoma and vitamin D plays an immunomodulatory role, so we investigated the effect on proliferation, migration, and invasion of HepG2 cells. The scratch test for the migration assay of HepG-2 cells with and without treatment at 0, 24, and 48 h showed that calcitriol decreases (Figure 7 panels E and F) while IL-6 (Figure 7 panels H and I) and TNF-α (Figure 7 panels N and O) increase the migration of HepG-2 cells compared to control (Figure 7 panel B and C). It was also observed that HepG-2 cell migration is less with calcitriol even in the presence of IL-6 and TNF-α compared to treatment with IL-6 (Figure 7 panels H and I vs. Figure 7 panels K and L) and TNF-α (Figure 7 panels N and O vs. Figure 7 panels Q and R) alone. Trans-well invasion assay of HepG-2 and THLE-2 cells shows that IL-6 and TNF-α increase the invasion of HepG-2 cells (Figure 8(i) panels H and I) and decrease the invasion of THLE-2 cells (Figure 8(i) panels B and C) while calcitriol increase invasion of THLE-2 cells (Figure 8(i) panel D) and decrease invasion of HepG-2 cells (Figure 8(i) panel J). Additionally, it was also found that calcitriol decreases the effect of IL-6 and TNF-α on the migration of HepG-2 (Figure 8(i) panels K and L) and THLE-2 cells (Figure 8(i) panels E and F). To analyze the effect of calcitriol, IL-6, and TNF-α on the proliferation of HepG2 cells, CCK-8 proliferation assay (Figure 8(ii) panel a) and RT-PCR for Ki-67 mRNA expression (Figure 8(ii) panel b) was performed with and without treatment. CCK8 assay revealed significantly increased proliferation with IL-6 at 24, 48, and 72 h. and with TNF-α at 48 and 72 h. whereas a decrease in proliferation with calcitriol. These results were supported by increased Ki67 mRNA with IL-6 and TNF-α and decreased mRNA expression with calcitriol after 24 h of treatment (Figure 8(ii) panel b).




2.7. Calcitriol Attenuates TREM-1 Expression in SNU387 HCC Cell Line


The findings in HepG-2 and THLE-2 cells were supported by the increased expression of TREM-1 in another cell line, SNU387, and decreased expression with calcitriol, even in the presence of LPS (Figure 9 panel 1). Additionally, LPS increases and calcitriol decrease TREM-1 and IKK mRNA expression (Figure 9 panels 2 and 3) and proliferation (Figure 9 panel 4) of SNU387 cells.





3. Discussion


Increased expression of TREM-1, IL-6, and TNF-α in HepG-2 cells compared to THLE-2 cells (Figure 1) suggests the presence of inflammation and association with HCC [32]. Increased TREM-1 expression associates with lung and hepatocellular carcinoma [9,18,20,21,35]. TREM-2 is an anti-inflammatory mediator and negatively regulates the immune response and inflammation. A decreased expression of TREM-2 in HepG-2 cells and increased expression in THLE-2 cells in this study indicate a higher level of inflammation and paucity of anti-inflammatory mechanisms in HepG2 cells [23,28]. Chronic inflammation-mediated by IL-6 and TNF-α plays a crucial role in the pathogenesis of HCC development. IL-6 upregulates the expression of hepatitis B virus X-protein (HBx) and high levels of IL-6 have been reported in liver cirrhosis patients. Engagement of IL-6 with its receptor (IL-6R) in hepatocyte results in increased inflammatory activity and activation of the JAK-STAT pathway, ERK pathway, p38MAPK pathway, and PI3K pathway [36,37,38]. IL-6 induces the expression of mitogenic and pro-neoangiogenic and hepatocyte growth factors and decreases the HCC cell apoptosis. Further, the role of IL-6 in stimulating hepatic DNA synthesis, natural killer cell dysfunction, enhancing tumor development, and progression by escape mechanism from the immune response of the body has been discussed [37]. Studies have suggested IL-6 as a tumor marker and prognostic factor for HCC [7,37,39]. TNF-α plays an important role in liver disease and higher levels of TNF-α mediate hepatic inflammation, fibrosis, cirrhosis, and tissue damage in the liver, and induce pro-malignant chemokines, metalloproteinases, angiogenic mediators, and cell adhesion molecules, resulting in the pro-carcinogenic microenvironment [40]. TNF-α expression and secretion is regulated at the transcriptional level via AP-1, PU.1, and NF-κB, as well as at the post-transcriptional level [10,41,42,43,44]. This study revealed the increased expression of inflammatory mediators TREM-1, IL-6, and TNF-α and that vitamin D is an anti-inflammatory and immunomodulatory agent. We investigated the effects of calcitriol on TREM-1 expression and other mediators of inflammation in this study [45].



A decreased expression of TREM-1, IL-6, and TNF-α with calcitriol (Figure 1 and Figure 3) in this study suggests the immunomodulatory effect of calcitriol. Further, it was also revealed that calcitriol decreases the effect of IL-6 and TNF-α on TREM-1. These results are consistent with previous studies delineating the effect of vitamin D on mediators of inflammation. Vitamin D decreases the production of TNF-α and can improve the deleterious effect of pro-inflammatory cytokines in liver disease [45]. A reduction in the level of IL-6 with vitamin D supplementation in chronic HCV infection [46] and a reduction in levels of TNF-α and IL-6 in monocyte with vitamin D [47] support the findings of our study. The immunopositivity of VDR, Cyp24A1, and Cyp27B1 (Supplementary Figure S2) in HepG2 and THLE2 cells suggests the presence of receptors and the enzymes involved in vitamin D action and metabolism [48,49]. It has been reported that vitamin D enhances the expression of VDR, Cyp24A1, and Cyp27B1 in HCC [50]. The decreased expression of VDR in hepatocytes in HCV infection suggests the diminished protective role of vitamin D [51]. Reduced expression of VDR may indicate the severity and consequence of underlying liver disease. Thus, an increased amount of vitamin D may alleviate the effects of mediators of inflammation, which ultimately might delay the progression of the disease. Attenuation of TREM-1, IL-6, and TNF-α expression in HepG2 cells and suppression of the effect of IL-6 and TNF-α on TREM-1 expression by calcitriol in our study suggest that vitamin D supplementation might be used to suppress ongoing inflammation and progression of HCC. This hypothesis is supported by an increased expression of TREM-2, an anti-inflammatory mediator, with calcitriol in HepG2 cells. Increased expression of TREM-1 and TREM-2 and attenuation of the effect of IL-6 and TNF-α on TREM-1 in THLE-2 cells with calcitriol suggest that, in normal conditions, calcitriol upregulates the immune response by enhancing the expression of TREM-1 and increasing production of pro-inflammatory cytokines to initiate the immune response against inflammation. These results also suggest that calcitriol suppresses the inflammation in a diseased state and increases the production of pro-inflammatory cytokines in a non-diseased state.



HMGB-1, a TREM-1 ligand and secreted from apoptotic and necrotic cells, activates the pro-inflammatory pathways, and its association with the TREM-1 receptor on hepatocyte results in activation of pro-inflammatory pathways [8,9]. Increased immunopositivity of HMGB-1 in HepG2 cells compared to THLE2 cells indicates the increased expression of HMGB-1 in HCCls and since HMGB-1 activates the expression of TREM-1, we investigated the effect of rHMGB-1 on the TREM-1 expression. Increased TREM-1, IL-6, and TNF-α mRNA expression (Figure 4) in rHMGB-1 treated cells support the notion that HMGB-1 activates TREM-1 and the mediators of inflammation. HMGB-1 binding to the receptor for the advanced glycation end product (RAGE) results in the activation of nuclear factor-kappa B (NF-κB) leading to increased production of pro-inflammatory cytokines, including TNF-α, IL-6, IL-1β, and IL-1α [8]. Increased immunoreactivity for TREM-1, IL-6, and TNF-α (Figure 4) on IF in rHMGB-1 treated cells compared to untreated cells further supported the results of RT-PCR and the notion that HMGB-1 enhances the mediators of inflammation. Increased HMGB-1 signals through NF-κB and increases the secretion of IL-6 and TNF-α which in turn activates TREM-1 [8]. NF-κB is involved in inflammation and carcinogenesis and regulates inflammation, cell proliferation, differentiation and apoptosis, innate and adaptive immunity [52,53], and serves as a downstream signal transduction molecule for TREM-1 [54]. Increased mRNA expression of NF-κB with IL-6 and TNF-α in HepG2 cells (Figure 5) indicates the downstream signaling for HMGB-1 and the results of increased TREM-1 expression with IL-6, TNF-α, and rHMGB-1 adds to the fact that these mediators upregulate TREM-1. However, decreased expression of NF-κB, IL-6, and TNF-α with calcitriol, as well as attenuation of the effect of IL-6, TNF-α, and rHMGB-1 on TREM-1 and NF-κB (Figure 1 and Figure 5) expression is suggestive of the immunomodulatory role of vitamin D.



The downstream transcription factors involved in the activation of the TREM-1 gene are AP-1, PU.1, and NF-κB [54]. PU.1, a member of the Ets domain transcriptional factor family with abundant expression in B cells and macrophages, is involved in protein-protein interaction. Activation of PU.1 by LPS in monocytes and RAW cells [54] and the role of PU.1 in macrophage maturation [55] and inflammation by regulating COX-2 gene expression [56] have been reported. We found co-localization of TREM-1 and TREM-2 with PU.1 in THLE-2 and Hep G-2 cells (Figure 5) and thus evaluated the effect of PU.1 on TREM-1. RT-PCR studies for PU.1 expression in HepG-2 cells showed that calcitriol increases PU.1 expression while the pro-inflammatory cytokines IL-6 and TNF-α decrease the PU.1 expression (Figure 5). It was observed that treatment of HepG-2 cells with PU.1 siRNA decreases PU.1 expression and increases TREM-1 expression while the treatment of HepG-2 cells with PU.1 plasmid increases PU.1 expression and decreases TREM-1 expression (Figure 5). These results suggest that overexpression of PU.1 has an inhibitory effect on TREM-1 expression and decreased PU.1 expression increases TREM-1 expression. These results are per previous studies reporting the molecular mechanism of PU.1 regulating TREM-1. PU.1 and NF-κB bind to the promoter region of the TREM-1 gene upon LPS stimulation and activation of TREM-1 involves the binding of NF-κB and AP-1 earlier than PU.1. Activation of NF-κB induces TREM-1 expression while PU.1 has a negative regulatory role on TREM-1 expression. Further, PU.1 silencing enhances the expression of TREM-1 while PU.1 overexpression attenuates TREM-1 expression in macrophages [54]. Similar results with PU.1 siRNA and plasmid in HepG2 cells on TREM-1 expression indicate that PU.1 regulated TREM-1 expression and might be a therapeutic target. LPS is involved in the activation of NF-κB, which in turn regulates TREM-1 expression at the transcriptional level [54]. Thus, to analyze the effect of LPS on TREM-1 in HepG2 cells, we treated the cells with LPS. RT-PCR and IF studies revealed significantly increased TREM-1 and significantly decreased TREM-2 expression with LPS. The attenuation of this effect with calcitriol suggests the immunomodulatory properties of vitamin D.



TREM-1 plays a role in the invasiveness of cancer [35] and its role in the invasion of HCC has been discussed [21]. TREM-1 significantly (p < 0.05) promotes proliferation and invasion and inhibits the apoptosis of the HCC cells. High TREM-1 is correlated with poorer survival and increased recurrence of HCC and is a prognostic factor for HCC [20]. IL-6 affects cell proliferation, survival, differentiation, migration, invasion, and proliferation [57]. The enhanced and uncontrolled proliferation of the hepatocyte results in the development of HCC. Increased TREM-1 expression in HepG2 cells compared to THLE2 cells indicate that TREM-1 might increase proliferation, migration, and invasion of hepatocellular carcinoma. The results of this study suggest that calcitriol attenuates TREM-1 expression. Thus, we evaluated the effect of calcitriol on HepG2 cell proliferation, migration, and invasion. The scratch test, invasion assay, CCK-8 proliferation assay, and mRNA expression of Ki67 showed that calcitriol decreased the migration, invasion, and proliferation (Figure 7 and Figure 8) of HepG2 cells. Further, attenuation of the effect of IL-6 and TNF-α on proliferation, migration, and invasion with calcitriol suggests the inhibitory effect of vitamin D on pro-inflammatory cytokines IL-6 and TNF-α. The suppressive effect of vitamin D on IL-6 secretion and function has been reported [58]. Since the suppression of IL-6 results in growth inhibition of breast [59] and prostate cancer [60], calcitriol might be used therapeutically in suppressing HCC growth and delaying the progression of various stages of HCC. This notion is supported by the fact that the proliferation of hepatoma cell lines including HepG2 cells can be inhibited by vitamin D [49,61]. Overall, the findings of this study suggest that proinflammatory mediators increase the expression of TREM-1 and calcitriol attenuates TREM-1 expression in HCC cells, even in the presence of IL-6 and TNF-α.




4. Material and Methods


4.1. Cell Culture and Treatment Protocol


HCC cell line (Hep G-2) and epithelial cells transformed with SV40 large T antigen (THLE-2) were purchased from ATCC (Manassas, VA, USA). Hep G-2 cells were cultured in Eagle’s Minimum Essential Medium with L-Glutamine (EMEM from ATCC) medium with 10% fetal bovine serum and 1% penicillin-streptomycin and THLE-2 cells were cultured in Bronchial Epithelial Cell Medium (BEpiCM from ATCC) medium with 10% fetal bovine serum, 1% BEpiCGS growth factor, and 1% penicillin-streptomycin at 37 °C in a 5% CO2, 95% air environment humidified incubators. HepG-2 and THLE-2 cells were grown in a T25 flask to 80–90% confluence. Approximately 50,000 cells were seeded in each chamber of the chamber slide for immunofluorescence (IF) studies, and around 250,000–300,000 cells in each well of a 6-well plate for RT-PCR studies and scratch test. The cells were grown till 70–80% confluence and were kept in a serum-free medium for 2 h before treatments. The cells were treated with recombinant human IL-6 (10 ng/mL), TNF-α (10 ng/mL) (Peprotech, NJ, USA), and calcitriol (10 nM) (Vitamin D3, D1530, Sigma Aldrich, St. Louis, MO, USA) for 24 h. The doses of each reagent were calculated based on dose titration studies.




4.2. Immunofluorescence


IF studies were done for the expression of the protein of interest as per the standard protocol in our laboratory. Briefly, cells in chamber slides were fixed with 4% formalin for 15 min, washed, and incubated with 0.1% triton for 10 min. Blocking with 5% fetal bovine serum in PBS for a half-hour was followed by incubation overnight at 4 °C with primary antibodies, including goat anti-TREM-1(sc-19309), rabbit anti-TREM-2 (sc-48764), goat anti-HMGB-1 (sc-26351), rabbit anti-DAP-12 (sc-20783), rabbit anti-VDR (sc-9164), rabbit anti-Cyp24A1 (sc-32166), goat anti-Cyp27B1(sc-67261), and rabbit anti-PU.1 (sc-352) in 1:50 dilution from Santa Cruz Biotechnologies (Dallas, TX, USA), rabbit anti-IL-6 (ab6672) in 1:200 dilution, and mouse anti-TNF-α (ab1793) in 1:200 dilution from Abcam, Cambridge, MA, USA. Cells were washed with PBS three times for five minutes each, followed by incubation with corresponding Alexa Fluor 594 (red) and Alexa Fluor 488 (green) secondary antibodies (Life Technologies, Grand Island, NY, USA) in 1:1000 dilution for 30 min. After 3 washes with PBS, cells were counterstained with DAPI (4, 6-diamidino-2-phenylindole) to stain the nucleus and mounted with a mounting medium. Stained cells were scanned with an Olympus inverted fluorescent microscope (Olympus BX51). Mean fluorescence intensity (MFI) was calculated by Image-J software using 10 cells in each image with 3 images for each protein (n = 3).




4.3. RNA Isolation, cDNA Synthesis, and Real-Time PCR


Total RNA was extracted using Trizol reagent (Sigma, St Louis, MO, USA) following manufacturer’s instructions, and RNA yield was measured using Nanodrop 2000. The cDNA was prepared using an oligo (dT) primer and Improm II reverse transcription kit (Promega, Madison, WI, USA) following the manufacturer’s instructions. Real-time PCR (RT-qPCR) was performed in triplicate using SYBR Green using the CFX96 RT-PCR system (BioRad Laboratories, Hercules, CA, USA). The primers (Table 1) were obtained from Integrated DNA Technologies (Coralville, IA, USA). The PCR cycling conditions were 5 min at 95 °C for initial denaturation, 40 cycles of 30 s each at 95 °C (denaturation), 30 s at 55–60 °C (according to the primer annealing temperatures), and 30 s at 72 °C (extension) followed by melting curve analysis. Folds change in mRNA expression relative to controls was analyzed using 2−^^ct after normalization with GAPDH. Each experiment was repeated for three biological replicates (n = 3).




4.4. Small Interfering RNA (siRNA) Transfection Assay


PU.1 siRNA (sc-36330) transfection in HepG-2 cells was done according to the manufacturer’s instructions (Santa Cruz Biotechnologies. Dallas, TX, USA) in a 6-well plate using Lipofectamine 2000, Plus reagent, and Opti-MEM medium (Gibco). Then, 4 μL (40 nM) of siRNA, 14.4 μL of Lipofectamine, and 6 μL of Plus Reagent were used for transfection. Transfection assay was done for 48 h, repeated three times. LPS treatment of the transfected cells was performed for 24 h. The mRNA was extracted from the transfected cells and subjected to RT-PCR studies for PU.1 and TREM-1expression. The experiment was repeated three times.




4.5. Plasmid cDNA Transfection Assay


PU.1 plasmid (LZRS PU.1 WT #34835 from Addgene, Watertown, Massachusetts, USA) transfection was carried out in Hep G-2 cells according to manufactures protocol. Briefly, the plasmid was propagated with LB Agar (L24030-500, RPI Corp. Mount Prospect, IL, and the USA). Plasmid cDNA was prepared by using the QIAprep Spin Miniprep Kit (Quigen #27106) following the manufacturer’s protocol and quantitated by Nanodrop (Thermo Scientific, Rockford, IL, USA). Titration studies were undertaken using 1, 2, 4, and 10 μg cDNA. The maximum effect was found with 10 μg and hence was used for further studies. Transfection of PU.1 plasmid cDNA was done with the same protocol as in the case of siRNA transfection. The mRNA was extracted from the transfected cells and mRNA expression studies were performed for PU.1 and TREM-1 by RT-PCR. The experiment was repeated three times.




4.6. Migration, Invasion, and Proliferation Assay


Trans-well chamber inserts (Corning Inc. Corning, NY, USA) with 8-μm size were used for the migration and invasion assay. Hep G-2 and THLE-2 cells in a concentration of 5 × 104/mL in respective serum-free medium were inoculated on the upper chamber of the transwell. Serum-free medium with (IL-6, TNF-α, calcitriol) and without treatment was added to the lower compartment. Cells were incubated in a humidified incubator (5%CO2, 37 °C) for 24 h. Migrated cells through the permeable membrane were fixed with 100% methanol and stained with Hem-diff stain. Cells in 10 fields (20×) were scanned (n = 3).



A scratch test for cell migration was performed with cytokine IL-6 (10 ng/mL), TNF-α (10 ng/mL), and calcitriol (10 nM), and without treatment to check the effect on the migration of HepG-2 and THLE-2 cells in the presence and absence of IL-6, TNF- α, and calcitriol. Cells were grown till 80% confluence and the well was divided into 8 parts by scratching a vertical line in the middle and three equidistance horizontal lines. Each chamber was scanned at the 6 intersection fields along with the marked lines at 0, 6, 24, 48, and 72 h. Each experiment was done in three biological replicates (n = 3).



Proliferation assays to determine the effect of IL-6, TNF-α, and calcitriol on the proliferation of HepG-2 were done using cell counting kit-8 (CCK-8, DJ689 Dojindo). About 1500 HepG-2 cells were seeded in the wells of 96 well plates in 100 μL of serum-free media. Cells were incubated for 12, 24, 48, 72, and 96 h with and without treatments. Then, 10 μL of CCK-8 was added and incubated for 4 h in dark (5%CO2, 37 °C) and then OD values were calculated using the EnSpire 2300 Multilabel Reader (Perkin Elmer) at 450 nm. The experiment was repeated three times (n = 3).



Statistical analysis: All data are presented as mean ± SD from three independent experiments. Data were analyzed by Graph Pad Prism using One-Way ANOVA with Tukey’s multiple comparisons and a Student’s t-test between two groups. The Tukey test was used while comparing multiple means and Bonferroni’s post-hoc test was used for small comparisons. A p-value of < 0.05 was considered significant (* p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001).





5. Conclusions


Suppression of TREM-1, IL-6, and TNF-α expression and attenuation of the effect of IL-6, TNF-α, and LPS on TREM-1 suggests the therapeutic effect of calcitriol and the results suggest that supplementation of vitamin D will be beneficial in HCC to attenuate inflammation and delay the disease progression. The increased TREM-1 expression in HCC cells suggests the estimation of the TREM-1 level as a biomarker of inflammation and disease progression, which might be used to intervene at an earlier time point. A high TREM-1 level is associated with poor overall survival and decreased rate of relapse-free survival, and thus may serve as a prognostic factor for postoperative HCC recurrence. Further, the results of this study suggest PU.1 as an additional therapeutic target in HCC. Taken together, the results of this study suggest that vitamin D can be used as an adjunct with the conventional treatment for various stages of liver diseases and that TREM-1 levels might serve as a biomarker and prognostic factor in HCC.
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Figure 1. RT-PCR and immunofluorescence for TREM-1, IL-6, and TNFα and effect of calcitriol in Hep G2 cells. (a) RT-PCR analysis for expression of TREM-1 and TREM-2 Hep G-2 cells and the effect of calcitriol on the expression of TREM-1 and TREM-2 and the effect of IL-6 and TNFα on TREM-1 and TREM-2 expression; (b) mean fluorescence intensity (MFI) of TREM-1 and TREM-2 in Hep G2 and THLE2 cells; (c) immunofluorescence for TREM-1 (panels A and D) and TREM-2 (panels G and J) in Hep G2 and TLHE2 cells, (d) Western blot of TREM-1 and TREM-2 in HepG-2 cells without and with the treatment of IL-6, and TNF-α Interleukin (IL), tumor necrosis factor-alpha (TNFα), triggering receptor expressed on myeloid cells (TREM), normal liver epithelial cells (THLE-2), liver cancer cells (Hep G2). All data have been expressed as mean ± SD (n = 3). * p < 0.05 (* p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001). 
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Figure 2. Immunofluorescence for HMGB-1, DAP-12, and colocalization of TREM-1 and TREM-2 with DAP-12. HMGB-1 panels (A1,D1), DAP-12 panels (G1,J1,B2,F2), DAPI panels (B1,E1,H1,K1,C2,G2), merged images panels (C1,F1,I1,L1), TREM-1 panel (A2), TREM-2 panel (E2), colocalization of DAP-12 with TREM-1 panel (D2) and TREM-2 panel (H2). High mobility group box protein-1 (HMGB-1), triggering receptor expressed on myeloid cells (TREM), 12 kDa transmembrane protein (DAP-12). 
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Figure 3. Immunofluorescence for TREM-1 and the effect of calcitriol, IL-6, and TNF-α on TREM-1. TREM-1 panels (A,D,G,J,M,P), DAPI panels (B,E,H,K,N,Q), and merged images panels (C,F,I,L,O,R). Interleukin (IL), tumor necrosis factor-alpha (TNFα), triggering receptor expressed on myeloid cells (TREM), vitamin D/calcitriol (vit. D). 
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[image: Reports 04 00017 g003]







[image: Reports 04 00017 g004 550] 





Figure 4. RT-PCR and immunofluorescence for the effect of rHMGB-1 on TREM-1, IL-6, and TNFα. RT-PCR for the effect of recombinant high mobility group box protein (rHMGB1) on triggering receptor expressed on myeloid cells-1 (TREM-1; panel (a)), interleukin-6 (IL-6; panel (b)), and tumor necrosis factor-alpha (TNFα; panel (c)) in Hep G2 and THLE2 cells. Immunofluorescence for TREM-1 panels (A,D), IL-6 panel (G,J), and TNF-α panels (M,P), DAPI panels (B,E,H,K,N,Q), and merged images panels (C,F,I,L,O,R) in Hep G2 cells. All data have been expressed as mean ± SD (n = 3). * p < 0.05 (* < 0.05, ** < 0.01, and **** < 0.0001). 
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Figure 5. RT-PCR for the effect of calcitriol, IL-6, and TNF-α on NF-κB and PU.1, the effect of PU.1 on TREM-1 expression, and immunofluorescence for colocalization of TREM-1 and TREM-2 with PU.1. RT-PCR for nuclear factor kappa beta NF-κB; (panel 1), IκB Kinase (panel 2), PU.1 (panel 3), and effect of PU.1 siRNA and plasmid on triggering receptor expressed on myeloid cells- 1 TREM-1; (panel 4). Immunofluorescence (panel 5) for colocalization of PU.1 with TREM-1 (panel A, B, D, E, F, and H) and TREM-2 (panels I, J, L, M, N, and P) in THLE2 and Hep G2 cells. All data have been expressed as mean ± SD (n = 3). * p < 0.05 (* < 0.05, ** < 0.01, *** < 0.001 and **** < 0.0001). All images were scanned with a scale bar of 200 µm. 
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Figure 6. RT-PCR, immunofluorescence, and western blot for the effect of LPS and calcitriol on TREM-1 and TREM-2. RT-PCR for triggering receptor expressed on myeloid cells (TREM)-1 and -2 (panel 1); western blot (panel 2) mean fluorescence intensity for TREM-1 (panel 3); immunofluorescence for TREM-1 (panels 4A,D,G), TREM-2 (panels 4J,M,P), DAPI (panels 4B,E,H,K,N,Q), and merged images (panels 4C,F,I,L,O,R). All data have been expressed as mean ± SD (n = 3). * p < 0.05 (* < 0.05, ** < 0.01, *** < 0.001 and **** < 0.0001). * compared to control Hep G2 cells, $ comparison between LPS vs. LPS + calcitriol ($$$ p < 0.001). 






Figure 6. RT-PCR, immunofluorescence, and western blot for the effect of LPS and calcitriol on TREM-1 and TREM-2. RT-PCR for triggering receptor expressed on myeloid cells (TREM)-1 and -2 (panel 1); western blot (panel 2) mean fluorescence intensity for TREM-1 (panel 3); immunofluorescence for TREM-1 (panels 4A,D,G), TREM-2 (panels 4J,M,P), DAPI (panels 4B,E,H,K,N,Q), and merged images (panels 4C,F,I,L,O,R). All data have been expressed as mean ± SD (n = 3). * p < 0.05 (* < 0.05, ** < 0.01, *** < 0.001 and **** < 0.0001). * compared to control Hep G2 cells, $ comparison between LPS vs. LPS + calcitriol ($$$ p < 0.001).
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Figure 7. Scratch test for the effect of calcitriol, interleukin (IL)-6, and tumor necrosis factor (TNF)-α on the migration of Hep G2 cells at 0 h panels (A,D,G,J,M,P), 24 h panels (B,E,H,K,N,Q), and 48 h panels (C,F,I,L,O,R). All images were scanned at 20×. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001. panels (a–f) represent the average percent wound area without cells, panel (g,h) represent the average percent wound area without cells at 24 and 48 h respectively. C-control, IL-interleukin, Vit.D- vitamin D, TNFα- tumor necrosis factor-alpha, hr—hour. 
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[image: Reports 04 00017 g007]







[image: Reports 04 00017 g008 550] 





Figure 8. Invasion and proliferation assay: Trans-well invasion assay panel (i) in THLE-2 and Hep G2 cells showing migrated cells in control (panels A and G) and cells treated with interleukin (IL)-6 (panel B and K), tumor necrosis factor (TNF)-α (panel C and I), calcitriol (panels D and J), IL-6 + calcitriol (panels E and K), TNF-α + calcitriol (panels F and L). CCK-8 proliferation assay of Hep G2 cells panel (ii) (a) and RT-PCR for Ki67 panel (ii) (b). All data have been expressed as mean ± SD (n = 3). * p < 0.05 (* < 0.05, ** < 0.01, *** < 0.001 and **** < 0.0001). All images were scanned at 200 µm. 






Figure 8. Invasion and proliferation assay: Trans-well invasion assay panel (i) in THLE-2 and Hep G2 cells showing migrated cells in control (panels A and G) and cells treated with interleukin (IL)-6 (panel B and K), tumor necrosis factor (TNF)-α (panel C and I), calcitriol (panels D and J), IL-6 + calcitriol (panels E and K), TNF-α + calcitriol (panels F and L). CCK-8 proliferation assay of Hep G2 cells panel (ii) (a) and RT-PCR for Ki67 panel (ii) (b). All data have been expressed as mean ± SD (n = 3). * p < 0.05 (* < 0.05, ** < 0.01, *** < 0.001 and **** < 0.0001). All images were scanned at 200 µm.
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Figure 9. TREM-1 expression in SNU387 and effect of LPS and calcitriol on TREM-1, NF-κB, and IKK mRNA expression and proliferation. (Panel 1) Immunofluorescence for TREM-1 and IKK in SNU387 cells. TREM-1 and IKK expression (Red-Alexa Fluor 594) and DAPI (Blue). RT-PCR for TREM-1 (panel 2), and IKK (panel 3). MTT assay for the proliferation of SNU387 cells (panel 4). DAPI- 4′,6-diamidino-2-phenylindole, LPS- lipopolysaccharides, TREM1- triggering receptor expressed on myeloid cells 1, IKK- IκB kinase. * p < 0.05 (* < 0.05, ** < 0.01, and *** < 0.001). 
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Table 1. Nucleotide sequence for the primers used in RT-PCR. TREM: triggering receptor expressed on myeloid cells, IL: interleukin, TNF- α: tumor necrosis factor-alpha, NF-κB: nuclear factor kappa beta, GAPDH: Glyceraldehyde 3-phosphate dehydrogenase.






Table 1. Nucleotide sequence for the primers used in RT-PCR. TREM: triggering receptor expressed on myeloid cells, IL: interleukin, TNF- α: tumor necrosis factor-alpha, NF-κB: nuclear factor kappa beta, GAPDH: Glyceraldehyde 3-phosphate dehydrogenase.





	Gene
	Forward Primer
	Reverse Primer





	TREM-1
	5′-AGT TAC AGC CCA AAA CAT GC-3′
	5′-CAG CCC CCA CAA GAG AAT TA-3′



	TREM-2
	5′-ACA GAA GCC AGG GAC ACA TC-3′
	5′-CCT CCC ATC ATC TTC CTT CA-3′



	IL-6
	5′-AAA TTC GGT ACA TCC TCG ACG GCA-3′
	5′-CAG TGC CTC TTT GCT GCT TTC ACA-3′



	TNF-α
	5′ACC CTC AAC CTC TTC TGG CTC AAA-3′
	5′-AAT CCC AGG TTT CGA AGT GGT GGT-3′



	NF-κB
	5′-GAC TAC GAC CTG AAT GCT GTG-3′
	5′-GTC AAA GAT GGG ATG AGG AAG G-3′



	IKK
	5′-ATG AAT GCC TCT CGA CTT AGC-3′
	5′-CCA CCA GTT CTT CAC TCT TCT T-3′



	PU.1
	5′-AAG GGC AAC CGC AAG AA-3′
	5′-GGT AGG TGA GCT TCT TCT TCA C-3′



	Ki-67
	5′-CTT TGG GTG CGA CTT GAC G-3′
	5′-GTC GAC CCC GCT CCT TTT-3′



	GAPDH
	5′-GGT GAA GGT CGG AGT CAA CGG ATT TGG TCG-3′
	5′-GGA TCT CGC TCC TGG AAG ATG GTG ATG GG-3′
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