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Giardia duodenalis is a zoonotic intestinal protozoan parasite that may cause host diarrhea and chronic gastroenteritis, resulting in great economic losses annually and representing a significant public health burden across the world. However, thus far, our knowledge on the pathogenesis of Giardia and the related host cell responses is still extensively limited. The aim of this study is to assess the role of endoplasmic reticulum (ER) stress in regulating G0/G1 cell cycle arrest and apoptosis during in vitro infection of intestinal epithelial cells (IECs) with Giardia. The results showed that the mRNA levels of ER chaperone proteins and ER-associated degradation genes were increased and the expression levels of the main unfolded protein response (UPR)-related proteins (GRP78, p-PERK, ATF4, CHOP, p-IRE1, XBP1s and ATF6) were increased upon Giardia exposure. In addition, cell cycle arrest was determined to be induced by UPR signaling pathways (IRE1, PERK and ATF6) through upregulation of p21 and p27 levels and promotion of E2F1-RB complex formation. Upregulation of p21 and p27 expression was shown to be related to Ufd1-Skp2 signaling. Therefore, the cell cycle arrest was induced by ER stress when infected with Giardia. Furthermore, the apoptosis of the host cell was also assessed after exposure to Giardia. The results indicated that apoptosis would be promoted by UPR signaling (PERK and ATF6), but would be suppressed by the hyperphosphorylation of AKT and hypophosphorylation of JNK that were modulated by IRE1 pathway. Taken together, both of the cell cycle arrest and apoptosis of IECs induced by Giardia exposure involved the activation of the UPR signaling. The findings of this study will deepen our understanding of the pathogenesis of Giardia and the associated regulatory network.
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Introduction

The endoplasmic reticulum (ER) is the largest organelle in host cells and plays an important role in protein synthesis, transport, and folding. In response to ER stress, deregulation in ER homeostasis can trigger unfolded protein response (UPR) pathways with the aim of restoring homeostasis by activating genes involved in protein folding and antioxidants (1). In mammals, the UPR comprises three signaling pathways that regulated downstream of the ER membrane proteins IRE1, ATF6, and PERK (2). Upon activation, IRE1 splices x‐box binding protein 1 (XBP1) mRNA, which is then translated into XBP1s. Activated ATF6 is translocated to the Golgi. PERK‐mediated phosphorylation of eIF2α prompts selective translation of ATF4 (3). UPR upregulates the folding machinery by inducing ER chaperone genes to buffer ER stress and restore ER function (4). The ER-associated degradation (ERAD) process removes unfolded proteins to the cytosol where they are ubiquitinated and degraded (5). A moderate and mild ER stress induces UPR signaling as a compensatory mechanism, while a severe and chronically prolonged ER stress deteriorates the cellular functions and switches from an adaptation mode to death mode (4). The activated UPR involves various signaling pathways that in great part determine the fate and state of the cell (such as cell cycle, apoptosis, autophagy, inflammation, and senescence) (1). It has been previously shown that UPR activation regulates cell cycle progression and apoptosis (6–10).

Progression through the mammalian cell cycle is driven by the sequential activation of cyclin/cyclin dependent kinase (CDK) complexes (11). CDK activity requires binding of regulatory subunits known as cyclins. Cyclins are synthesized and destroyed at specific times during the cell cycle, thus regulating kinase activity in a timely manner (12, 13). Driving the cell cycle cyclin-CDK complexes include four CDKs (CDK1, CDK2, CDK4 and CDK6) and four different classes cyclins (cyclin A, cyclin B, cyclin D and cyclin E) (12). The Cip/Kip proteins (p21, p27 and p57) inhibit CDK activities at the G1/S and G2/M checkpoints (14, 15). E2F transcription factors are known to be important for timely activation of G1/S and G2/M genes required for cell cycle progression (16). Members of the E2F family are generally associated with transcriptional activation (E2F1, E2F2 and E2F3α) or repression (E2F4, E2F5, E2F6, E2F7 and E2F8) (17). Retinoblastoma protein (RB) is a tumor suppressor that represses the expression of E2F regulated genes required for cell cycle progression. A significant aspect of RB-E2F complexes is the switch from activating to repressing E2F promoter sites (18). In many cases, RB-E2F target genes affect the cell cycle by controlling DNA replication and G1-S transitions (18). Multiple parasite species, such as Toxoplasma gondii, Eimeria tenella and Leishmania spp. inhibit host cell proliferation by causing cell cycle arrest (19–21).

Apoptosis, also called programmed cell death, is not only a physical process that takes place in the development and maintenance of homeostasis in an organism, but also plays a crucial role in several pathological processes. Apoptosis can be triggered by either intrinsic or extrinsic pathways, depending on the type of cell and external factors (22, 23). Caspase (CASP) proteins function vitally in apoptosis. Activation of CASP3 is necessary for the activation of all apoptotic signaling pathways in the process of apoptosis. Poly (ADP-ribose) polymerase (PARP), a nuclear enzyme involved in DNA repair, a target of caspases during apoptosis. Inactivated PARP is regarded as an apoptosis marker (22). Some protozoan parasites such as Blastocystis, Entamoeba histolytica and Leishmania donovani utilize apoptosis mechanisms to facilitate infections within the host cell (24–26).

Giardia duodenalis, a microaerophilic zoonotic protozoan parasite, causes intestinal infections in humans and nonhuman animals (27). It is ingested by animals with the form of cysts and transformed to trophozoites when passing through the stomach and small intestine. After exposure to biliary fluid, some of trophozoites form cysts and are shed by infected hosts into the environment (28). The clinical presentations of human giardiasis typically include diarrhea, abdominal cramps, gas, weight loss or malabsorption, and asymptomatic infections are also common (29). Noninvasive Giardia infection is able to increase epithelial permeability and facilitates the invasion of gut bacteria, which causes chronic post-infectious gastrointestinal complications (30). Previous studies have documented that Giardia infection can induce the host cell cycle arrest and apoptosis (31–34), but the detailed mechanisms remain to be investigated and elucidated. More researches are needed to elucidate the complex interactions between host UPR signaling and infections by protozoan parasites (35).

To the best of our knowledge, current studies are insufficient to precisely explain the mechanisms of cell cycle arrest and apoptosis induced by Giardia. The aim of the present study is to explore the involvement of UPR signaling in Giardia-induced intestinal epithelial cell cycle arrest and apoptosis.





Materials and methods




Cell culture

The Caco-2 and HT-29 cell lines were gained from Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and maintained in a humidified atmosphere at 37°C with 5% CO2 in this study. Caco-2 cells were grown in DMEM (Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS; Cellmax, Beijing, China), 1% nonessential amino acids (Alphabio, Tianjin, China), 1% glutamine (Alphabio, Tianjin, China), and 1% penicillin/streptomycin. HT-29 cells were cultured in DMEM/F12 (Hyclone, Logan, UT, USA) supplemented with 10% FBS and 1% penicillin/streptomycin.





Parasite culture

The Giardia duodenalis WB isolate typed as assemblage A was used in this study (ATCC30957, Manassas, VA, USA). Giardia trophozoites were grown in sterilized modified TYI-S-33 medium with 10% FBS, 0.1% bovine bile, 0.1% gentamycin and 1% penicillin/streptomycin at 37°C under microaerophilic conditions. Giardia was collected by replacing the culturing medium with fresh medium to eliminate dead parasites. The tubes were placed on ice for 10 to 20 minutes, centrifuged (2000 × g for 8 min at 4°C) for parasite collection. Trophozoites were then counted and diluted.





Cell viability assay

CCK-8 (K1018; ApexBio, Houston, TX, USA) assay was performed according to the manufacturer’s instructions to assess cell viability. Cells were seeded in 96-well plates with 1 × 104 cells per well. The cells cultured under identical growth conditions were exposed with Giardia at different ratios (3, 5 and 10 trophozoites/cell) for different time durations (0, 3, 6, 12 and 24 h). Following adding 10 μl of the CCK-8 solution to each well of the plate, the optical density was measured at 450 nm.





Host-parasite interactions

Caco-2 and HT-29 cells were exposed with Giardia trophozoites at a ratio of 1:10 for different time durations (0, 3, 6 or 12 h). IRE1 inhibitor MKC3946 (10 nM, MCE, Beijing, China), PERK inhibitor GSK2606414 (5 μM, Abmole, Shanghai, China), ATF6 inhibitor AEBSF (200 μM, Abmole, Shanghai, China), ROS inhibitor NAC (1 mM, ApexBio, Houston, TX, USA), AKT inhibitor MK2206 2HCl (50 μM, Abmole, Shanghai, China), and JNK inhibitor SP600125 (50 μM, Abcom, Atlanta, GA, USA) were used in this study. Caco-2 and HT-29 cells were pre-treated with inhibitors for 2 h, followed by exposure to Giardia for 6 h.





Cell cycle analysis

Cell cycle was analyzed with propidium iodide (PI) staining by flow cytometry (34). Briefly, Caco-2 and HT-29 cells were exposed to Giardia for the indicated time periods. After incubation, media was removed and cells were washed three times with cold PBS to remove Giardia trophozoites. After this treatment, the cultures were observed by microscopy for the presence of the trophozoites. Cells were fixed with cold 70% ethanol overnight at 4°C. Cells were then washed three times with PBS and incubated with PI and RNase for 30 minutes at 37°C. Cell cycle distributions were assayed by flow cytometry on a BD FACS Canto II. The data were analyzed with Modfit LT software version 3.1 (Verity Software House, Topsham, ME, USA).





qPCR analysis

Total RNA was extracted using the Trizol reagent (Invitrogen, Carlsbad, CA, USA). The quality of RNA was determined by the ratios 260 nm/280 nm. Then cDNA was synthesized from 1 μg of total RNA using a HiScript II 1st Strand cDNA Synthesis Kit (Vazyme, Nanjing, China) as instructions. qPCR was performed using SYBR Green qPCR Master Mix (Bimake, Houston, TX, USA). Primer sets (Supplementary Table 1) used for qPCR analysis were designed and synthesized by Sangon Biotech (Shanghai, China). GAPDH was an internal control and chosen for normalizing, and the 2−ΔΔCt method was used to calculate the relative expression of genes.





Western blot analysis

Western blotting was performed as previously described (36). Equal amounts of protein per sample were separated by 12% SDS-PAGE and transferred to the PVDF membranes (Thermo Fisher Scientific, Waltham, MA, USA). Protein bands were visualized with an enhanced chemiluminescence assay kit (Syngene, Cambridge, UK), and signal intensity of protein bands was analyzed by the use of Image J software. The immunoblots were incubated with primary antibodies against cyclin A (1:1000 dilution in PBST), cyclin B (1:1000), cyclin D (1:500), cyclin E (1:750), CDK1 (1:500), CDK2 (1:1500), CDK4 (1:500), CDK6 (1:500), E2F1 (1:500), E2F2 (1:1000), E2F3 (1:500), E2F4 (1:1000), RB (1:500), p21 (1:1000), p27 (1:1000), p53 (1:500), GRP78 (1:2000), IRE1 (1:500), p-IRE1 (1:500), XBP1s (1:1000), PERK (1:1000), p-PERK (1:500), ATF4 (1:1000), CHOP (1:500), ATF6 (1:500), Skp2 (1:500), pro-CASP3/cl-CASP3 (1:500), pro-PARP/cl-PARP (1:500), AKT (1:500), p-AKT (1:500), JNK (1:500), p-JNK (1:500) and β-actin (1:8000) probed with the secondary antibody HRP conjugated goat anti-rabbit IgG (1:5000; Bioss, Beijing, China), and visualized by diaminobenzidine (DAB) (ZSGB-BIO, Beijing, China). Primary antibodies were obtained from two commercial sources (ABclonal, Wuhan, China; Bioss, Beijing, China).





Acridine orange/ethidium bromide assay

Caco-2 and HT-29 cells were seeded at a density of 1 × 105 cells/well in 24-well plates. Cells were exposed to Giardia for the indicated time periods. After incubation, media was removed and cells were washed three times with cold PBS. After confirmation of parasite removal by microscopy, the apoptosis of cells induced by Giardia was evaluated by dual staining with fluorescent dyes acridine orange (AO) and ethidium bromide (EB) (BestBio, Shanghai, China). Cells were observed under a Lionheart FX Automated Microscope (BioTek, Winooski, VT, USA) and photographed at 4× magnification. Dead or late apoptotic cells (with compromised membranes) stain orange-red, while normal cells stain green. Image J software (National Institutes of Health, Bethesda, MD, USA) was used to quantify fluorescence intensities.





Co-immunoprecipitation assay

Protein-protein interactions were analyzed by co-immunoprecipitation (co-IP) as previously described (37). In brief, anti-E2F1 antibody and protein A/G magnetic beads (Bimake, Houston, TX, USA) were used to immunoprecipitate RB in cell lysates overnight at 4°C. Then the immunoprecipitated beats were collected and washed three times with lysis buffer. The proteins were separated by SDS-PAGE and analyzed by western blotting using anti-RB antibody.





In vitro siRNA interference assay

Caco-2 and HT-29 cells were seeded at a density of 2 × 105 cells/well in 12-well plates for Skp2 knockdown, cells were transfected with scramble control siRNA (si-NC) or siRNA targeting Skp2 (50 nM, Comate, Changchun, China) using lipo3000 (Invitrogen, Carlsbad, CA, USA) according to the instructions. Total RNA and protein were extracted after 48 h of transfection.





ROS determination

Intracellular ROS was measured using the ROS assay kit (Beyotime, Shanghai, China). In brief, cells were stained with the 2’,7’-dichlorofluorescin diacetate (DCFH-DA) at 37°C for 30 min, washed with PBS for three times. The fluorescence intensity of DCF was detected by the Lionheart FX Automated Microscope mentioned earlier and photographed at 20× magnification, and also measured with a FLUOstar Omega reader (BMG Labtech GmbH, Ortenberg, Germany).





Statistical analysis

Data distribution was assumed to be normal. Statistical analysis was completed using GraphPad Prism software v8.0 (GraphPad Software; La Jolla, CA, USA). Data were expressed as mean ± SD. The statistical significance of the differences between two groups was measured by an unpaired Student’s t test, and among three or more groups by one-way ANOVA. A value of p < 0.05 was considered statistically significant (*p < 0.05, **p < 0.01).






Results




Giardia reduced host cell viability and induced G0/G1 cell cycle arrest and apoptosis

The effect of Giardia on the cell viability of Caco-2 and HT-29 cells was evaluated by CCK-8 analysis. The results indicated that the cell viability of both of the Caco-2 and HT-29 cell lines was decreased in a dose-dependent manner following Giardia exposure and bottomed out at a ratio of 10 parasites/cell (thus was applied hereinafter) (Figure 1A). The cell cycle distribution after Giardia exposure for 0, 3, 6 and 12 h was detected using PI staining and flow cytometry. As shown in Figure 1B, the percentage of cells in the G0/G1 phase was increased, and the percentage of cells in the S phase was decreased following Giardia exposure. In order to determine the molecular mechanism of Giardia-induced cell cycle arrest, levels of cyclins and CDK proteins reported to play important roles in cell cycle progression were determined by qPCR and western blot analysis. The mRNA and protein expression levels of cyclins (cyclin A, cyclin B, cyclin D, and cyclin E) and CDK proteins (CDK1, CDK2, CDK4 and CDK6) showed a decreased trend at 6 h with Giardia exposure in both Caco-2 and HT-29 cells (Figures 1C, D). The effect of Giardia on the cell apoptosis was determined by detecting apoptosis markers (cleaved CASP3 and cleaved PARP). As shown in Figure 1E, CASP3 was cleaved, and CASP3-mediated PARP was also cleaved subsequently after Giardia exposure. Furthermore, AO/EB double staining test was used to investigate the effect of Giardia on Caco-2 and HT-29 cells. Giardia -treated groups displayed more apoptotic cells compared to the controls (Figure 1F).




Figure 1 | Giardia reduced host cell viability and induced G0/G1 cell cycle arrest and apoptosis. (A) Inhibition of cell viability by Giardia exposure in Caco-2 and HT-29 cells. Cell viability was detected via CCK-8 assay (n = 5 wells/group). Cells to Giardia ratio was 1:3, 1:5 or 1:10. (B) PI staining followed by flow cytometry was used to detect cell cycle distribution after the exposure of Giardia with 0, 3, 6, 12 h in Caco-2 and HT-29 cells. G0/G1, S and G2 indicate the different phases of the cell cycle. (C) The qPCR analysis (n = 3) was used to measure the mRNA levels of cyclins and CDKs with Giardia exposure in Caco-2 and HT-29 cells. The relative amounts of mRNA were normalized against GAPDH mRNA and expressed relative to the mRNA abundance in control. (D) Western blot analysis was used to measure the protein levels of cyclins and CDKs in Caco-2 and HT-29 cells treated with Giardia. (E) Western blotting was used to measure the expression levels of cleaved CASP3 and cleaved PARP in Caco-2 and HT-29 cells treated by Giardia. (F) Apoptotic effects of Giardia exposure on Caco-2 and HT-29 cells as assessed by AO/EB staining (n = 3 wells/group, scale bar = 1000 μm). The fluorescence intensity was quantified using Image J. All experiments were repeated at least three times. Data were presented as mean ± SD. *p < 0.05, **p < 0.01 versus relative control group. (D, E) Signal intensity of protein band was analyzed by using Image J software. The results of western blot analyses (n = 3) were normalized against the level of β-actin. (B, D–F) Representative pictures are shown.







Giardia exposure arrested cell cycle by increasing expressions of p21 and p27 and promoting E2F1-RB complex formation

To further investigate the mechanism of Giardia on the cell cycle arrest, the expressions of E2Fs, p21 and p27 were examined in Caco-2 and HT-29 cells exposed to Giardia. For the mRNA level, E2F1, E2F2 and E2F3 was decreased at both of the 6 h and 12 h post-exposure, E2F4-E2F8 of which was increased at 6 h post-exposure (Figure 2A). For the protein expression level, E2F1 and E2F3 was decreased after Giardia exposure. The expression of E2F2 was increased at 3 h and then decreased at 6 h and 12 h under Giardia exposure in Caco-2 cells, but the expression of E2F2 was decreased in HT-29 cells. The expression of E2F4 was increased after Giardia exposure (Figure 2B). Although the mRNA and protein expression levels of E2Fs varied at different time points between Caco-2 and HT-29 cells, the expressions of E2Fs were indeed changed due to the exposure with Giardia. To assess whether Giardia exposure could increase the E2F1-RB interaction resulting low levels of E2F1, immunoprecipitation of cell extracts was conducted with E2F1 and RB polyclonal antibodies. The expression of RB in E2F1 immunoprecipitates was increased after Giardia exposure (Figure 2C). To determine if Giardia-induced G0/G1 cell cycle arrest was regulated by p21 and p27 expressions in Caco-2 and HT-29 cells, mRNA and protein levels of p21 and p27 were tested. The results showed that mRNA and protein levels of p21 and p27 were both increased with Giardia exposure (Figures 2D, E). The mRNA and protein levels of p53 were decreased with Giardia exposure (Figures 2D, E), suggesting that the p21 or p27 induction is probably p53-independent.




Figure 2 | The expressions of p21 and p27 were increased and E2F1-RB complex formation was promoted by Giardia exposure. (A) The mRNA levels of E2F1-E2F8 with Giardia exposure in Caco-2 and HT-29 cells were measured by qPCR analysis (n = 3). (B) The protein levels of E2F1-E2F4 in Caco-2 and HT-29 cells treated with Giardia were analyzed by western blot analysis. (C) The E2F1-RB complex was detected by co-IP. Both IP and Input samples were analyzed by SDS-PAGE and immunoblotting. (D) The qPCR analysis (n = 3) was used to measure the mRNA levels of p21, p27 and p53 with Giardia exposure in Caco-2 and HT-29 cells. (E) Western blot analysis was used to measure the protein levels of p21, p27 and p53 with Giardia exposure in Caco-2 and HT-29 cells. All experiments were repeated at least three times. Data were presented as mean ± SD. *p < 0.05, **p < 0.01 versus relative control group. (A, D) The relative amounts of mRNA were normalized against GAPDH mRNA and expressed relative to the mRNA abundance in control. (B, C, E) Representative images are presented. The results of western blot analyses (n = 3) were normalized against the level of β-actin.







The UPR and ERAD pathways were activated by Giardia exposure

The main proteins related to ER stress were assessed in order to determine whether ER stress could be induced and UPR and ERAD pathways were activated by Giardia exposure. The results showed that the mRNA levels of ER chaperone proteins and ERAD-related genes were increased with Giardia exposure (Figure 3A). As shown in Figure 3B, ER stress signaling pathways were significantly activated by Giardia exposure, as demonstrated by the increased expression levels of GRP78 and CHOP. Three ER stress signaling pathways IRE1-XBP1s, PERK-ATF4 and ATF6 were activated at 6 h post-exposure. It was demonstrated by higher-level expressions of XBP1s, ATF4 and ATF6, and activation of IRE1 and PERK phosphorylation following Giardia exposure (Figure 3B). IRE1-XBP1s is active in the adaptive phase and attenuated in the apoptotic phase (10). This might be the reason for the decrease in p-IRE1 expression in HT-29 cells at 12 h after exposure. In all, these findings suggest that Giardia exposure activated three UPR pathways (IRE1-XBP1s, PERK-ATF4 and ATF6) and ERAD pathway.




Figure 3 | The UPR and ERAD pathways were activated by Giardia exposure. (A) The mRNA levels of ER stress-related genes and ERAD-related genes with Giardia exposure in Caco-2 and HT-29 cells were analyzed by qPCR analysis (n = 3). The relative amounts of mRNA were normalized against GAPDH mRNA and expressed relative to the mRNA abundance in control. (B) Western blot analysis (n = 3) was used to measure the expression levels of ER stress-related proteins with Giardia exposure in Caco-2 and HT-29 cells. Signal intensity of protein band was analyzed by using Image J software. The results of western blot analyses were normalized against the level of β-actin. All experiments were repeated at least three times. Data were presented as mean ± SD. *p < 0.05, **p < 0.01 versus relative control group.







The activation of UPR pathways regulated expression levels of E2Fs and formation of E2F1-RB complex to affect cell cycle progression

To further investigate the role of UPR signaling pathways in cell cycle progression, the effects of cell cycle and the expression levels of G0/G1 phase-associated cyclins and CDKs were determined after treatment by combination of inhibitors (IRE1 inhibitor MKC3946, PERK inhibitor GSK2606414, ATF6 inhibitor AEBSF) and Giardia. As compared with cells treated by Giardia alone, the combination of inhibitors with Giardia significantly decreased the percentage of G0/G1 phase (Figure 4A), whereas increased the expression of cyclins, CDKs and E2F1-E2F3, and downregulated the expression of E2F4 (Figures 4B–D), but inhibitors alone had no effects on the cell cycle. Three inhibitors of UPR pathways inhibited the formation of E2F1-RB complex after Giardia exposure in Caco-2 cells (Figure 4E).




Figure 4 | Giardia arrested cell cycle by activating three UPR signaling pathways. (A) PI staining followed by flow cytometry was used to detect cell cycle distribution in Caco-2 cells treated with or without inhibitors accompanied by Giardia exposure for 6 h; IRE1 inhibitor (MKC3946), PERK inhibitor (GSK2606414) and ATF6 inhibitor (AEBSF). G0/G1, S, and G2 indicate the different phases of the cell cycle. Under treatment of the combination of Giardia with (B) inhibitor MKC3946, (C) GSK2606414 or (D) AEBSF in Caco-2 cells, the expressions of cyclins, CDKs and E2Fs were detected by western blotting. (E) Co-IP experiments were performed to detect E2F1-RB complex formation in Caco-2 cells treated with or without inhibitors accompanied by Giardia exposure for 6 h; IRE1 inhibitor (MKC3946), PERK inhibitor (GSK2606414) and ATF6 inhibitor (AEBSF). Gl, Giardia. All experiments were repeated at least three times. Data were presented as mean ± SD. *p < 0.05, **p < 0.01 versus relative control group. (B–E) Signal intensity of protein band was analyzed by using Image J software. The results of western blot analyses (n = 3) were normalized against the level of β-actin. (A–E) Representative images are presented.







The activation of UPR pathways regulated the expression levels of p21 and p27

In order to determine the relationship between UPR signaling pathways and p21 and p27 induction, MKC3946 (inhibitor of IRE1), GSK2606414 (inhibitor of PERK) and AEBSF (inhibitor of ATF6) was used to block the Giardia-activated UPR signaling pathways. The results indicated that the expressions of p21 and p27 were decreased when Giardia-induced upregulation of XBP1s, PERK and ATF6 was inhibited by MKC3946, GSK2606414 and AEBSF (Figure 5A), respectively. Meanwhile, the inhibitors alone had no effects on the expressions of p21 and p27. In all, p21 and p27 might be tightly linked to the activation of UPR pathways. The mRNA levels of Ufd1 and Skp2 were both decreased and the protein expression level of Skp2 was decreased under Giardia exposure (Figure 5B). To further investigate the role of Skp2 in regulating p21 and p27, siRNA was used to knockdown Skp2 and the protein expression levels of p21 and p27 were measured. Loss of Skp2 did not change mRNA levels of p21 and p27, but upregulated protein expressions of p21 and p27 (Figure 5C).




Figure 5 | The expressions of p21 and p27 were enhanced by Giardia exposure via activating UPR pathways. (A) Western blot analysis (n = 3) was used to measure the protein levels of p21 and p27 in Caco-2 cells treated with or without inhibitors accompanied by Giardia exposure for 6 h; IRE1 inhibitor (MKC3946), PERK inhibitor (GSK2606414) and ATF6 inhibitor (AEBSF). The results of western blot analyses were normalized against the level of β-actin. Gl, Giardia. (B) The qPCR analysis was used to detect the mRNA levels of Ufd1 and Skp2 with Giardia exposure in Caco-2 and HT-29 cells. The protein expression of Skp2 with Giardia exposure in Caco-2 and HT-29 cells was detected by western blotting. (C) The qPCR and western blot analysis were used to measure mRNA and protein expression levels of Skp2, p21 and p27 in Caco-2 and HT-29 cells transfected with si-Skp2/si-NC for 48 h. All experiments were repeated at least three times. Data were presented as mean ± SD. *p < 0.05, **p < 0.01 versus relative control group. (B, C) The results of qPCR analyses (n = 3) were normalized against the level of GAPDH. (A–C) Representative pictures are shown.







ROS induced ER stress and regulated cell cycle progression

As a significant regulator of several physiological and pathophysiological processes, ROS is essential for cell proliferation, survival and apoptosis. The study indicated that ROS level was increased during Giardia exposure (Figure 6A). Furthermore, ROS was examined for its role in Giardia-induced ER stress and cell cycle arrest. The percentage of G0/G1 phase was significantly decreased by the combination of NAC (ROS inhibitor) with Giardia (Figure 6B), but inhibitor alone had no effects on cell cycle. As shown in Figure 6C, the expressions of UPR-related proteins, p21, p27 and E2F4, were decreased by the combination of NAC with Giardia. The expressions of cyclins, CDKs and E2F1-E2F3 were increased and E2F1-RB complex formation was reduced by the combination of NAC with Giardia (Figure 6C).




Figure 6 | Host cell cycle arrest induced by Giardia via ROS‐mediated ER stress. (A) The ROS assay kit was used to measure ROS generation in Caco-2 cells with Giardia exposure for 0, 3, 6, 12 h (n = 3 wells/group, scale bar = 100 μm). Under treatment of the combination of Giardia with ROS inhibitor NAC in Caco-2 cells, (B) cell cycle distribution was detected by flow cytometry, (C) the expressions of UPR-related proteins, p21, p27, cyclins, CDKs and E2Fs were detected by western blotting, and formation of E2F1-RB complex was detected by co-IP. The results of western blot analyses (n = 3) were normalized against the level of β-actin. All experiments were repeated at least three times. Data were presented as mean ± SD. *p < 0.05, **p < 0.01 versus relative control group. (A–C) Representative pictures are shown. G0/G1, S, and G2 indicate the different phases of the cell cycle. Gl, Giardia.







The activation of UPR pathways regulated apoptosis induced by Giardia

To further clarify the role of UPR pathways in apoptosis caused by Giardia exposure, MKC3946 (inhibitor of IRE1), GSK2606414 (inhibitor of PERK) and AEBSF (inhibitor of ATF6) were used to block the Giardia-activated UPR signaling pathways. The results showed that the expression levels of cleaved CASP3 and cleaved PARP were decreased in cells pre-treated with GSK2606414 and AEBSF, but were increased pre-treated with MKC3946 under Giardia exposure (Figure 7A). AO/EB double staining test was used to investigate the effect of UPR signaling on apoptosis. The result obtained from AO/EB double staining was showed in Figure 7B. The number of apoptotic cells was decreased by the use of GSK2606414 and AEBSF, and increased by the use of MKC3946 under Giardia exposure. To further investigate the mechanism of IRE1 signaling pathway regulating apoptosis, the phosphorylation levels of AKT and JNK were measured. AKT phosphorylation could be detected at a significantly low level in Caco-2 cells when MKC3946 was used. On the other hand, JNK phosphorylation level was increased in Caco-2 cells when MKC3946 was used (Figure 7C). As shown in Figure 7D, the phosphorylation levels of AKT and JNK were upregulated by Giardia exposure. Considering the role of the phosphorylation of AKT and JNK in regulating apoptosis, the AKT inhibitor MK2206 2HCl and JNK inhibitor SP600125 were applied. The AKT phosphorylation suppression by MK2206 2HCl upregulated the expression levels of cleaved CASP3 and cleaved PARP at least partially, and JNK phosphorylation suppression by SP600125 downregulated expression levels of cleaved CASP3 and cleaved PARP at least partially (Figure 7E). AO/EB double staining was used to investigate the role of AKT and JNK pathways in regulating apoptosis. AKT phosphorylation suppressed apoptosis and JNK phosphorylation promoted apoptosis induced by Giardia (Figure 7F). It is possible that the hypophosphorylation of AKT and hyperphosphorylation of JNK could be contributors to the increased Giardia-induced apoptosis observed in cells pre-treated with MKC3946.




Figure 7 | Host cell apoptosis was regulated by Giardia exposure via activating three UPR signaling pathways. (A) Western blot analysis was used to measure the protein levels of cleaved CASP3 and cleaved PARP in Caco-2 cells treated with or without inhibitors accompanied by Giardia exposure for 6 h; IRE1 inhibitor (MKC3946), PERK inhibitor (GSK2606414) and ATF6 inhibitor (AEBSF). (B) Apoptotic effects on Caco-2 cells during Giardia exposure under application of inhibitors (MKC3946, GSK2606414 or AEBSF) as assessed by AO/EB staining (n = 3 wells/group, scale bar = 1000 μm). The fluorescence intensity was quantified using Image J. Under treatment of the combination of IRE1 inhibitor MKC3946 with Giardia in Caco-2 cells, (C) western blot analysis was used to measure the phosphorylation levels of AKT and JNK. (D) The phosphorylation levels of AKT and JNK were detected by western blotting in Caco-2 and HT-29 cells with Giardia exposure for 0, 3, 6, 12 h. Under treatment of the combination of Giardia with AKT inhibitor MKC2206 2HCl or JNK inhibitor SP600125, (E) the expression levels of cleaved CASP3 and cleaved PARP in Caco-2 and HT-29 cells were detected by western blot analysis, (F) AO/EB staining was used to detect cell apoptosis. The fluorescence intensity was quantified using Image J. All experiments were repeated at least three times. (A, C–E) The results of western blot analyses were normalized against the level of β-actin. Data were presented as mean ± SD (n = 3). *p < 0.05, **p < 0.01 versus relative control group. (A–F) Representative pictures are shown. Gl, Giardia.








Discussion

In the present study, the mechanisms of cell cycle arrest and apoptosis regulated by Giardia-induced UPR activation were elucidated. This study found that Giardia induced the UPR in a ROS-dependent fashion and the activation of UPR pathways regulated expressions of p21, p27 and formation of E2F1-RB complex to induce cell cycle arrest. PERK and ATF6 pathways promoted apoptosis, and IRE1 pathway suppressed apoptosis induced by Giardia through regulating phosphorylation levels of AKT and JNK (Figure 8).




Figure 8 | Schematic diagram illustrating the molecular mechanism of cell cycle arrest and apoptosis regulated by ER stress during Giardia exposure (by Figdraw, https://www.figdraw.com).



The Caco-2 and HT-29 were intestinal cell lines derived from a colon adenocarcinoma and have been used as an enterocyte model in bioavailability and cell mechanism studies. Once differentiated, Caco-2 cells form a polarized cell monolayer with apical and basolateral membranes, a junction complex and a brush border with microvilli on the apical side typical of human enterocytes (38). HT-29 can differentiate into goblet-like cells and thus has the ability to produce mucus. Caco-2 cells and HT-29 cells were used as enterocyte models for Giardia infection. However, certain limitations of the models exist. Caco-2 cells are lacking for mucus layer that covers the intestinal epithelium. The HT-29 cell line displays different patterns of enterocytic differentiation in different culture media. Giardia colonizes the small intestine, but Caco-2 and HT-29 were derived from the human colon and the translocating properties, enzyme expressions and transmembrane electrical resistance seemed to be close to the colon rather than the small intestine.

Giardia induced cell cycle arrest and upregulated the expressions of p21 and p27. As p21 and p27 have been extensively characterized as negative regulators of G1-S progression (7), it is reasonable to speculate that the induction of p21 and p27 may play an important role in the cell cycle exit induced by Giardia. Toxoplasma gondii rhoptry protein ROP16 and Eimeria tenella ROP1 induce host cell cycle arrest through the activation of p53/p21 pathway (20, 39). The p53/p21 pathway is a classical pathway involved in cell cycle arrest, but the expression of p53 was reduced by Giardia infection in this study, it is likely that expressions of p21 and p27 were regulated by other pathways to induce cell cycle arrest during Giardia infection. Cellular homeostasis relies on E2F activity during the cell cycle (40). Certain parasites specifically target the E2Fs and perturb cell cycle progression. For instance, Theileria parasites affect E2F signaling to promote leukocyte proliferation (41) and Toxoplasma gondii targets the E2Fs to elicit a key set of host responses related to the cell cycle (42). In this study, E2F1-RB complex formation was increased and expressions of E2Fs were regulated by Giardia exposure. The repression of transcription of E2F1 by E2F7 and E2F8 has been demonstrated previously (16, 40). Hence, we speculate that E2F1 may be regulated by E2F7 and E2F8 during Giardia infection, although the precise mechanism is still unknown.

The ability to recognize cellular stress and trigger adaptive host defenses has been indispensable throughout evolution. As a cellular organelle that controls protein quality and distinguishes attacks on protein fidelity, the ER holds a unique position in the cell (43, 44). It has been previously shown that UPR activation regulates cell cycle progression (45, 46). In order to elucidate the mechanism of cell cycle arrest regulated by UPR activation induced by Giardia, the levels of UPR-related proteins and cell cycle-regulated proteins were measured in this study. Results showed that Giardia infection induced ER stress and UPR activation. The activation of UPR pathways may be closely correlated with the expressions of p21 and p27. Some studies have reported that the activation of ER stress signaling pathway IRE1-XBP1s induces cell cycle arrest by increasing expressions of p21 and p27 (7). The activation of PERK/eIF2α signaling has been shown to cause loss of cyclin D1, resulting in G1 cell cycle arrest (6, 47). However, the current study does not demonstrate a direct association of activation of ATF6 signaling pathway with cell cycle progression. It has been previously shown that crosstalk between these different UPR signaling pathways (46, 48, 49). Therefore, we speculate that the UPR will engage in complex crosstalk networks to regulate cell cycle arrest. Research has proved that the Ufd1 facilitates clearance of misfolded proteins through the ERAD pathway. Downregulation of Ufd1 leads to increased ubiquitination and destabilization of Skp2, resulting in accumulation of p27 and a concomitant delay in the G1 phase of the cell cycle (50). The mRNA levels of Ufd1 and Skp2 were decreased during Giardia infection, and Skp2 regulated the expressions of p21 and p27 when judged with siRNA knockdown experiments. The mRNA levels of ERAD-related genes were increased under Giardia exposure. Thus, we assume that cell cycle arrest induced by UPR activation might affect ERAD.

Recent studies have reported that Giardia can induce apoptosis through both the intrinsic and extrinsic pathways (34, 51). Giardia can modulate the processes of apoptosis in the intestines of the host by DNA fragmentation, CASP3 activation, PARP degradation, and regulation of the expressions of Bcl-2 and Bax (22). The parasite may have a destructive effect on the intestinal epithelium of the host through the induction of various mechanisms, depending on the species. The UPR signaling pathways induce apoptosis has been documented (52, 53). The results of this study showed that PERK and ATF6 pathways involved apoptosis activated by Giardia. However, the activation of IRE1-XBP1s partially suppressed apoptosis induced by Giardia. One of the possible causes of such difference is that stress sensors have distinct sensitivities to specific inducers of ER stress. The activation of PERK inhibits general protein translation through the phosphorylation of eIF2α under mild ER stress (54). Under prolonged stress, the activation of PERK and ATF6 pathways increases expression of CHOP to initiate the apoptotic response (49, 55). It is possible that activation of PERK and ATF6 pathways regulated expression of CHOP to regulate apoptosis induced by Giardia. The inhibition of AKT by inhibitor MK2206 2HCl increased Giardia-induced PARP and CASP3 cleavage in this study. AKT hypophosphorylation in cells resulting from inhibition of the IRE1-XBP1s pathway by MKC3946 was associated with enhanced Giardia-induced apoptosis. The kinase activity of IRE1 has not been reported to directly phosphorylate AKT. AKT-related signaling regulated by the IRE1 pathway requires further investigation. The inhibition of JNK by inhibitor SP600125 reduced Giardia-induced PARP and CASP3 cleavage, and inhibition of IRE1 signaling pathway by inhibitor MKC3946 could increase phosphorylation of JNK in this study. Although several studies have documented that IRE1 activated JNK pathway to induce apoptosis (53, 56), the enhanced Giardia-induced apoptosis was associated with hyperphosphorylation of JNK in cells caused by inhibition of IRE1-XBP1s pathway via application of MKC3946 in this study. Due to this, it is likely that other upstream kinases activated the JNK pathway during Giardia infection, which was modulated by the uncharacterized activity of IRE1. It is also likely that AKT, JNK and IRE1 signal crosstalk may be complicated.

In conclusion, the results of this study showed that Giardia activated UPR signaling pathways to regulate cell cycle arrest and apoptosis. It seems that the arrested cycle is not just a passive response that allows cells to slowly return to homeostasis, but also creates conditions that allow misfolded proteins to degrade. Activation of PERK and ATF6 pathways induced apoptosis, but activation of IRE1-XBP1s pathway suppressed apoptosis to promote cell survival. This study provides new insights for understanding the pathogenesis of giardiasis and the interaction between Giardia and the intestinal epithelium.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Author contributions

Conceptualization: SY, WL. Funding acquisition: WL. Investigation: SY, XQ, HZ. Methodology: SY. Project administration: WL. Resources: WL, XL. Supervision: WL. Validation: WL. Writing – original draft: SY. Writing – editing: JG. Writing – review: WL. All authors contributed to the article and approved the submitted version.





Funding

This work was funded by the National Natural Science Foundation of China (no. 32172885).




Acknowledgments

We thank all the persons who provide kind helps to this work.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1127552/full#supplementary-material




References

1. Zhang, Z, Zhang, L, Zhou, L, Lei, Y, Zhang, Y, and Huang, C. Redox signaling and unfolded protein response coordinate cell fate decisions under er stress. Redox Biol (2019) 25:101047. doi: 10.1016/j.redox.2018.11.005

2. Frakes, AE, and Dillin, A. The Upr(Er): Sensor and coordinator of organismal homeostasis. Mol Cell (2017) 66(6):761–71. doi: 10.1016/j.molcel.2017.05.031

3. Moncan, M, Mnich, K, Blomme, A, Almanza, A, Samali, A, and Gorman, AM. Regulation of lipid metabolism by the unfolded protein response. J Cell Mol Med (2021) 25(3):1359–70. doi: 10.1111/jcmm.16255

4. Rashid, HO, Yadav, RK, Kim, HR, and Chae, HJ. Er stress: Autophagy induction, inhibition and selection. Autophagy (2015) 11(11):1956–77. doi: 10.1080/15548627.2015.1091141

5. Oakes, SA, and Papa, FR. The role of endoplasmic reticulum stress in human pathology. Annu Rev Pathol (2015) 10:173–94. doi: 10.1146/annurev-pathol-012513-104649

6. Brewer, JW, and Diehl, JA. Perk mediates cell-cycle exit during the mammalian unfolded protein response. Proc Natl Acad Sci U.S.A. (2000) 97(23):12625–30. doi: 10.1073/pnas.220247197

7. Zhang, D, Fan, R, Lei, L, Lei, L, Wang, Y, Lv, N, et al. Cell cycle exit during bortezomib-induced osteogenic differentiation of mesenchymal stem cells was mediated by Xbp1s-upregulated P21(Cip1) and P27(Kip1). J Cell Mol Med (2020) 24(16):9428–38. doi: 10.1111/jcmm.15605

8. Tabas, I, and Ron, D. Integrating the mechanisms of apoptosis induced by endoplasmic reticulum stress. Nat Cell Biol (2011) 13(3):184–90. doi: 10.1038/ncb0311-184

9. Huang, R, Hui, Z, Wei, S, Li, D, Li, W, Daping, W, et al. Ire1 signaling regulates chondrocyte apoptosis and death fate in the osteoarthritis. J Cell Physiol (2022) 237(1):118–27. doi: 10.1002/jcp.30537

10. Chen, Y, and Brandizzi, F. Ire1: Er stress sensor and cell fate executor. Trends Cell Biol (2013) 23(11):547–55. doi: 10.1016/j.tcb.2013.06.005

11. Yoon, MK, Mitrea, DM, Ou, L, and Kriwacki, RW. Cell cycle regulation by the intrinsically disordered proteins P21 and P27. Biochem Soc Trans (2012) 40(5):981–8. doi: 10.1042/BST20120092

12. Malumbres, M, and Barbacid, M. Cell cycle, cdks and cancer: A changing paradigm. Nat Rev Cancer (2009) 9(3):153–66. doi: 10.1038/nrc2602

13. Knudsen, ES, Kumarasamy, V, Nambiar, R, Pearson, JD, Vail, P, Rosenheck, H, et al. Cdk/Cyclin dependencies define extreme cancer cell-cycle heterogeneity and collateral vulnerabilities. Cell Rep (2022) 38(9):110448. doi: 10.1016/j.celrep.2022.110448

14. Quereda, V, Porlan, E, Canamero, M, Dubus, P, and Malumbres, M. An essential role for Ink4 and Cip/Kip cell-cycle inhibitors in preventing replicative stress. Cell Death Differ (2016) 23(3):430–41. doi: 10.1038/cdd.2015.112

15. Coqueret, O. New roles for P21 and P27 cell-cycle inhibitors: A function for each cell compartment? Trends Cell Biol (2003) 13(2):65–70. doi: 10.1016/s0962-8924(02)00043-0

16. Westendorp, B, Mokry, M, Groot Koerkamp, MJ, Holstege, FC, Cuppen, E, and de Bruin, A. E2f7 represses a network of oscillating cell cycle genes to control s-phase progression. Nucleic Acids Res (2012) 40(8):3511–23. doi: 10.1093/nar/gkr1203

17. Bertoli, C, Skotheim, JM, and de Bruin, RA. Control of cell cycle transcription during G1 and s phases. Nat Rev Mol Cell Biol (2013) 14(8):518–28. doi: 10.1038/nrm3629

18. Engeland, K. Cell cycle regulation: P53-P21-Rb signaling. Cell Death Differ (2022) 29(5):946–60. doi: 10.1038/s41418-022-00988-z

19. Sabou, M, Doderer-Lang, C, Leyer, C, Konjic, A, Kubina, S, Lennon, S, et al. Toxoplasma gondii Rop16 kinase silences the cyclin B1 gene promoter by hijacking host cell Uhrf1-dependent epigenetic pathways. Cell Mol Life Sci (2020) 77(11):2141–56. doi: 10.1007/s00018-019-03267-2

20. Diallo, MA, Sausset, A, Gnahoui-David, A, Ribeiro, ESA, Brionne, A, Le Vern, Y, et al. Eimeria tenella rop kinase Etrop1 induces G0/G1 cell cycle arrest and inhibits host cell apoptosis. Cell Microbiol (2019) 21(7):e13027. doi: 10.1111/cmi.13027

21. Kuzmenok, OI, Chiang, SC, Lin, YC, and Lee, ST. Retardation of cell cycle progression of macrophages from G1 to s phase by icam-l from leishmania. Int J Parasitol (2005) 35(14):1547–55. doi: 10.1016/j.ijpara.2005.08.006

22. Kapczuk, P, Kosik-Bogacka, D, Kupnicka, P, Metryka, E, Siminska, D, Rogulska, K, et al. The influence of selected gastrointestinal parasites on apoptosis in intestinal epithelial cells. Biomolecules (2020) 10(5):674. doi: 10.3390/biom10050674

23. Pistritto, G, Trisciuoglio, D, Ceci, C, Garufi, A, and D’Orazi, G. Apoptosis as anticancer mechanism: Function and dysfunction of its modulators and targeted therapeutic strategies. Aging (2016) 8(4):603–19. doi: 10.18632/aging.100934

24. Puthia, MK, Sio, SW, Lu, J, and Tan, KS. Blastocystis ratti induces contact-independent apoptosis, f-actin rearrangement, and barrier function disruption in iec-6 cells. Infect Immun (2006) 74(7):4114–23. doi: 10.1128/IAI.00328-06

25. Lopez-Rosas, I, Lopez-Camarillo, C, Salinas-Vera, YM, Hernandez-de la Cruz, ON, Palma-Flores, C, Chavez-Munguia, B, et al. Entamoeba histolytica up-regulates microrna-643 to promote apoptosis by targeting xiap in human epithelial colon cells. Front Cell Infect Microbiol (2018) 8:437. doi: 10.3389/fcimb.2018.00437

26. Abhishek, K, Das, S, Kumar, A, Kumar, A, Kumar, V, Saini, S, et al. Leishmania donovani induced unfolded protein response delays host cell apoptosis in perk dependent manner. PloS Negl Trop Dis (2018) 12(7):e0006646. doi: 10.1371/journal.pntd.0006646

27. Ansell, BR, McConville, MJ, Ma’ayeh, SY, Dagley, MJ, Gasser, RB, Svard, SG, et al. Drug resistance in giardia duodenalis. Biotechnol Adv (2015) 33(6 Pt 1):888–901. doi: 10.1016/j.biotechadv.2015.04.009

28. Adam, RD. Biology of giardia lamblia. Clin Microbiol Rev (2001) 14(3):447–75. doi: 10.1128/CMR.14.3.447-475.2001

29. Feng, Y, and Xiao, L. Zoonotic potential and molecular epidemiology of giardia species and giardiasis. Clin Microbiol Rev (2011) 24(1):110–40. doi: 10.1128/CMR.00033-10

30. Halliez, MC, and Buret, AG. Extra-intestinal and long term consequences of giardia duodenalis infections. World J Gastroenterol (2013) 19(47):8974–85. doi: 10.3748/wjg.v19.i47.8974

31. Einarsson, E, Ma’ayeh, S, and Svard, SG. An up-date on giardia and giardiasis. Curr Opin Microbiol (2016) 34:47–52. doi: 10.1016/j.mib.2016.07.019

32. Roxstrom-Lindquist, K, Ringqvist, E, Palm, D, and Svard, S. Giardia lamblia-induced changes in gene expression in differentiated caco-2 human intestinal epithelial cells. Infect Immun (2005) 73(12):8204–8. doi: 10.1128/IAI.73.12.8204-8208.2005

33. Liu, L, Wei, Z, Fang, R, Li, X, and Li, W. Giardia duodenalis induces extrinsic pathway of apoptosis in intestinal epithelial cells through activation of Tnfr1 and K63 de-ubiquitination of Rip1 in vitro. Microb Pathog (2020) 149:104315. doi: 10.1016/j.micpath.2020.104315

34. Liu, L, Fang, R, Wei, Z, Wu, J, Li, X, and Li, W. Giardia duodenalis induces apoptosis in intestinal epithelial cells Via reactive oxygen species-mediated mitochondrial pathway in vitro. Pathogens (2020) 9(9):693. doi: 10.3390/pathogens9090693

35. Galluzzi, L, Diotallevi, A, and Magnani, M. Endoplasmic reticulum stress and unfolded protein response in infection by intracellular parasites. Future Sci OA (2017) 3(3):FSO198. doi: 10.4155/fsoa-2017-0020

36. Yang, Y, Zhao, Y, Liu, L, Zhu, W, Jia, S, Li, X, et al. The anti-apoptotic role of cox-2 during in vitro infection of human intestinal cell line by giardia duodenalis and the potential regulators. Infect Immun (2022) 90(3):e0067221. doi: 10.1128/iai.00672-21

37. Liu, L, Yang, Y, Fang, R, Zhu, W, Wu, J, Li, X, et al. Giardia duodenalis and its secreted ppib trigger inflammasome activation and pyroptosis in macrophages through Tlr4-induced ros signaling and A20-mediated Nlrp3 deubiquitination. Cells (2021) 10(12):3425. doi: 10.3390/cells10123425

38. Ponce de Leon-Rodriguez, MDC, Guyot, JP, and Laurent-Babot, C. Intestinal in vitro cell culture models and their potential to study the effect of food components on intestinal inflammation. Crit Rev Food Sci Nutr (2019) 59(22):3648–66. doi: 10.1080/10408398.2018.1506734

39. Chang, S, Shan, X, Li, X, Fan, W, Zhang, SQ, Zhang, J, et al. Toxoplasma gondii rhoptry protein Rop16 mediates partially sh-Sy5y cells apoptosis and cell cycle arrest by directing Ser15/37 phosphorylation of P53. Int J Biol Sci (2015) 11(10):1215–25. doi: 10.7150/ijbs.10516

40. Li, J, Ran, C, Li, E, Gordon, F, Comstock, G, Siddiqui, H, et al. Synergistic function of E2f7 and E2f8 is essential for cell survival and embryonic development. Dev Cell (2008) 14(1):62–75. doi: 10.1016/j.devcel.2007.10.017

41. Tretina, K, Haidar, M, Madsen-Bouterse, SA, Sakura, T, Mfarrej, S, Fry, L, et al. Theileria parasites subvert E2f signaling to stimulate leukocyte proliferation. Sci Rep (2020) 10(1):3982. doi: 10.1038/s41598-020-60939-x

42. Panas, MW, Naor, A, Cygan, AM, and Boothroyd, JC. Toxoplasma controls host cyclin e expression through the use of a novel Myr1-dependent effector protein, Hce1. mBio (2019) 10(2):1128. doi: 10.1128/mBio.00674-19

43. Salminen, A, and Kaarniranta, K. Er stress and hormetic regulation of the aging process. Ageing Res Rev (2010) 9(3):211–7. doi: 10.1016/j.arr.2010.04.003

44. Wenzel, EM, Elfmark, LA, Stenmark, H, and Raiborg, C. Er as master regulator of membrane trafficking and organelle function. J Cell Biol (2022) 221(10):e202205135. doi: 10.1083/jcb.202205135

45. Lee, D, Hokinson, D, Park, S, Elvira, R, Kusuma, F, Lee, JM, et al. Er stress induces cell cycle arrest at the G2/M phase through Eif2alpha phosphorylation and Gadd45alpha. Int J Mol Sci (2019) 20(24):6309. doi: 10.3390/ijms20246309

46. Spaan, CN, Smit, WL, van Lidth de Jeude, JF, Meijer, BJ, Muncan, V, van den Brink, GR, et al. Expression of upr effector proteins Atf6 and Xbp1 reduce colorectal cancer cell proliferation and stemness by activating perk signaling. Cell Death Dis (2019) 10(7):490. doi: 10.1038/s41419-019-1729-4

47. Li, X, Yu, X, Zhou, D, Chen, B, Li, W, Zheng, X, et al. Cct020312 inhibits triple-negative breast cancer through perk pathway-mediated G1 phase cell cycle arrest and apoptosis. Front Pharmacol (2020) 11:737. doi: 10.3389/fphar.2020.00737

48. Walter, F, O’Brien, A, Concannon, CG, Dussmann, H, and Prehn, JHM. Er stress signaling has an activating transcription factor 6alpha (Atf6)-dependent “Off-switch”. J Biol Chem (2018) 293(47):18270–84. doi: 10.1074/jbc.RA118.002121

49. Xu, W, Lu, X, Zheng, J, Li, T, Gao, L, Lenahan, C, et al. Melatonin protects against neuronal apoptosis Via suppression of the Atf6/Chop pathway in a rat model of intracerebral hemorrhage. Front Neurosci (2018) 12:638. doi: 10.3389/fnins.2018.00638

50. Chen, M, Gutierrez, GJ, and Ronai, ZA. Ubiquitin-recognition protein Ufd1 couples the endoplasmic reticulum (Er) stress response to cell cycle control. Proc Natl Acad Sci U.S.A. (2011) 108(22):9119–24. doi: 10.1073/pnas.1100028108

51. Panaro, MA, Cianciulli, A, Mitolo, V, Mitolo, CI, Acquafredda, A, Brandonisio, O, et al. Caspase-dependent apoptosis of the hct-8 epithelial cell line induced by the parasite giardia intestinalis. FEMS Immunol Med Microbiol (2007) 51(2):302–9. doi: 10.1111/j.1574-695X.2007.00304.x

52. Verfaillie, T, Rubio, N, Garg, AD, Bultynck, G, Rizzuto, R, Decuypere, JP, et al. Perk is required at the er-mitochondrial contact sites to convey apoptosis after ros-based er stress. Cell Death Differ (2012) 19(11):1880–91. doi: 10.1038/cdd.2012.74

53. Urano, F, Wang, X, Bertolotti, A, Zhang, Y, Chung, P, Harding, HP, et al. Coupling of stress in the er to activation of jnk protein kinases by transmembrane protein kinase Ire1. Science (2000) 287(5453):664–6. doi: 10.1126/science.287.5453.664

54. Fernandez, A, Ordonez, R, Reiter, RJ, Gonzalez-Gallego, J, and Mauriz, JL. Melatonin and endoplasmic reticulum stress: Relation to autophagy and apoptosis. J Pineal Res (2015) 59(3):292–307. doi: 10.1111/jpi.12264

55. Hetz, C. The unfolded protein response: Controlling cell fate decisions under er stress and beyond. Nat Rev Mol Cell Biol (2012) 13(2):89–102. doi: 10.1038/nrm3270

56. Kato, H, Nakajima, S, Saito, Y, Takahashi, S, Katoh, R, and Kitamura, M. Mtorc1 serves er stress-triggered apoptosis Via selective activation of the Ire1-jnk pathway. Cell Death Differ (2012) 19(2):310–20. doi: 10.1038/cdd.2011.98




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Yu, Zhao, Qin, Li, Guo and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu.2023.1127552_cover.jpg
& frontiers | Frontiers in Immunology

Giardia duodenalis-induced G0/ G1
intestinal epithelial cell cycle arrest and
apoptosis involve activation of endoplasmic
reticulum stress in vitro





OEBPS/Images/fimmu-14-1127552-g002.jpg
Caco-2 HT-29 i
CACO:2 =onmian mmon iy 0h 3h _6h 12h 0h 3h 6h 12h £,
i E2F1 | — — .|——-——.- 3
s i
g2 £
; E2F2 | . s — e S — %::
2,08 ’ / 1
$THT-29 =0 mama = E2F3 Wl e we = (g a0 e e |(°
il . j
E ‘. E2F4 | e e -
g1 |
5l B-actin
R TR R s T P e —— =
o Caco-2 HT-29 5 Caco2 i
Oh 3h 6h 12h Oh 3h 6h 12h  “] d £
IPE2F1 | RB| W W - = £ o
N N U¢
s 3
RB| e W - x : \BRH
Input i § )
B-actin | e — ——— | o o o — ¢ D[]
] Oh 3h 6h 12n @
D E Caco-2 HT-29
Caco-2 Oh  3h 6h 12h  0h 3h 6h  12h
e " P21 | ———— — __.“I
o !
Fi zun ! 27 -
B-actin

HT-29

=m0 mmsh Emeh =2

E

B2

25

[P ——

[ve———






OEBPS/Images/fimmu-14-1127552-g007.jpg
A o B C

onso G oMo wcoms G Grouso_ewncisie G
s omso
proPARD B P —ewe MKC3S
apARP 1 e T
evidom
pro-CASPS oy - AT
acases — K
Beactin e /4 PINK
o fractin
ousd
asiasean
e . D Caco2 HT-20
oropARP o - e Oh 3 6h12n on 3 6h 12n
apare gx T e 1 T °
P e : =T
acases e 3 = ==
e PRy —
pactin arer oo " /4 o [ = ==
g - R ot | — || ——————]
ouso i o oo = Cowo ouso amssr o Guonso _Guscasr Bt
- S : i
e e o L :
aoare o e
sriszse=al . ,
acASPa -— — . il i
fractn | ——— ] © " e sgen " o
E Caco2 HT-20 : F
G- S0 s oo ¥ 3 ifjosse i
owsd T o -t ot owso_ wmaasa GHONSO GHKZ6 24 Ganrol DUSO_ SPioras
wz0s 30 : ;
Pl
ot | —-—
P rr—r— e
apaRP | 1 - nie
Pro-CASPS [ S e
acases r———
[ |

Caco-2

G oo e o ouso s oo wats el Gt ouso_ s
owsd 05 L 4 HE
[ e

g 2

v 1
o AR o = = b

ararp =
10.CASPS | ———
chCASP3 e —— -

[T | P | g G T





OEBPS/Images/fimmu-14-1127552-g004.jpg
B

Control

MKC3946

Gl
DMSO

MKC3946

D

XBP1s
Cyclin A
Cyclin B
Cyclin D
Cyclin E

CDK1
CDK2
CDK4
CDKé
E2F1
E2F2
E2F3
E2F4

B-actin

Gl
DMSO
AEBSF

ATF6
Cyclin A
Cyclin B
Cyclin D
Cyclin E

CDK1

CDK2

CDK4

CDKé

E2F1

E2F2

E2F3

E2F4

B-actin

GI+DMSO

GI+MKC3946

GI+GSK2606414
- - -+
B
- + - + = oo mmouso e
=8 DR S
— — ——— | ]
2
2
£
prp————— I 4 ﬂu[
Xebts CynA CydnB CydnD Cydne
S ————— oo mONSO s
] =S S
—————— % =
Eio
- e N
fos
L e e - — -
—————— | £ 00 £
cox oo cons oo
S mous0 e
o e - e | SE™ =G5S0 ma GhkCIos
5 -
—— —-— - —— p-
H
— A -l ——— - | E
1.
e ———
T e O e e - |

Relaveproton el (i change)  Relatve pots vel (0 change)

Relatvepotsn el (i change)

i

e e

@0us0 e acase
= Gi'Duso @ Giacesy

=

coxt

=d

E21

CpinA CyinB CyinD Cyding

00 mmazaSE
\“Dhiso o= GieAEBSF

o6

0150

= pcse
= Gitduso o m.mir_I

E2¢2

o

e23

E2ra

! Percentage of counting cells (%)

@
S

EN
S

N
S

3
e

Control

DMSO

MKC3946
GSK2606414
AEBSF

[e]]

GI+DMSO
GI+MKC3946
GI+GSK2606414
GI+AEBSF

0
GI+AEBSF eoey s 62
c G - - - o+ o+
DMSO - o+ o+ - o+
GSK2608414 - -+ - -+ g mowo movame
L, S, SEE
p-PERK - - i
H
PERK | - — 3.
3
CyinA [ e | |,
Cyclin B | e e s s o w— :
Cyclin D | wee = = =3 © etk opnA Grind Cind Crine
g1 =5 =2['15§m e
Cyclin E | s el D o - w— ] =
CDKY [ e e e o e e | 2RI W
CDK2 | g > a | fos
H
CDK4 | o - i,
i oo e oo
CDKG [ o ——— e - 20O
g al - GIeDMSO m&»sskzau&m
E2F1 | o v o — f
:
E2F2 | il e & - i
et R i__|l—|.n.‘l—|—|
PR —— |
E2Fa ¢ E2F1 E2F2 E2F3 E2F4
B-actin | e > - > o= -
E Gl
DMSO ]
MKC3946
PE2F1 | RB
RB
Input
B-actin e
Gl - - - + o+ B -
DMSO - + + A E*‘
GSKa606H4 - -+ - -+ g
PEF1 | RB - - i
it
‘ RB R 1 Tk
nput [
B-actin
:
Gl - T
DMSO - P
AEBSF - - 4+ - - 4 g,
32
PEFt | R .. i
e
RB 3
B-actin | Se—— 5
&






OEBPS/Images/fimmu-14-1127552-g005.jpg
A al - - - + + +

DMSO - + 4 = + +
MKC3946 - - * = al +

p27 e

—— ] H

p21 - gz

:

£

[B-actin | e — S —— — %

i
Gl - - - + + +
DMSO - + + - + +

GSK2606414  — - + - - + e

)

p27 - —-— .- . BN

3

p21 - ad H

£

Bractin | se——————— | |
Gl - - - + + +
DMSO - + + — + +
AEBSF  — - + - - +

p27

8

p21 K.

2

k1

&

[ ——

o

Contrt
ouso
KC304G

GuDNSO
KIS

GI+GSK2608414

GragBsE

HT-29

0h 3h 6h 12h

— — —-—

Relative mRNA exprossion vels

Skp2
p27
p21

B-actin

o ol g0 §
Caco2 = iic” = weer &
£
£
2 H
Sz w27 w2t
Caco-2

Control lipo3000si-NC  si-Skp2

= Contl = pa000
HT-29 = i = sz
10
05
o001 Z
B w2t 2t
HT-29

Control lipo3000si-NC  si-Skp2

—— || ey — S -
-‘] o —
- L e —

L e — — — — e ——






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Giardia duodenalis-induced G0/G1 intestinal epithelial cell cycle arrest and apoptosis involve activation of endoplasmic reticulum stress in vitro

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Cell culture

          



          		

            Parasite culture

          



          		

            Cell viability assay

          



          		

            Host-parasite interactions

          



          		

            Cell cycle analysis

          



          		

            qPCR analysis

          



          		

            Western blot analysis

          



          		

            Acridine orange/ethidium bromide assay

          



          		

            Co-immunoprecipitation assay

          



          		

            In vitro siRNA interference assay

          



          		

            ROS determination

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Giardia reduced host cell viability and induced G0/G1 cell cycle arrest and apoptosis

          



          		

            Giardia exposure arrested cell cycle by increasing expressions of p21 and p27 and promoting E2F1-RB complex formation

          



          		

            The UPR and ERAD pathways were activated by Giardia exposure

          



          		

            The activation of UPR pathways regulated expression levels of E2Fs and formation of E2F1-RB complex to affect cell cycle progression

          



          		

            The activation of UPR pathways regulated the expression levels of p21 and p27

          



          		

            ROS induced ER stress and regulated cell cycle progression

          



          		

            The activation of UPR pathways regulated apoptosis induced by Giardia

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1127552-g001.jpg
on
an
on

= i2n

G2

Goiat

12h

(05105 s j obewooiog

8 8 I & °

e

HT-29

3h

Caco-2
3h

12h

6h

oh

12h

6h

okt cokz  CDKe  CDKe

CydinE

Cyding  CycinD

Cycln A

HT-29

coke

Caco-2

AW

+ -

2 AN\«

cok2

oKt

CydnA Cydin8 CyeinD CydinE

—— -

— - W —
— ——

,
_
_
|
|
[
[
_

HT-29

Caco-2

: 2 ¢+ g8 % ¢ 8§
- = 5 5 3 8 8 8 8 %
E m ° 3 5 & -
g
° 2 3]
] | 2§ St
i w <° s
g sl i
gs |l
% i
g g1y ]
2 s E & = |
B - s
[ ] g ]
2 .t = MO NUL
] ° ] 3 - \
g . g ! 2 ni
2 2 o 8= |
] 5 1 m ] O
o8 3 S Q- = |
38 Q¢ < £ s :
=g : 5 o &
S ST §* §EEEEE
. £53382

R\






OEBPS/Images/fimmu-14-1127552-g008.jpg
Cytoplagr’r:{:'?

Proteosomal Degradation

M/G1
checkpoint Go ‘
¥ A

4 Cell Cycle Arrest | “
2

GaAS .” o

: G1/S
AT Wcheckpoint
p21/p27— & =

E2F Targets UPR Gene Expression

000! 00000000

Nucleus





OEBPS/Images/fimmu-14-1127552-g003.jpg
=@ 0h == 3h =3 6h B3 12h

HT-29

S NN r® © T & o
8 &&= ©

S[one] UOISSaIGXE YN BANEIY

XBPts  CHOP  EDEM  Hrdi  Pdia  Pssipk  ERO1l  ERDM

GRPT8

=
&

Caco-2 =m oh 3h Em 6h &

pIRE1  XBP1s p-PERK ATF4  CHOP  ATF6

GRP78

6h =3 12h
7
s
4

=3 Oh &= 3h =3
A A
H H
0 0
H f
H H
H

i i
H f
f H
U i
H i
4 4

HT-29
H
H
H
4

T
o

(aBueyo pjoy) [ena] uizjoid anyeiey

6
4
24
o

(8Bueyo pioj) (oA UiBI0Id BATEIRY

p-IRE1  XBP1s p-PERK ATF4 CHOP  ATF6

GRP78

@z

@3 6h B 12h

m 0h == 3h

vo © - o o
|

XBPfs  CHOP  EDEM  Hdi  Pdia6  PsBipk  ERO1l  ERDM

GRP78

HT-29

2

Caco-
3h

o

12h

6h
=

.
N

3h
-

T
I
_

——

6h  12h
el
e —
.

0h

oh
—

-
e oD e e | | e o

GRP78
p-IRE1
IRE1

XBP1s
p-PERK I

PERK | w0 S | | e e S

ATF4
CHOP
ATF6
B-actin





OEBPS/Images/fimmu-14-1127552-g006.jpg
C a

DMSO - + 4+
NAC - - 4+
XBP1s | & ¢
p-PERK .
PERK i-
ATF6 - |
e - P S e
b2t e ol
CyclinA [wew @ o= = = -l I ’—i_‘
Cyclin B | e s e J— z
Cyolin D | S S RN * " .., oo cmno  orine
Cyclin E [ s s -
CDK1 | s s e s | 2
CDK2 | i e H
} CDK4 | e 4 A s s E
3 A CDKG | e e e e | 200 L e Ca
4 B . : s E2F1 — - 4
Gl GI+DMSO GHNAC E2F2 | e s s s | £
2
< 50 e = = = == Control E2F3 | S - o — S
g S DMSO vty e ‘r
2 == NAC — - - 1
3 40 = G| E2F4 — °'I'IE!'!H'E nl[!,!;li_“.!,:.! Ea
%"30 e Bractin | e e —— —— —
3 — Gl - - - 4+ + + 3w
5 20 DMSO - + + - + + |
g NAC = - + - - + &
£ 10 IPE2F1 RB . -
H RB T

o

In)
GO/G1 s G2 put B-actin






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





