

  pharmaceuticals-15-01066




pharmaceuticals-15-01066







Pharmaceuticals 2022, 15(9), 1066; doi:10.3390/ph15091066




Article



Carboxyl Group-Modified Myoglobin Induces TNF-α-Mediated Apoptosis in Leukemia Cells



Yuan-Chin Lee 1, Jing-Ting Chiou 1, Liang-Jun Wang 1, Yi-Jun Shi 1, Ying-Jung Chen 2[image: Orcid] and Long-Sen Chang 1,3,*





1



Institute of Biomedical Sciences, National Sun Yat-sen University, Kaohsiung 804, Taiwan






2



Department of Fragrance and Cosmetic Science, Kaohsiung Medical University, Kaohsiung 807, Taiwan






3



Department of Biotechnology, Kaohsiung Medical University, Kaohsiung 807, Taiwan









*



Correspondence: lschang@mail.nsysu.edu.tw; Tel.: +886-7-5255813







Academic Editor: Mary J. Meegan



Received: 12 August 2022 / Accepted: 25 August 2022 / Published: 27 August 2022



Abstract

:

Previous studies have shown that chemical modification may increase the activity of proteins or confer novel activity to proteins. Some studies have indicated that myoglobin (Mb) is cytotoxic; however, the underlying mechanisms remain unclear. In this study, we investigated whether chemical modification of the carboxyl group by semicarbazide could promote the Mb cytotoxicity in human leukemia U937 cells and the underlying mechanism of semicarbazide-modified myoglobin (SEM-Mb)-induced U937 cell death. The semicarbazide-modified Mb (SEM-Mb) induced U937 cell apoptosis via the production of cleaved caspase-8 and t-Bid, while silencing of FADD abolished this effect. These findings suggest that SEM-Mb can induce U937 cell death by activating the death receptor-mediated pathway. The SEM-Mb inhibited miR-99a expression, leading to increased NOX4 mRNA and protein expression, which promoted SIRT3 degradation, and, in turn, induced ROS-mediated p38 MAPK phosphorylation. Activated p38 MAPK stimulated miR-29a-dependent tristetraprolin (TTP) mRNA decay. Downregulation of TTP slowed TNF-α mRNA turnover, thereby increasing TNF-α protein expression. The SEM-Mb-induced decrease in cell viability and TNF-α upregulation were alleviated by abrogating the NOX4/SIRT3/ROS/p38 MAPK axis or ectopic expression of TTP. Taken together, our results demonstrated that the NOX4/SIRT3/p38 MAPK/TTP axis induces TNF-α-mediated apoptosis in U937 cells following SEM-Mb treatment. A pathway regulating p38 MAPK-mediated TNF-α expression also explains the cytotoxicity of SEM-Mb in the human leukemia cell lines HL-60, THP-1, K562, Jurkat, and ABT-199-resistant U937. Furthermore, these findings suggest that the carboxyl group-modified Mb is a potential structural template for the generation of tumoricidal proteins.
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1. Introduction


Chemical modifications have been widely used to explore the functional significance of certain amino acid residues in proteins. If modifications of proteins result in a decrease in their biological activities, it can be inferred that these modified residues are important for the manifestation of protein activity [1,2,3]. However, experimental evidence has indicated that the activity of Candida antarctica and Thermomyces lanuginose lipase increases after modification of the carboxyl group using ethylenediamine [4]. Modification of Lys and Arg residues with maleic anhydride and 3-hydroxyphthalic anhydride confers anti-HIV activity to ovalbumin, which lacks antiviral activity prior to chemical modification [5,6]. Glycated bovine serum albumin and ovalbumin with carboxyl groups modified with p-aminophenyl α-D-mannopyranoside show membrane-permeabilizing and antibacterial activities [7,8,9,10]. The use of semicarbazide to block the negative charge in the carboxylic acid groups of α-lactalbumin (LA) enables it to destabilize bilayer membranes and induce cancer cell death [11,12]. These results indicate that chemical modifications can increase the protein activity and even create novel functions. Notably, semicarbazide-modified LA exhibits characteristics of a molten globule state [11]. In contrast, the lipid-protein complex formed by Ca2+-free apo-α-lactalbumin (apo-LA) and oleic acid exhibits tumoricidal activity associated with the molten globule-like conformation of apo-LA [13,14]. These findings suggest that chemical modifications may unlock intrinsically active regions masked in the protein structure by altering protein conformation, allowing modified protein to exhibit novel activity.



Myoglobin (Mb) is a monomeric O2-binding heme protein typically present in the cardiac and aerobic skeletal muscles of vertebrates and is responsible for the storage and transport of O2 [15]. The α-helix is the dominant secondary structure in Mb and apomyoglobin (apo-Mb) [16]. Selective cleavage of apo-Mb at Met55 and Met131 by CNBr yields the apo-Mb 56-131 peptide, causing a loss of α-helix [17]. In contrast to apo-Mb and Mb, the apo-Mb 56-131 peptide exhibits membrane leakage-inducing activity in physiological solutions [17]. These findings imply that the intact structure of Mb and apo-Mb hinders the active region at positions 56-131, exhibiting membrane-permeabilizing activity. This suggests that the structural changes in apo-Mb or Mb potentially expose the active region inside the proteins. Growing evidence indicates that Mb is expressed in breast cancer, prostate cancer, squamous cell carcinoma of the head and neck, non-small cell lung cancer, renal cell cancer, and colon cancer [18,19,20,21,22]. Breast cancer patients with higher Mb expression in tumor tissues have a better prognosis [23]. In contrast, treatment with 10 mg/mL Mb resulted in an approximately 60% to 85% reduction in the viability of the human proximal tubular cell line HK-2 [24]; however, the mechanism of Mb cytotoxicity is largely unknown. Based on these findings, we speculated that the anti-cancer activity of Mb is hindered by its structure, and that distortion of the Mb structure may increase its tumoricidal effect. As modification of the carboxyl group in LA with semicarbazide simultaneously changed its conformation and conferred the protein with anti-cancer effects [8], we envisioned the possibility of distorting the α-helical structure of Mb through carboxyl group modification to generate anti-cancer activity. Recent studies have shown that modification of the carboxyl group in Mb with semicarbazide profoundly distorts its gross structure [25]. Therefore, in this study, we investigated the cytotoxicity of semicarbazide-modified Mb (SEM-Mb). A previous study has confirmed that chemical modification of the carboxyl group enables LA to display cytotoxicity in human acute myeloid leukemia (AML) U937 cells [8]. Therefore, we used U937 cells to analyze the anti-leukemic activity and mechanism of SEM-Mb.




2. Results


2.1. The Death Receptor-Mediated Apoptotic Pathway Is Involved in SEM-Mb-Mediated Cytotoxicity


Unlike Mb, SEM-Mb was cytotoxic to the U937 cells (Figure 1A). The 50% inhibitory concentration (IC50) was approximately 1.5 μM after 24 h of treatment (Figure 1A). SEM-Mb-mediated cytotoxicity was further investigated using a single dose of 1.5 μM. The SEM-Mb treatment increased the number of annexin V-stained cells (Figure 1B) and induced degradation of procaspase-3/-8 and PARP (Figure 1C). Inhibition of caspase-3/-8 activity maintained cell viability even after SEM-Mb treatment (Figure 1D), suggesting that SEM-Mb-treated U937 cells underwent apoptosis. There is compelling evidence that t-Bid, produced by caspase-8-mediated cleavage of Bid, triggers disruption of the mitochondrial membrane potential (∆Ψm), leading to mitochondria-mediated apoptosis [26,27]. The SEM-Mb-treated U937 cells produced t-Bid (Figure 1E) and caused mitochondrial membrane depolarization (Figure 1F), suggesting that SEM-Mb-induced apoptosis is related to the activation of the caspase-8/mitochondria-mediated pathway. Treatment of U937 cells with SEM-Mb did not alter the expression of MCL1, BCL1, BCL2L1, and BAK but increased the expression of BAX protein. Accumulating evidence indicates that the TNF-family death receptors recruit FADD and procaspase-8 to activate caspase-8, thereby triggering caspase-3-mediated apoptosis [27]. Knockdown of FADD attenuated the cleavage of caspases-8/-3 and Bid in the cells exposed to SEM-Mb (Figure 1G). Furthermore, FADD silencing reduced SEM-Mb-induced cell death (Figure 1H). These findings indicated that the death receptor-mediated apoptotic pathway is involved in SEM-Mb-mediated cytotoxicity.




2.2. SEM-Mb Induces Ca2+-Elicited ROS Generation, Which in Turn Reduces U937 Cell Viability


In a previous study, Zager and Burkhart [24] reported that Mb-induced HK-2 cell death is related to Ca2+ and ROS signaling pathways. Thus, we analyzed whether Ca2+ and ROS were involved in the cytotoxicity of SEM-Mb against U937 cells. The SEM-Mb treatment triggered maximal ROS production after 6 h of treatment (Supplementary Figure S1A) and continued to increase the intracellular Ca2+ concentration ([Ca2+]i) over 24 h (Supplementary Figure S1B). The BAPTA-AM (a Ca2+ chelator) pretreatment alleviated ROS production induced by SEM-Mb (Supplementary Figure S1C), whereas NAC (an ROS scavenger) did not reduce [Ca2+]i in SEM-Mb-treated cells (Supplementary Figure S1C). Intracellular ROS are mainly produced by mitochondria and NADPH oxidase (NOX) [28,29]. Therefore, we analyzed the effect of NOX inhibitors on SEM-Mb-induced ROS production. Pretreatment with BAPTA-AM, NAC, and GLX351322 (an NOX4 inhibitor), but not ML171 (an NOX1 inhibitor), reduced ROS generation in SEM-Mb-treated cells (Supplementary Figure S1D). The GLX351322 failed to inhibit the SEM-Mb-induced [Ca2+]i elevation (Supplementary Figure S1C). SEM-Mb treatment also increased mitochondrial ROS levels (Supplementary Figure S1E). The BAPTA-AM, NAC, GLX351322, and Mito-TEMPO (mitochondria-targeted antioxidant) attenuated the effects of SEM-Mb on mitochondrial ROS production, ∆Ψm loss, and cell death (Supplementary Figure S1F–H). Evidently, SEM-Mb induced Ca2+-elicited ROS generation, which, in turn, reduced U937 cell viability.




2.3. SEM-Mb Induces Ca2+-Mediated Downregulation of miR-99a, Leading to Upregulation of NOX4 Expression


As our data indicated the involvement of NOX4 in SEM-Mb-induced ROS production, we analyzed the effect of SEM-Mb treatment on NOX4 expression. The SEM-Mb increased NOX4 protein and mRNA expression without affecting the NOX4 promoter luciferase activity (Figure 2A–C). The SEM-Mb treatment increased the half-life of NOX4 mRNA as shown by the mRNA turnover assay (Figure 2D). The BAPTA-AM pretreatment abolished SEM-Mb-induced NOX4 upregulation (Figure 2E,F), whereas NAC had no inhibitory effect (Figure 2G). These results indicate that SEM-Mb induced Ca2+-mediated NOX4 expression. Accumulating evidence has shown that miRNAs induce translational repression and mRNA degradation [30]. Several miRNAs including miR-137, miR-25, miR-99a, and miR-146a are known to promote NOX4 mRNA decay [31,32,33]. Therefore, we analyzed the expression of these miRNAs. Among the four miRNAs, SEM-Mb reduced miR-99a expression (Figure 2H) and BAPTA-AM pretreatment abolished this suppression (Figure 2I). Transfection with hsa-miR-99a diminished the SEM-Mb-induced upregulation of NOX4 protein and mRNA levels (Figure 2J,K). Consistent with this, the miR-99a mimic inhibited the SEM-Mb-induced stabilization of NOX4 mRNA (Figure 2L). These results indicate that SEM-Mb induces Ca2+-mediated downregulation of miR-99a, leading to the upregulation of NOX4 expression.




2.4. The Cytotoxicity of SEM-Mb Is Related to ROS-Mediated p38 MAPK Activation


Studies have indicated that MAPKs regulate apoptosis [34,35], and that Ca2+ and ROS signaling modulate MAPK phosphorylation [36,37]. Therefore, we analyzed the role of phosphorylated MAPK in SEM-Mb cytotoxicity. The SEM-Mb treatment increased p-p38 MAPK levels and reduced p-ERK levels; however, the levels of p-JNK remained unchanged (Figure 3A). Inhibition of p38 MAPK using SB202190 reversed the phosphorylation of p38 MAPK and ERK in SEM-Mb-treated cells (Figure 3B). In agreement, studies by Liu et al. [38] have reported inverse changes in p-p38 MAPK and p-ERK levels in U937 cells due to crosstalk between p38 MAPK and ERK. Pretreatment with NOX4 inhibitor or Mito-TEMPO abolished SEM-Mb-induced p38 MAPK activation (Figure 3C,D). Moreover, SB202190 inhibited SEM-Mb-induced cell death and ∆Ψm loss (Figure 3E,F). These findings highlight the causal relationship between ROS-mediated p38 MAPK activation and SEM-Mb-mediated cytotoxicity.




2.5. SEM-Mb Promotes TNF-α Expression via A p38 MAPK-Dependent Post-Transcriptional Pathway


As our results suggest that SEM-Mb cytotoxicity is associated with a death receptor-mediated pathway, we sought to analyze the effect of SEM-Mb treatment on the expression of TNF-α family proteins. The SEM-Mb increased TNF-α protein levels, but did not alter the expression of FasL, Fas, TRAIL, DR4, DR5, TNFR1, or TNFR2 (Figure 4A). Treatment with SEM-Mb did not affect TNF-α promoter luciferase activity but increased TNF-α transcript levels and slowed TNF-α mRNA decay (Figure 4B–D). SB202190 abrogated the effects of SEM-Mb on TNF-α expression and mRNA stabilization (Figure 4E–G). Collectively, our data confirmed that SEM-Mb promotes TNF-α expression via a p38 MAPK-dependent post-transcriptional pathway.




2.6. SEM-Mb-Induced p38 MAPK Activation Increases miR-29a Expression, Leading to the Inhibition of TTP Expression


Liu et al. [39] discovered that hydroquinone-induced upregulation of protein phosphatase 2A catalytic subunit α (PP2Acα) promoted the degradation of tristetraprolin (TTP) in U937 cells, thereby slowing TTP-mediated TNF-α mRNA decay. We analyzed the expression of TTP and PP2Acα and observed that SEM-Mb treatment reduced TTP but not PP2Acα protein expression (Figure 5A). Additionally, SEM-Mb did not affect TTP promoter luciferase activity, but reduced TTP transcript levels and mRNA stability (Figure 5B–D). These findings suggest that SEM-Mb downregulates TTP expression through a post-transcriptional mechanism, rather than through proteasomal degradation. The SEM-Mb failed to induce TNF-α upregulation in cells ectopically expressing TTP (Figure 5E,F). Overexpression of TTP deprived SEM-Mb of the ability to stabilize TNF-α mRNA (Figure 5G) and induce cell death (Figure 5H). The SB202190 abrogated the ability of SEM-Mb to downregulate TTP expression and destabilize TTP mRNA (Figure 5I–K). A previous study revealed that miR-29a targets the 3′-UTR of TTP mRNA, thus suppressing TTP expression [40]. We examined whether miR-29a was involved in SEM-Mb-induced TTP suppression. The SEM-Mb treatment increased miR-29a expression, whereas SB202190 pretreatment inhibited SEM-Mb-induced events (Figure 5L). Transfection with anti-miR-29a impaired the ability of SEM-Mb to reduce TTP protein and mRNA expression (Figure 5M,N). Compared to the negative anti-miR control-transfected cells, anti-miR-29a-transfeced cells decreased the decline of TTP mRNA after SEM-Mb treatment (Figure 5O). These findings confirm that SEM-Mb-induced p38 MAPK activation increases miR-29a expression, leading to the inhibition of TTP expression.




2.7. SEM-Mb Triggers p38 MAPK/TTP Axis-Dependent TNF-α Expression by Promoting SIRT3 Degradation


Previous studies have indicated that SIRT3 inhibition promotes mitochondrial ROS production in U937 cells [41]. Therefore, we analyzed the effect of SEM-Mb treatment on SIRT3 expression. The SEM-Mb treatment reduced SIRT3 protein levels but not mRNA expression (Figure 6A,B). Pretreatment with MG132 abrogated SEM-Mb-induced SIRT3 downregulation (Figure 6C), indicating that SEM-Mb treatment promotes SIRT3 degradation. Inhibition or depletion of NOX4 diminished the SEM-Mb-induced downregulation of SIRT3 (Figure 6D,E), indicating that NOX4 suppresses SIRT3 expression. The enforced expression of SIRT3 alleviated SEM-Mb-induced mitochondrial ROS production and cell death (Figure 6F,G). Compared to cells transfected with the empty vector, SEM-Mb failed to alter the expression of p-p38 MAPK, TNF-α, and TTP in pCMV-N-His-SIRT3-transfected cells (Figure 6H). These findings confirmed that SEM-Mb elicited mitochondrial ROS generation by promoting SIRT3 degradation, thereby triggering p38 MAPK/TTP axis-dependent TNF-α expression.




2.8. SEM-Mb Induces Apoptosis in HL-60 Cells via NOX4/SIRT3/p38 MAPK/TTP Axis-Dependent TNF-α Expression


To further examine whether SEM-Mb exhibited cytotoxicity in other leukemia cells through a similar pathway, we investigated its cytotoxicity in other leukemia cells. Daunorubicin and cytarabine are standard drugs for the treatment of acute myeloid leukemia [42,43]. Some studies have shown that, compared to U937 cells, HL-60 cells are more resistant to daunorubicin and cytarabine, owing to which HL-60 cells highly expressed myeloperoxidase [44,45]. Therefore, we investigated the cytotoxicity of SEM-Mb in leukemia HL-60 cells. Unlike Mb, SEM-Mb was cytotoxic to HL-60 cells with an IC50 value of approximately 2 μM (Figure 7A). The SEM-Mb treatment induced apoptosis in HL-60 cells (Figure 7B), whereas caspase inhibitors maintained cell viability, regardless of SEM-Mb treatment (Figure 7C). Use of BAPTA-AM, but not GLX351322, inhibited the SEM-Mb-induced [Ca2+]i elevation (Figure 7D). Both BAPTA-AM and GLX351322 abrogated cellular and mitochondrial ROS production in SEM-Mb-treated cells and protected HL-60 cells from SEM-Mb cytotoxicity (Figure 7E–G). Pretreatment with Mito-TEMPO attenuated SEM-Mb-induced mitochondrial ROS production and cell death (Figure 7F,G). The SEM-Mb-triggered NOX4 upregulation was alleviated by pretreatment with BAPTA-AM (Figure 7H). Collectively, our data indicate that SEM-Mb stimulated mitochondrial ROS production in HL-60 cells through Ca2+-mediated NOX4 expression. The SEM-Mb decreased SIRT3 and TTP expression but increased p38 MAPK and TNF-α levels, whereas GLX351322 inhibited SEM-Mb-induced effects (Figure 7I). Transfection with pCMV3-N-His-SIRT3 eliminated the SEM-Mb-induced p38 MAPK phosphorylation and cell death (Figure 7J,K). Pretreatment with SB202190 increased TTP expression and decreased TNF-α expression in HL-60 cells treated with SEM-Mb (Figure 7L). Overexpression of TTP attenuated the induction of TNF-α expression and cell death induced by SEM-Mb (Figure 7M,N). These results confirm that SEM-Mb induces apoptosis in HL-60 cells via NOX4/SIRT3/p38 MAPK/TTP axis-dependent TNF-α expression.




2.9. SEM-Mb Induces Death of THP-1, K562, Jurkat, and ABT-199-Resistant U937 Cells via p38 MAPK-Mediated TNF-α Expression


In addition to U937 and HL-60 cells, the cytotoxicity of SEM-Mb on AML THP-1, chronic myeloid leukemia (CML) K562, and acute lymphoblastic leukemia (ALL) Jurkat cells was analyzed. The IC50 values of SEM-Mb on THP-1, K562, and Jurkat cells were 2 μM, 1.5 μM, and 1.5 μM, respectively (Supplementary Figure S2A). Treatment with SEM-Mb induced apoptosis of these cells (Supplementary Figure S2B). Furthermore, SEM-Mb induced p38 MAPK activation and TNF-α upregulation in THP-1, K562, and Jurkat cells (Supplementary Figure S2C). Pretreatment with SB202190 inhibited SEM-Mb induced apoptosis and TNF-α upregulation, indicating that SEM-Mb-induced death of THP-1, K562, and Jurkat cells occurs through p38 MAPK-dependent TNF-α expression. The BCL2 inhibitor ABT-199 has been used to treat chronic lymphocytic leukemia and AML [46]. However, ABT-199-induced upregulation of MCL1 expression confers resistance to this drug [46]. We further examined whether SEM-Mb potentially induced the death of ABT-199-resistant U937 cells and observed that the cytotoxicity of SEM-Mb to ABT-199-resistant U937 cells was related to p38 MAPK-dependent TNF-α expression (Supplementary Figure S2A–C). Collectively, these findings indicate that SEM-Mb is cytotoxic to other leukemia cells.





3. Discussion


Our data indicate that SEM-Mb induces Ca2+-mediated miR-99a downregulation, resulting in increased NOX4 expression in U937 cells. The NOX4-triggered SIRT3 degradation promotes mitochondrial ROS/p38 MAPK-mediated miR-29a expression, thereby downregulating TTP expression. As TTP destabilizes TNF-α mRNA, SEM-Mb-induced TTP downregulation increases TNF-α expression (Figure 8). Consequently, SEM-Mb activates the TNF-α-mediated death pathway in U937 cells. Abolishment of TNF-α upregulation protected U937 cells from SEM-Mb-induced cell death, indicating a causal role of TNF-α in SEM-Mb-mediated cytotoxicity. A similar mechanism also explains SEM-Mb-induced death of HL-60 cells. In addition, p38 MAPK-mediated TNF-α expression was associated with cytotoxicity of SEM-Mb against THP-1, K562, Jurkat, and ABT-199-resistant U937 cells. Our data showed that SEM-Mb effectively inhibited the viability of chemo-resistant leukemia cells. Recent studies have revealed that docetaxel induces SIDT2-mediated lysosomal degradation of miR-25, resulting in decreased NOX4 mRNA decay [47]. However, the depletion of SIDT2 using siRNA did not increase miR-99a expression in SEM-Mb-treated U937 cells (data not shown). Therefore, the mechanism underlying SEM-Mb-induced miR-99a downregulation remains unclear. Compelling evidence indicates that SIRT3-mediated deacetylation is essential for the activity of SOD2 to remove mitochondrial ROS [48,49]. Shanmugasundaram et al. [50] demonstrated that NOX4 modulates mitochondrial ROS production. Consistent with these findings, our data showed that SEM-Mb-induced NOX4 expression promotes SIRT3 degradation, thereby increasing mitochondrial ROS production. A previous study indicated that Skp2, an E3 ubiquitin protein ligase, modulates SIRT3 degradation [51]. Pretreatment with SZL P1-41 (an Skp2 inhibitor) did not affect the SEM-Mb-induced SIRT3 downregulation (data not shown). Therefore, the mechanism underlying NOX4-elicited SIRT3 degradation remains elusive. Wang et al. [41] demonstrated that albendazole induces TTP degradation in U937 cells by triggering p38 MAPK-dependent TTP phosphorylation. Other studies have indicated that hydroquinone induces p38 MAPK/PP2A axis-dependent TTP degradation in U937 cells [47]. The data in this study revealed that p38 MAPK-mediated miR-29a expression destabilizes TTP mRNA in U937 cells after SEM-Mb treatment. Taken together, these results suggest that the regulatory mechanism of p38 MAPK in suppressing TTP expression is stimulus-dependent. Notably, previous studies have shown that, in addition to apoptosis, increased ROS production triggers necroptosis or ferroptosis [52]. Although necroptosis can be activated by the ligand binding to TNF family receptors, activated caspase-8 is not involved in the necroptosis pathway [53]. On the other hand, the mechanism of ferroptosis is independent of the caspase-mediated pathway [54]. As the cytotoxicity of SEM-Mb is related to the activation of caspase-8/-3 (Figure 1D), it is conceivable that SEM-Mb-induced cell death is not mediated through necroptosis or ferroptosis.



The heme oxygenase activity of Mb catalyzes the production of cellular ROS [55,56]. Because SEM-Mb lacks a heme group as shown by the loss of the Soret peak, we hypothesized that SEM-Mb-induced ROS generation is independent of heme oxygenase activity. Braganza et al. [57] argued that the heme group of Mb is essential for Mb-induced inhibition of breast cancer cell proliferation and that the growth inhibitory mechanism of intracellularly expressed Mb is achieved through the inhibition of mitochondrial fission. Our results showed that extracellular treatment with SEM-Mb, but not Mb, activated the TNF-α-mediated death pathway in leukemia cells. Zager and Burkhart [24] found that Mb treatment induced the death of the human proximal tubular cell line HK-2. Other studies have suggested that megalin- and cubilin-mediated endocytosis of Mb in the renal proximal tubule leads to nephrotoxicity [58]. Therefore, the possibility that internalization of SEM-Mb modulates its cytotoxicity warrants further investigation. Notably, treatment with 10 mg/mL (~588 μM) Mb for 24 h resulted in an approximately 65–85% reduction in the viability of HK2 cells [24]. Our results indicate that SEM-Mb at a concentration of ≤2.0 μM considerably reduced the viability of U937 and HL-60 cells. It is evident that the modification of the carboxyl groups renders Mb more cytotoxic. Some studies have indicated that free heme released from hemoproteins induces TNF-α-dependent death in macrophages [59]. Given that SEM-Mb does not contain a heme group, we believe that the mechanism by which SEM-Mb induces TNF-α upregulation in leukemia cells differs from that of heme in macrophages.



Compelling evidence indicates that oleic acid stabilizes the molten globular conformation of apo-LA, which is essential for the cytotoxicity of apo-LA-oleic acid complexes [14,60]. The structure of apo-Mb has a molten globule-like character [61], and lipid-protein complexes formed by apo-Mb and oleic acid also show antitumor activity [62]. Notably, carboxyl group-modified LA with a molten globule conformation exhibits cytotoxicity in U937 and breast cancer MCF-7 cells [11,12]. Together with the finding that modification of the carboxyl groups causes dramatic distortion of the Mb structure [25], our results underscore the idea that conformational changes are related to SEM-Mb cytotoxicity. Previous studies have indicated that the apo-Mb 56-131 peptide exhibits membrane-perturbing activity in physiological solutions, whereas apo-Mb and Mb failed to show this activity [17]. More importantly, the apo-Mb 56-131 peptide loses the characteristic α-helical structure of apo-Mb and Mb [17]. These results indicate that the inherent activity of the peptide fragment at positions 56-131 was hindered by the intact protein structure of Mb and apo-Mb. Although the data from this study revealed that SEM-Mb is cytotoxic to leukemia cells, the application of SEM-Mb as a tumoricidal agent requires further study to evaluate its feasibility. Importantly, the potential immunogenicity of SEM-Mb for inducing antibodies against SEM-Mb in vivo should be considered. Several studies have shown that the repeated use of protein pharmaceuticals induces antibodies against these agents, thereby reducing their efficacy [63,64]. To eliminate this possibility, a viable idea is to decipher the active region in SEM-Mb responsible for anti-leukemia activity and then use this active region to develop peptidomimetics. Notably, El-Maksound et al. [65] reported that milk protein-mucilage complexes formed by milk proteins with Isabgol husk mucilage or Ziziplus spina-christi mucilage enhanced the anti-cancer activity of milk proteins. As reducing the dose and frequency of using SEM-Mb can delay its potential antibody induction, complexation of SEM-Mb with natural components may be a feasible strategy to increase its anti-leukemia activity at a reduced dose.




4. Materials and Methods


4.1. Chemicals


Myoglobin (Mb) from equine skeletal muscle, semicarbazide, N-acetylcysteine (NAC), actinomycin D, SB202190, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), Mito-TEMPO, MG132, and HRP-linked secondary antibodies were purchased from Sigma-Aldrich Inc. (St. Louis, MO, USA), and Z-DEVD-FMK and Z-IETD-FMK were from Calbiochem (San Diego, CA, USA). The ML171 and GLX351322 were obtained from MedChem Express (Monmouth Junction, NJ, USA), and H2DCFDA, rhodamine 123, Fluo-4 AM, MitoSOX Red, and BAPTA-AM were from Thermo Fisher Scientific (Waltham, MA, USA).




4.2. Modification of Mb with Semicarbazide


Chemical modification of the carboxyl groups in Mb with semicarbazide (Supplementary Figure S3) was conducted according to the procedure described in [25]. A MALDI-TOF analysis showed that there were approximately 19 semicarbazide-conjugated carboxyl groups in the SEM-Mb. Measurement of circular dichroism spectra indicated that the carboxyl group modification profoundly distorted the secondary structure of Mb [25].




4.3. Cell Culture


Human AML U937, AML HL-60, AML THP-1, CML K562, and ALL Jurkat cells from BCRC (Hsinchu, Taiwan) were grown in RPMI-1640 medium supplemented with 10% FCS, 2 mM L-glutamine, 1% sodium pyruvate, and 1% streptomycin/penicillin. Cells were maintained in a humidified incubator with a 95% air/5% CO2 atmosphere at 37 °C. Cell viability was detected using a MTT assay [66]. Cell apoptosis was detected by staining cells with annexin V-FITC kit (Thermo Fisher Scientific) followed by flow cytometric analysis. The ABT-199-resistant U937 cells were prepared according to the procedure described in our previous studies [67]. Cell culture supplements and media were the products of GIBCO/Life Technologies Inc. (Carlsbad, CA, USA). The morphologies of U937, HL-60, THP-1, K562, Jurkat, and ABT-199-resistant U937 cells are shown in Supplementary Figure S4.




4.4. Detection of ROS, [Ca2+]i, and Mitochondrial Depolarization


Intracellular and mitochondria ROS levels were detected using H2DCFDA and MitoSOX Red, respectively. Rhodamine 123 and Fluo-4 AM were employed to measure mitochondrial membrane potential (∆Ψm) and [Ca2+]i, respectively. After treatment in the indicated conditions, cells were incubated with 10 μM H2DCFDA, 5 μM MitoSOX, 1 mM Fluo-4 AM, or 20 nM rhodamine 123 for 15 min. Afterwards, cells were washed in phosphate-buffered saline, and the fluorescent signal was measured using flow cytometry.




4.5. Immunoblotting


Immunoblotting was performed essentially as previously described [68]. The primary antibodies used for immunoblotting were shown as following: β-actin (Sigma-Aldrich Inc., St. Louis, MO, USA), BCL2L1, BID (BD Pharmingen Technical, San Jose, CA, USA), BAX, BAK, BCL2, SIRT3, TNFR2, DR4, DR5, JNK, p38 MAPK, ERK, p-JNK, p-p38 MAPK, p-ERK, caspase-3, caspase-8 (Cell Signaling Technology, Beverly, MA, USA), NOX4 (Novus Biologicals, Centennial, CO, USA), FADD, TNF-α, FasL, Fas, PP2Acα, MCL1, tristetraprolin (TTP), PARP, TRAIL (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and TNFR1 (R&D Systems, Minneapolis, MI, USA). Protein bands visualization was done with enhanced chemiluminescence substrate (Perkin Elmer. Waltham, MA, USA). Each immunoblot was performed no less than three times.




4.6. qRT-PCR


The RNeasy mini kit (QIAGEN, Leiden, The Netherlands) was used to extract total cellular RNA. The M-MLV reverse transcriptase (Promega, Madison, WI, USA) was used to synthesize cDNAs. The qPCR was conducted using GoTaq qPCR Master mix (Promega). Gene expression was calculated using 2−ΔΔCt method relative to GAPDH mRNA levels. The PCR primer sequences are shown in Supplementary Table S1. To determine TNF-α, TTP, and NOX4 mRNA half-lives, transcription was inhibited by incubation with 10 μg/mL actinomycin D for the indicated time periods.




4.7. Transfection with Plasmid and siRNA


The plasmids pCMV3-N-His-SIRT3 and pCMV-TTP-HA were described in our previous studies [41]. Gene silencing experiments were performed using FADD siRNA, NOX4 siRNA, and negative control siRNA (Santa Cruz Biotechnology). TurboFect™ Transfection Reagent (Thermo Fisher Scientific) was used to transfect plasmids and siRNAs into cells.




4.8. Stem-Loop qRT-PCR for miRNAs


Reverse transcription of miRNAs was performed using ImProm-II Reverse Transcription System (Promega) and stem-loop reverse transcription (RT) primer. The expression levels of miRNAs were analyzed using GoTaq qPCR Master mix (Promega). Stem-loop RT primers and qPCR primers for miRNAs are listed in Supplementary Table S2.




4.9. Transient Transfection of miRNA Mimic and Inhibitor


AmbionTM anti-miR-29a, hsa-miR-99a, negative control miR, and negative anti-miR control from Life Technologies Corporation (Carlsbad, CA, USA) were transfected into cells using TurboFect™ Transfection Reagent (Thermo Fisher Scientific). After 24 h post-transfection, the cells were treated with SEM-Mb for 24 h.




4.10. Luciferase Assay


The luciferase construct pGL3-TNF-α and pGL3-NOX4 were described elsewhere [12,69]. The human TTP promoter region containing nucleotides −1345 to +66 was subcloned into pGL3-basic vector (Promega) between SacI and XhoI sites. TurboFect™ Transfection Reagent (Thermo Fisher Scientific) was used to transfect the promoter constructs into cells. Luciferase activity was measured using dual-luciferase reporter assay system kit (Promega). To normalize the transfection efficiency, the luciferase signal was calculated using the Renilla luciferase signal as an internal control.




4.11. Statistical Analysis


Results are expressed as the mean ± SD of at least three independent experiments. The statistical significance of differences between two groups was evaluated using Student’s t-test. Comparison of multiple groups was performed using one-way ANOVA with Tukey’s test. p value of < 0.05 was defined statistically significant.





5. Conclusions


Our data reveal that chemical modification of the carboxyl groups with semicarbazide enables Mb to show cytotoxicity and demonstrate that the chemically modified Mb activates TNF-α-mediated apoptosis in U937 cells through a NOX4/SIRT3/p38 MAPK/TTP axis-mediated pathway. A similar pathway also describes the cytotoxicity of semicarbazide-modified Mb in HL-60, THP-1, K562, Jurkat, and ABT-199-resistant U937 cells. Notably, Mb does not show cytotoxic activity prior to modification of the carboxyl group. Together with the finding that carboxyl group modification leads to conformational distortion in Mb [25], the data from this study highlight that chemical modification is a viable strategy for exploring intrinsic activities hindered by the conformation of protein. Furthermore, our data suggest that the carboxyl group-modified Mb is a potential structural template for the generation of tumoricidal proteins.
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Figure 1. SEM-Mb-treated U937 cells underwent apoptosis. Without specific indication, U937 cells were treated with 1.5 μM SEM-Mb for 24 h. (A) SEM-Mb induced cell death in a concentration- and time-dependent manner. U937 cells were incubated with varying concentrations of SEM-Mb or Mb for 24 h. Cell viability was determined by MTT assay. Results are expressed as the percentage of cell survival relative to the control. Each value is the mean ± SD of triplicate determinations. (Inset) U937 cells were incubated with 1.5 μM SEM-Mb for indicated time periods. (B) Flow cytometry analyses of SEM-Mb-treated U937 cells using annexin V-FITC/propidium iodide double staining. (Left) Untreated control cells. (Right) U937 cells were treated with 1.5 μM SEM-Mb for 24 h. On flow cytometric scatter graphs, the left lower quadrant represents remaining live cells. The right lower quadrant represents the population of early apoptotic cells. The right upper quadrant represents the accumulation of late apoptotic cells. (C) Western blot analyses showing the degradation of procaspase-3/-8 and PARP in SEM-Mb-treated cells. (D) Pretreatment with caspase inhibitors restored the viability of SEM-Mb -treated cells. U937 cells were pretreated with 10 μM Z-DEVD-FMK (caspase-3 inhibitor) or Z-IETD-FMK (caspase-8 inhibitor) for 1 h, and then incubated with 1.5 μM SEM-Mb for 24 h. Cell viability was determined by MTT assay. The values represent averages of three independent experiments with triplicate measurement (mean ± SD, * p < 0.05). (E) Effect of SEM-Mb on the production of t-Bid and the expression of BCL2 family proteins. (F) Dissipation of mitochondrial membrane potential (∆Ψm) in SEM-Mb-treated cells. U937 cells were treated with 1.5 μM SEM-Mb for 24 h, and then incubated with rhodamine 123 for 15 min. The loss of ∆Ψm was analyzed by flow cytometry. (G) Transfection of FADD siRNA inhibited SEM-Mb-induced the degradation of procaspase-8/-3 and the production of t-Bid. U937 cells were transfected with 100 nM control siRNA or FADD siRNA, respectively. After 24 h post-transfection, the cells were treated with 1.5 μM SEM-Mb for 24 h. (H) Depletion of FADD inhibited SEM-Mb-induced cell death (mean ± SD, * p < 0.05). 
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Figure 2. SEM-Mb treatment increased NOX4 expression in U937 cells. U937 cells were directly treated with 1.5 μM SEM-Mb for 24 h or pre-treated with 10 μM BAPTA-AM or 2 mM NAC for 1 h and then incubated with 1.5 μM SEM-Mb for 24 h. (A) SEM-Mb induced NOX4 upregulation. (B) Detecting the transcription of NOX4 mRNA using qRT-PCR. The values represent averages of three independent experiments with triplicate measurements (mean ± SD, * p < 0.05). (C) Effect of SEM-Mb on the luciferase activity of NOX4 promoter. After transfection with pGL3-NOX4 for 24 h, the transfected cells were treated with 1.5 μM SEM-Mb for 24 h and then harvested for measuring luciferase activity. The data represent averages of three independent experiments with triplicate measurements (mean ± SD, NS, not statistically significant). (D) Effect of SEM-Mb treatment on NOX4 mRNA stability. Cells were treated with or without 1.5 μM SEM-Mb for 24 h, and then incubated with 10 μg/mL actinomycin D for the indicated time periods. The level of NOX4 mRNA was analyzed by qRT-PCR (mean ± SD, * p < 0.05). SEM-Mb-untreated and -treated cells without actinomycin D treatment were used as control. (E) Effect of BAPTA-AM on NOX4 protein expression in SEM-Mb-treated cells. (F) Effect of BAPTA-AM on NOX4 mRNA expression in SEM-Mb-treated cells (mean ± SD, * p < 0.05). (G) Effect of NAC on NOX4 protein expression in SEM-Mb-treated cells. (H) Effect of SEM-Mb on the expression of miR-25, miR-137, miR-146a, and miR-99a (mean ± SD, * p < 0.05; NS, not statistically significant). (I) Effect of BAPTA-AM on the expression of miR-99a in SEM-Mb-treated cells (mean ± SD, * p < 0.05). (J) Transfection of hsa-miR-99a inhibited SEM-Mb-induced NOX4 upregulation. Cells were transfected with negative control miRNA or hsa-miR-99a. After 24 h post-transfection, the cells were treated with 1.5 μM SEM-Mb for 24 h. (Top panel) qRT-PCR analysis of miR-99a levels in hsa-miR-99a-transfected cells (mean ± SD, * p < 0.05). (Bottom panel) Western blot analysis of NOX4 expression in hsa-miR-99a-transfected cells after SEM-Mb treatment. (K) Transfection of hsa-miR-99a inhibited SEM-Mb-induced increase in NOX4 mRNA expression (mean ± SD, * p < 0.05). (L) Transfection of hsa-miR-99a increased NOX4 mRNA turnover in SEM-Mb-treated cells. The negative control miRNA- and hsa-miR-99a-transfected cells were treated with 1.5 μM SEM-Mb for 24 h, and then incubated with 10 μg/mL actinomycin D for the indicated time periods. The level of NOX4 mRNA was analyzed by qRT-PCR (mean ± SD, * p < 0.05). NOX4 mRNA levels in cells not treated with actinomycin D were taken as 1. 
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Figure 3. SEM-Mb triggered p38 MAPK phosphorylation by increasing mitochondrial ROS production. U937 cells were directly treated with 1.5 μM SEM-Mb for 24 h or pre-treated with 10 μM GLX351322, 10 μM Mito-TEMPO, or 10 μM SB202190 for 1 h and then incubated with 1.5 μM SEM-Mb for 24 h. (A) Western blot analyses of phosphorylated MAPKs in SEM-Mb-treated cells. (B) Effect of SB202190 on p-p38 MAPK and p-ERK levels in SEM-Mb-treated cells. Effect of (C) GLX351322 and (D) Mito-TEMPO on p-p38 MAPK levels in SEM-Mb-treated cells. (E) Effect of SB202190 on the viability of SEM-Mb-treated cells (mean ± SD, * p < 0.05). (F) Effect of SB202190 on SEM-Mb-induced ∆Ψm loss (mean ± SD, * p < 0.05). 
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Figure 4. SEM-Mb-treated U937 cells showed increased TNF-α expression by reducing the decline in TNF-α mRNA. U937 cells were directly treated with 1.5 μM SEM-Mb for 24 h or pre-treated with 10 μM SB202190 for 1 h and then incubated with 1.5 μM SEM-Mb for 24 h. (A) Effect of SEM-Mb on TNF-α, TNFR1, TNFR2, TRAIL, DR4, DR5, Fas, and FasL protein expression. (B) Effect of SEM-Mb on the luciferase activity of the TNF-α promoter construct. TNF-α promoter construct-transfected cells were treated with 1.5 μM SEM-Mb for 24 h and then harvested for measuring luciferase activity (mean ± SD, NS, not statistically significant). (C) qRT-PCR analyses of TNF-α mRNA levels in SEM-Mb-treated cells (mean ± SD, * p < 0.05). (D) Effect of SEM-Mb treatment on TNF-α mRNA stability. Cells were treated with or without 1.5 μM SEM-Mb for 24 h, and then incubated with 10 μg/mL actinomycin D for the indicated time periods. The levels of TNF-α mRNA were analyzed by qRT-PCR (mean ± SD, * p < 0.05). (E) Effect of SB202190 on SEM-Mb-induced TNF-α expression. (F) Effect of SB202190 on TNF-α mRNA expression in SEM-Mb-treated cells (mean ± SD, * p < 0.05). (G) Effect of SB202190 on SEM-Mb-induced stabilization of TNF-α mRNA. U937 cells were pre-treated with 10 μM SB202190 for 1 h, and then incubated with 1.5 μM SEM-Mb for 24 h. SEM-Mb- and SB202190/SEM-Mb-treated cells were incubated with 10 μg/mL actinomycin D for the indicated time periods (mean ± SD, * p < 0.05). 
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Figure 5. Inhibition of TTP expression by p38 MAPK prolonged the half-life of TNF-α mRNA in SEM-Mb-treated U937 cells. U937 cells were directly treated with 1.5 μM SEM-Mb for 24 h or pre-treated with 10 μM SB202190 for 1 h and then incubated with 1.5 μM SEM-Mb for 24 h. (A) Effect of SEM-Mb on PP2Acα and TTP protein expression. (B) Effect of SEM-Mb on the luciferase activity of TTP promoter. After transfection with pGL3-TTP for 24 h, the transfected cells were treated with 1.5 μM SEM-Mb for 24 h and then harvested for measuring luciferase activity (mean ± SD, NS, not statistically significant). (C) qRT-PCR analyses of TTP mRNA levels in SEM-Mb-treated cells (mean ± SD, * p < 0.05). (D) Effect of SEM-Mb treatment on TTP mRNA stability. Cells were treated with or without 1.5 μM SEM-Mb for 24 h, and then incubated with 10 μg/mL actinomycin D for the indicated time periods. The levels of TTP mRNA were analyzed by qRT-PCR (mean ± SD, * p < 0.05). (E) Overexpression of TTP attenuated SEM-Mb-induced TNF-α upregulation. After transfection with an empty vector or pCMV-TTP-HA for 24 h, the transfected cells were treated with 1.5 μM SEM-Mb for 24 h. (F) Effect of TTP overexpression on TNF-α mRNA levels in SEM-Mb-treated cells (mean ± SD, * p < 0.05). (G) Effect of SEM-Mb treatment on TNF-α mRNA stability in pCMV-TTP-HA-transfected cells. The empty vector- and pCMV-TTP-HA-transfected cells were treated with 1.5 μM SEM-Mb for 24 h, and then incubated with 10 μg/mL actinomycin D for the indicated time periods. The levels of TNF-α mRNA were analyzed by qRT-PCR (mean ± SD, * p < 0.05). (H) Overexpression of TTP rescued the viability of SEM-Mb-treated cells (mean ± SD, * p < 0.05). (I) Effect of SB202190 on TTP expression in SEM-Mb-treated cells. (J) Effect of SB202190 on TTP mRNA levels in SEM-Mb-treated cells. The levels of TTP mRNA were analyzed by qRT-PCR (mean ± SD, * p < 0.05). (K) Effect of SB202190 on TTP mRNA turnover in SEM-Mb-treated cells. U937 cells were pre-treated with 10 μM SB202190 for 1 h, and then incubated with 1.5 μM SEM-Mb for 24 h. SEM-Mb- and SB202190/SEM-Mb-treated cells were incubated with 10 μg/mL actinomycin D for the indicated time periods (mean ± SD, * p < 0.05). (L) Effect of SB202190 on the expression of miR-29a in SEM-Mb-treated cells (mean ± SD, * p < 0.05). (M) Transfection of anti-miR-29a inhibited SEM-Mb-induced TTP downregulation. Cells were transfected with negative control anti-miR or anti-miR-29a. After 24 h post-transfection, the cells were treated with 1.5 μM SEM-Mb for 24 h. (Top panel) qRT-PCR analysis of miR-29a levels in anti-miR-29a-transfected cells (mean ± SD, * p < 0.05). (Bottom panel) Western blot analysis of TTP expression in anti-miR-29a-transfected cells after SEM-Mb treatment. (N) Transfection of anti-miR-29a increased the expression of TTP mRNA in SEM-Mb-treated cells. The negative control anti-miR- and anti-miR-29a-transfected cells were treated with 1.5 μM SEM-Mb for 24 h. The levels of TTP mRNA were analyzed by qRT-PCR (mean ± SD, * p < 0.05). (O) Transfection of anti-miR-29a reduced TTP mRNA turnover in SEM-Mb-treated cells. The negative control anti-miR- and anti-miR-29a-transfected cells were treated with 1.5 μM SEM-Mb for 24 h, and then incubated with 10 μg/mL actinomycin D for the indicated time periods. The levels of TTP mRNA were analyzed by qRT-PCR (mean ± SD, * p < 0.05). 
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Figure 6. NOX4-mediated SIRT3 degradation regulated p38 MAPK/TTP axis-dependent TNF-α upregulation in SEM-Mb-treated cells. U937 cells were directly treated with 1.5 μM SEM-Mb for 24 h or pre-treated with 1 μM MG132 or 10 μM GLX351322 for 1 h and then incubated with 1.5 μM SEM-Mb for 24 h. (A) Effect of SEM-Mb on SIRT3 expression. (B) qRT-PCR analyses of SIRT3 mRNA levels in SEM-Mb-treated cells (mean ± SD, NS, not statistically significant). Effect of (C) MG132 and (D) GLX351322 on the SIRT3 expression in SEM-Mb-treated cells. (E) Effect of NOX4 depletion on SIRT3 expression in U937 cells. U937 cells were transfected with 100 nM negative control siRNA or NOX4 siRNA, respectively. After 24 h post-transfection, the cells were treated with 1.5 μM SEM-Mb for 24 h. (F) Effect of SIRT3 overexpression on SEM-Mb-induced the production of mitochondrial ROS in U937 cells (mean ± SD, * p < 0.05). U937 cells were transfected with empty vector or pCMV3-N-His-SIRT3, respectively. After 24 h post-transfection, the transfected cells were treated with 1.5 μM SEM-Mb for 24 h. (G) Effect of SIRT3 overexpression on the viability of SEM-Mb-treated cells (mean ± SD, * p < 0.05). (H) Effect of SIRT3 overexpression on the expression of p-p38 MAPK, TTP, and TNF-α in SEM-Mb-treated U937 cells. 
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Figure 7. SEM-Mb-induced HL-60 cell death was associated with increased TNF-α expression triggered by the NOX4/SIRT3/p38 MAPK/TTP axis. Without specific indication, HL-60 cells were treated with 2 μM SEM-Mb for 24 h. HL-60 cells were pre-treated with 10 μM Z-DEVD-FMK, 10 μM Z-IETD-FMK, 10 μM BAPTA-AM, 10 μM GLX351322, 10 μM Mito-TEMPO, or 10 μM SB202190 for 1 h, and then incubated with 2 μM SEM-Mb for 6 h (for measuring ROS levels and MitoSOX fluorescence) or 24 h (for measuring [Ca2+]i and cell viability). (A) SEM-Mb induced cell death in a concentration-dependent manner. HL-60 cells were incubated with varying concentrations of SEM-Mb or Mb for 24 h. Cell viability was determined by MTT assay. Results are expressed as the percentage of cell survival relative to the control. Each value is the mean ± SD of triplicate determinations. (B) Flow cytometry analysis of SEM-Mb-induced apoptosis in HL-60 cells. Apoptosis was assessed in triplicate by annexin V/propidium iodide double staining followed by flow cytometry, and percentage apoptosis is shown as percentage of annexin V-positive cells (mean ± SD, * p < 0.05). (C) Effect of caspase inhibitors on SEM-Mb-induced cell death (mean ± SD, * p < 0.05). (D) Effect of BAPTA-AM and GLX351322 on the [Ca2+]i level in SEM-Mb-treated cells (mean ± SD, * p < 0.05, NS, not statistically significant). (E) Effect of BAPTA-AM and GLX351322 on SEM-Mb-induced ROS generation (mean ± SD, * p < 0.05). (F) Effect of BAPTA-AM, Mito-TEMPO, and GLX351322 on mitochondrial ROS levels in SEM-Mb-treated cells (mean ± SD, * p < 0.05). (G) Effect of BAPTA-AM, Mito-TEMPO, and GLX351322 on the viability of SEM-Mb-treated cells (mean ± SD, * p < 0.05). (H) Effect of BAPTA-AM on SEM-Mb-induced NOX4 expression. (I) Effect of GLX351322 on the expression of SIRT3, p-p38 MAPK, TTP, and TNF-α in SEM-Mb-treated cells. (J) Transfection of pCMV3-N-His-SIRT3 inhibited SEM-Mb-induced p38 MAPK phosphorylation. HL-60 cells were transfected with empty vector or pCMV3-N-His-SIRT3, respectively. After 24 h post-transfection, the transfected cells were treated with 2 μM SEM-Mb for 24 h. (K) Effect of SIRT3 overexpression on the viability of SEM-Mb-treated cells (mean ± SD, * p < 0.05). (L) Effect of SB202190 on the expression of TTP and TNF-α in SEM-Mb-treated cells. (M) Effect of TTP overexpression on SEM-Mb-induced TNF-α expression. After transfection with an empty vector or pCMV-TTP-HA for 24 h, the transfected cells were treated with 2 μM SEM-Mb for 24 h. (N) Effect of TTP overexpression on the viability in SEM-Mb-treated HL-60 cells (mean ± SD, * p < 0.05). 
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Figure 8. SEM-Mb induced TNF-α-mediated cell death signaling in U937 and HL-60 cells. SEM-Mb induces Ca2+-mediated miR-99a downregulation, leading to upregulate NOX4 expression in U937 cells. NOX4-induced SIRT3 degradation promotes mitochondrial ROS generation, which in turn elicits p38 MAPK-mediated miR-29a expression, thereby inhibiting TTP expression. Because TTP destabilizes TNF-α mRNA, SEM-Mb-induced TTP downregulation increases TNF-α expression. SEM-Mb treatment also induces TNF-α upregulation in HL-60 cells through the Ca2+/NOX4/SIRT3/p38 MAPK/TTP axis. Consequently, SEM-Mb-induced TNF-α upregulation triggers apoptosis in U937 and HL-60 cells. 






Figure 8. SEM-Mb induced TNF-α-mediated cell death signaling in U937 and HL-60 cells. SEM-Mb induces Ca2+-mediated miR-99a downregulation, leading to upregulate NOX4 expression in U937 cells. NOX4-induced SIRT3 degradation promotes mitochondrial ROS generation, which in turn elicits p38 MAPK-mediated miR-29a expression, thereby inhibiting TTP expression. Because TTP destabilizes TNF-α mRNA, SEM-Mb-induced TTP downregulation increases TNF-α expression. SEM-Mb treatment also induces TNF-α upregulation in HL-60 cells through the Ca2+/NOX4/SIRT3/p38 MAPK/TTP axis. Consequently, SEM-Mb-induced TNF-α upregulation triggers apoptosis in U937 and HL-60 cells.



[image: Pharmaceuticals 15 01066 g008]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
o mG132

s s
o —

Empty pCMV3N-
vector_ His SIRTS

semmp —_+ —_+
SIRT3

79—

p38
™





media/file4.png
1.0 15 2.0

Time (h)

0.5

=
I +| 3
Cl+| < .
- o
1 ol '3
7)) m
2 — i
| 5 { | ©
1°
m ‘IU o b .\l Ll Ll Ll m M Mb
- - = « o & - o0 (jonuo2 jo pjo4) M.
(josyuo2 jo pjo4) M. (lonuo jo poy) = oA BGE-HIW =
Aianoe asesayionT I |oA9] YNYW $XON S -
7] w — 7p]
w a2 ﬂ
== 1
O L o +|g J8 i
= 2l Y 13 I £ 2g |
<< 14 Ea H
" - v '
< + m_; . x ._U I|'E wm w
._ + %l " = J +|Z ¢ i
) @ *_ H *|a E H
j
L] z|" : " 013
C L L L L .
| S—T— + ”.v « ®» &~ - omn r 1
——— o . “1 Y _ (lonuoo jo plod) = o 0 =
T ® N - cM o o - [9A3] YNYW vXON = - - -
(loquod joplod) = = X = T T i (josuo9 jo pjo4)
19A8] YNYW $XON m m m m M M Mm o " [9A3] YNNW $XON
n n = (lonuosjoplod) = E
w
o " |oAS] YW » X -
i s T
]
]
o '
g3 | 0 ol* Z >
- < . e o g
}i 3 2 € «
g i ..o..m *| | € gl
M ] — +| = cam
z . ER: O+ g
] - - A
u m ..s & D _ m N..v. _ ,
o 3 ' A 2 X £ o o o
< Gomoo o prod) = 2 3 (lonuo2 jo prog) = I35 3
w Q. -d! .m
|9AB] YNYW $XON w = w Z 3
7}

< () o -





media/file18.png
Ctrl GLX K e M

_ Em CMV-
SEM-Mb — + — + %1 5 - vec't)otyr "I)TP-HA
SIRT3 I — g SEM-Mb — + — +
e Wl e
Empty pCMV3-N-
TNF-a _ vector His-SIRT3
pacin [— N
Ctrl SB202190 3 1001
SEM-Mb — + — + 2
vector His-SIRT3 S
0

Empty pCMV-

P-p38 vector TTP-HA
p38

B-actin






media/file3.jpg
-----






media/file19.jpg
SEM-Mb

—_——

. [Ca*]
miR-99a §
/7 " i 1
NOX4 mRNA stability | Celidoath ; )
1 ! TNF-a upregulation
NOX4-mediated SIRT3 degradation )
[ TTP-mediated TNF-a
oss mRNA decay$ )
1 TTP downregu
p-p38 MAPKT j
miR-29at TTP mRNA stability §





media/file7.jpg
 (onios joproa)

10n0 a3

H
H






media/file14.png
SIRT3
B-actin

SEM-Mb
SIRT3

B-actin

SEM-Mb
NOX4

SIRT3

B-actin

SEM-Mb

Ctrl

+

GLX

+

Ctrl NOX4
siRNA  siRNA
- + - +

B +_ NS
>0
2b 1.0+ —— —
<5
o
E O os-
mE
xd
? o0
SEM-Mb - +
*
F . -
it
3‘6,.
3]
L0
=
S o
SEM-Mb — *+ — +
Empty pCMV3-N-
vector His-SIRT3
G
*
gwo. —1 e 2
£
3 50 «
=
-
3 H
o 0
SEM-Mb — + — +

Empty pCMV3-N-
vector His-SIRT3

Ctrl MG132
SEM-Mb — + — #
SIRT3

B-actin

m
3
°
<
o
O
=
<
¢
T

vector His-SIRT3
SEM-Mb — * — +
SIRT3

p-p38
p38
TTP
TNF-a

B-actin






media/file6.png
SEM-Mb
-+ Ctrl SB202190 ool Oix
p-p38 SEM-Mb — + — + CEMM T
- 0y B
p-ERK p38 _ p38 _
pINK ERK SEESTEME
B-actin
D E . F )
Ctrl Mito 2 100 L . »
SEM-Mb — + — + o "
= »
p-p38 ‘ﬁ » § 30
S E 20 -
- =
p38 8 o 1: . e
B-actin SEM-Mb — + — + SEM-Mb — + — +

Ctrl SB202190 Ctrl SB202190





media/file15.jpg
"
— _am =
3
E: L =
E g =k
[ 8 Lo e
== — 33 3,
= '= e 3
= ="
:55?«1;:-0& e e = =g +
LR e
. R
SR s H §5 %
K — [ 321
. _m S o
- [l
o e
! =
- ———— ]
@ Ml B ———
=1
. 1 o [
g N e
L=r =k
SRR j-EI e
df e, T
iR e © o mann s m

seu'i.

< o ©





nav.xhtml


  pharmaceuticals-15-01066


  
    		
      pharmaceuticals-15-01066
    


  




  





media/file11.png
TTP mRNA level
(Fold of control)

TNF-a mRNA level
(Fold of control)

—
.
o

0.5 +
'

0.0 <+ v v - -
0.0 0.5 1.0 1.5 2.0

Time (h)

@~ Empty vector/SEM-Mb
«O= TTPISEM.Mb

0.0 4~ v v - y
0.0 0.5 1.0 15 2.0

Time (h)

b
o
A

TTP mRNA level
(Fold of control)

(Fold of control)

wn
m
£

wn
2 Luciferase activity

=
o

m

Empty pCMV-

TNF-c mRNA level

*
104 el
05 4 a
b —  +
*
15+
— —
o}
%I.O- ol ——
Q
k)
20.5'
&
- + - %
Empty pCMV-

vector TTP-HA

Ctrl SB202190

8
A

= Cell viability (%)

)
m

i
=0
o

Empty pCMV-

- %+ - +






media/file2.png
Cell viability (%)

Events

Rhodamine 123

gioow C
- \
8,
100 o -y
Caspase-3 { -
. Caspase-8 [cleaved _
—O— SEM-Mb
0 -+ . . . . . B-actin -
0 1 2 3 4 5
Protein (uM)
D *
*
Ctrl 1.5 UM SEM-Mb §1°°' il misimrr
lr 0.04% 0.16% 0.44% 16.6% 3.
E e
_— s 50 -
- - >
B, )
(&)
g g 0
_1.26% 19.6% SEMMb — + — + — +
o Ctrl Z-DEVD ZAETD
Annexin V - FITC FMK  -FMK
SEM-Mb G Ctrl FADD
- * siRNA siRNA
poto [
cLaL1 . Co50350 2 e
vcL1 o [ ——
Cas ase-8<{
T — PRI ctonvon [
teid - FADD [——
sax (R e
Bax - tBid S
B-actin
H —
Ctrl 1.5 uM SEM-Mb 3—5“"" i e e
0.19 % 40.9 % 3 o
A -‘;
]
o n
SEM-Mb — <+ — +
Ctrl FADD
> siRNA siRNA





media/file20.png
SEM-Mb

/ /miR-99a [ e [Ca®]it \

I \
I 1
NOX4 mRNA stability |__Celldeath )
1 TNF-a upregulation
NOX4-mediated SIRT3 degradation )
l TTP-mediated TNF-a
RNA d
I ROS tl m ecay‘ )
l TTP downregulation

p-p38 MAPKT .)
miR-zgat\_, TTP mRNA stability §





media/file10.jpg





media/file5.jpg
A B c

semmp
L1 Ctrl__$8202190
s [ = senw =¥
Laged P38
= i
PERK

Pactin
ERK

practin

III +|






media/file1.jpg
"=

:::E Ei

It
“aw. . | mm
2

il o L=





media/file16.jpg
=

. ™M
Empty pemy-
- vactor ¥5PA
semmn — + — +

——
s
3

e

- -
Ery POV
Veior BRSRTS

i
i






media/file12.png
*
T=.o.
§ g‘].o L —x e
<6
D -
£ 80.5 -
03
-y
0.0
SEM-Mb - + - *
Ctrl SB202190
:8-_SE”~Mb
R _ SB/SEM-MDb
g 3 1.0
28
< O
5o
Eo
a3
s
0.0 & . . - .
0.0 0.5 1.0 1.5 2.0
Time (h)
*
A1.5 e
%0
3E10] = B
wo
&%
%Eo.s
0.0
SEM-Mb — 4+ — +
Ctrl  SB202190

* *
15
e
3 U e
2 C10{ p-— 2 c
© 8 < 0
gw- =29
N O o %= 054
3,5 £ H
EO ©
w )
=
-—
0 0.0
SEM-Mb — %+ — SEM-Mb — + — +
Negative Anti- Negative Anti-
anti-miR miR-29a anti-mIR  miR-29a
Negative Anti-
anti-miR miR-29a - T
g S 1.0 'f\\\’.* *
SEM-Mb — 28 s, T~
_ 2] e T
% 305+ e -
S — v A0ti-miR-294/'SEM-Mb
0.0 4 v v v .
0.0 0.5 1.0 1.5 2.0
Time (h)





media/file9.jpg
TP A ool
oo comes)
(2}

seMMb -+

il

oquol

 [—
G

£

b -+ -+
Empty pOMV-
vector TTP-HA

cwl_sB202190
SEMMb = ¥ — #

™

o






media/file0.png





media/file17.png
B * C 1. T =
100 . i S ule
3 2w z
g ;30 .T::
= ‘» %Y1 © 50 -
2 501 ‘g_zo- >
5 Q. 10 - °
- x::gM-Mb < | | EI | — | O
00 ; ; : : : e . | SEM-Iﬁb—"'—'l'—"'
. Mb SEM-Mb Ctrl Z-DEVD Z-IETD
Protein (uM) E F -FMK -FMK
*| *|
1.5 - | EL 1.5 W o
3 - = 5 S 45 - L ! o
~ 10 3 ;
8 3 S104 = = I = S E
g '.5 ; N B 8 1.0 -
T o = -
° 0.5 - 8 © E 0
= 5 0.5 5205 -
. a2
0.0 8 =
SEM-Mb — + — + — + 0.0 = 0
Ctrl BAPTA GLX SEMMb — + — + — + . 00—
-AM Ctrl BAPTA GLX Ctrl BAPTA Mito GLX
-AM -AM
*| *| *|
100 4 = NN T H
§ CtrI BAPTA-AM
E o . SEM-Mb —
: No><4_
S
SEMMb — * — + — + — +
Ctrl BAPTA Mito GLX

-AM






media/file8.png
2.0
2.0

*
]

«d— Control
-@- SEM-Mb
1.5

-@ SEM-Mb
1.0 1.5

b
Time (h)

—_*
1.0
Time (h)

0.5

0.0

S 0 o
- (1o43u09 jo pjoyd)
(lo13u02 o p|o4) [9A3] YNYW 0-4NL
[9A3] YNYW D-4NL

G

Qo

+
SB

+
SB202190

+

Ctrl

%
+

Ctrl

.._ _

5. e 5

(1o13U09 Jo v_o": M
[9A8] YNYW 0-4NL %

._ _
Ll L L) b
e & 8 8=
(lojyuod jo pjo4) =
|9A8] YNYW P-ANL W

(& w L.

SEM-Mb

TNF-a

B-actin
Mb

| +

|+

i (2]

= 2

w

7) ._ _
- - N - ﬂ < n =
o X o0 = X X =
w z z K Z ¢ 2 3 3=

- - Q.

(lo43u02 jo plo4) M.
Ananoe asesayion [

7))

< m





