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Downregulation of p53 by Insufficient CTCF in CD4+ T Cells Is an Important Factor Inducing Acute Graft-Versus-Host Disease
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Recent evidence indicates that p53 plays a protective role against various systemic autoimmune diseases by suppressing pro-inflammatory cytokine production and reducing the number of pathogenic T cells. However, whether abnormal p53 expression participates in the development of acute graft-versus-host disease (aGVHD) remains unclear. In this study, we demonstrated that p53 was downregulated in CD4+ T cells from patients with aGVHD compared with the non-aGVHD group. Furthermore, we confirmed that low expression of CCCTC-binding factor (CTCF) in CD4+ T cells from aGVHD cases is an important factor affecting histone H3K9/K14 hypoacetylation in the p53 promoter and p53 downregulation. Restoring CTCF expression in CD4+ T cells from aGVHD patients increased p53 amounts and corrected the imbalance of Th17 cells/Tregs. Taken together, these results provide novel insights into p53 downregulation in CD4+ T cells from aGVHD patients.

Keywords: aGVHD, CD4+ T cell, p53, CTCF, P300


INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is considered the exclusive treatment option for hematopoietic malignancies, but acute graft-versus-host disease (aGVHD) is the primary limitation of this therapy. Despite prophylactic treatment with immunosuppressants, approximately 20–80% of allo-HSCT recipients develop aGVHD (1–3). The pathogenetic process of aGVHD involves a complex cascade of humoral and cellular interactions in which alloreactive donor T lymphocytes target host tissues, causing tissue injury through the secretion of proinflammatory cytokines and direct cytotoxicity (4–6). Therefore, controlling the overactivation of T lymphocytes is the key to preventing aGVHD. To achieve this goal, the pathogenesis of aGVHD needs further elucidation.

The transcription factor p53 is a tumor suppressor gene that plays an important role in regulating cell growth, apoptosis, and DNA repair. Mutations in the p53 gene occur in half of all human malignant tumors (7–9). In recent years, evidence indicates that p53 plays a protective role in inflammatory response by inhibiting the inappropriate expression of pro-inflammatory factors such as IL-1, IL-6, IL-12, and TNF, etc. p53 dysfunction is related to the occurrence of inflammatory and autoimmune diseases (10–13). Recent studies demonstrated that inhibition of autoimmunity by p53 may be related to p53-mediated Foxp3 transcription in Tregs. Meanwhile, p53 activates Foxp3 transcription by directly binding to its promoter, which contributes to p53-mediated Treg induction (14, 15). In addition, p53 inhibits Th17 cell differentiation by suppressing the signal transducer and activator of transcription 3 (STAT3) and nuclear transcription factor-κB (NF-κB) pathways (14, 16). Thus, p53 plays an important role in regulating Th17 cell/Treg balance. Accumulating evidence demonstrates that the imbalance between Th17 cells and Tregs is an important cause of aGVHD (6, 17–19). The above findings clearly indicate that p53 is a key factor in inhibiting autoimmune and inflammatory responses; however, whether abnormal p53 expression participates in the development of aGVHD remains unclear.

Histone H3 acetylation at Lys 9 (H3K9ac), an important histone modification, is highly correlated with active promoter state (20). Histone H3 acetylation at Lys 14 (H3K14ac) shows a high co-occurrence with H3K9ac and is considered the hallmark of active gene promoters (21). In this study, we demonstrated that the CCCTC-binding factor (CTCF) in the p53 gene promoter that contributes to its transcriptional expression. Reduced CTCF leads to insufficient binding of E1A binding protein p300 (p300) in the p53 promoter region, which in turn causes H3K9/K14 hypoacetylation, and p53 transcription is repressed in CD4+ T cells from aGVHD patients. Taken together, these results provide novel insights into p53 downregulation in CD4+ T cells from aGVHD patients.



MATERIALS AND METHODS


Subjects

A total of 90 patients administered allo-HSCT (2016–2019) from HLA-identical sibling donors at the Central of Hematopoietic Stem Cell Transplantation of Xiangya Hospital were included. This study was carried out in accordance with the recommendations of international ethical guidelines for biomedical research involving human subjects. The study protocol was approved by the Human Ethics Committee of Xiangya School of Medicine, Central South University. All subjects provided signed informed consent in accordance with the Declaration of Helsinki. The clinical characteristics of the patients are shown in Table 1. The median time from transplantation to aGVHD onset was 53 (20–91) days. Conditioning regimens were adopted as described in our previous study (22). Assessment of aGVHD was based on clinical symptoms in accordance with reported criteria (23, 24). The patients were divided into two groups, according to whether they had aGVHD. Peripheral blood samples from patients were collected as soon as aGVHD was diagnosed and before starting the therapy (n = 45). According to the onset time of aGVHD patients, we collected peripheral blood from three patients with the same disease type at the same time point after hematopoietic stem cell transplantation. Among these three patients, patients who had not developed aGVHD were included in the control group (n = 45). The transplant pattern was the same in both groups. In addition, the normal CD4+ T cells were obtained from three health medical staff recruited from Xiangya Hospital.


TABLE 1. Clinical characteristics of patients.
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Isolation, Culture, and Transfection of CD4+ T Cells

CD4+ T cells were extracted from 60 ml venous peripheral blood with human CD4 beads (Miltenyi, Bergisch Gladbach, Germany) as directed by the manufacturer and cultured in RPMI 1640 (Thermo Fisher Scientific, MA, United States) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. The gene overexpression (pCMV6) and interference (pRS) plasmids were transfected into 2 × 106 CD4+ T cells with Human T cell Nucleofector Kit and Amaxa Nucleofector (Lonza, Walkersville, MD, United States). Briefly, CD4+ T cells were isolated, resuspended in 100 μl human T cell Nucleofector solution, and mixed with the plasmid. The resulting mixture was electrotransfected with Nucleofector program V-024 on an Amaxa Nucleofector. The transfected cells were cultured in RPMI 1640 containing 10% FBS at 37°C with 5% CO2 and collected 48 h later.



Proliferation of CD4+ T Cells

CD4+ T cells were cultured in 24-well plates (1 × 106/ml), stimulated with recombinant human IL-2 (10 units/ml, eBioscience) in RPMI 1640. In the IL-2 superimposed TCR stimulation group, anti-CD3 mAb (1 μg/ml, eBioscience, CA, United States) and anti-CD28 mAb (1 μg/ml, eBioscience) were added at the same time as IL-2. After 24, 48, 72, and 96 h, respectively, the stimulated CD4+ T cells were seeded into 96-well plates. Then, 10 μl of Cell Counting Kit-8 (CCK-8) reagent was added to each well and incubated at 37°C in the presence of 5% CO2 for 1 h in the incubator. Absorbance was measured at 450 nm on a microplate reader.



RNA Isolation and Real-Time PCR

Total RNA was isolated from CD4+ T cells with TRIzol Reagent (Invitrogen, CA, United States). Complementary DNA (cDNA) was synthesized from 1 μg total RNA with random primers and SuperScript II reverse transcriptase (Invitrogen, CA, United States), according to the manufacturer’s instructions. Briefly, the mixture of random primers, total RNA, and dNTP was heated at 65°C for 5 min and then placed on ice rapidly. First-strand buffer and DTT were added to the mixture and incubated at 25°C for 2 min. SuperScript II RT was added to the mixture and incubated for 10 min at 25°C, followed by 50 min at 42°C, and 15 min at 70°C. Real-time PCR with SYBR Green Master Mix (Thermo Fisher Scientific) was performed in triplicate on an ABI Prism 7500 (Thermo Fisher Scientific). After an initial denaturation step (2 min at 94°C), 45 cycles of PCR (15 s at 94°C, 30 s at 60°C) are performed. Human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an endogenous control for data normalization. The 2–ΔΔCt method was employed for analysis based on the following formula: ΔΔCt = (Cttarget gene − Ctinternal control)sample − (Cttarget gene − Ctinternal control)control. The primers are listed in Table 2.


TABLE 2. Primer sequences for real-time qPCR.
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Western Blotting

CD4+ T cells were lysed with RIPA Lysis Buffer (Thermo Fisher Scientific) containing proteinase inhibitors (Thermo Fisher Scientific). Lysates were cleared at 14,000 × g and 4°C for 15 min, and protein concentration was determined by the Bradford protein assay (Bio-Rad, CA, United States). Proteins were separated by 8% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), and electrophoretically transferred onto polyvinylidene difluoride (PVDF) membranes (Bio-Rad, CA, United States). The membranes were then blocked with 5% bovine serum albumin (BSA) for 1 h at room temperature, washed twice with Tris-buffered saline containing Tween-20 (TBST), and separately incubated overnight at 4°C with primary antibodies, including mouse anti-p53 (1:1000 dilution), rabbit anti-CTCF (1:1000 dilution), rabbit anti-p300 (1:1000 dilution), and rabbit anti-GAPDH (1:1000 dilution) antibodies (Cell Signaling Technology, MA, United States). The membranes were washed with TBST and incubated with horseradish peroxidase-conjugated secondary antibodies, including horse anti-mouse (1:2000 dilution), goat anti-rabbit (1:2000 dilution) antibodies (Cell Signaling Technology) for 2 h at room temperature. Detection was performed with enhanced chemiluminescence (ECL) (Cell Signaling Technology) and relevant blots were quantified by densitometry by using the Quantity One software (Bio-Rad, CA, United States).



Culture, and Transfection of Jurkat Cells

Jurkat cells were cultured in RPMI 1640 supplemented with 10% FBS and 1% penicillin/streptomycin and incubated at 37°C in presence of 5% CO2. The plasmids were transfected into Jurkat cells via Gene Pulser Xcell electroporation system (Bio-Rad). The transfection efficiency can reach about 60–70%.



Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) analysis was performed according to the instructions included in SimpleChIP® Plus Sonication Chromatin IP Kit (Cell Signaling Technology, MA, United States). First, about 4 × 106 CD4+ T cells were incubated in a medium containing 1% formaldehyde at room temperature, and cross-linking was stopped with glycine at a final concentration of 0.125 M. Cells were collected after two washes with ice-cold PBS and were subsequently lysed. The pellets and resuspended lysates were sonicated to reduce DNA into 500–1000 base pair fragments. Then, anti-CTCF, anti-p300, anti-H3K9ac, anti-H3K14ac, or control rabbit IgG antibodies were added for overnight incubation. All antibodies were obtained from Cell Signaling Technology. Protein A agarose beads were added to collect protein-DNA complexes. Samples were then decross-linked overnight at 65°C with sodium chloride (final concentration, 0.2 M) after washing. Purified DNA was used to amplify the target fragment by PCR or real-time PCR. Primers used were as follows: Forward 1 (−1335 to −1313):5′CAGGGGAGTGGAGAGAGAAACT3′ and Reverse 1 (−1194 to −1218):5′AATAAAAATGCGGACTCTGAACTG3′, Forward 2 (−694 to −670):5′TCCCCCTACCGAGTCCCGCGG TA3′ and Reverse 2 (−515 to −536):5′CTATATCAGTGCTGGG TAGCA3′, Forward 3 (−15 to +3):5′AGCCTCGCAGGGGTTG AT3′ and Reverse 3 (+130 to +112):5′GCCCGAACGCAAAG TGTC3′.



Co-immunoprecipitation

Cellular proteins were extracted with RIPA lysis buffer. Then, 2 μg anti-CTCF or anti-p300 antibodies were added and incubated overnight at 4°C. ChIP-Grade protein A/G PLUS-agarose beads (100 μl, Millipore) were added to each IP reaction and incubated for 2 h at 4°C with shaking. Agarose beads were harvested by centrifugation at 3000 × g for 2 min, removing the supernatant. The precipitated complex was washed three times. The proteins were then eluted from the solid support using SDS sample loading buffer. The complexes were analyzed by Western blotting with anti-CTCF and anti-p300 antibodies.



Statistical Analysis

The data were analyzed by SPSS 22.0 software. Continuous variables with normal distribution were presents as mean ± standard deviation (SD); non-normal variables were reported as median (interquartile range). Means of two continuous normally distributed variables were compared by independent samples Student’s test (data from different transfections were compared by paired t test and other data were compared by 2-group t test). Mann–Whitney U test and Kruskal–Wallis test were used, respectively, to compare the means of two groups of variables not normally distributed. Correlations were analyzed using Pearson’s correlation coefficient. Significance was set as P ≤ 0.05.




RESULTS


Expression Levels of p53 in CD4+ T Cells From aGVHD Cases and Patients Without aGVHD

To investigate the relationship between p53 expression and aGVHD occurrence, the expression levels of p53 were detected in CD4+ T cells from patients with aGVHD and the non-aGVHD group. Real-time PCR and Western blot showed that p53 was significantly downregulated in CD4+ T cells from patients with aGVHD compared with the non-aGVHD group (Figures 1A–C).
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FIGURE 1. Expression levels of p53 in CD4+ T cells from patients with aGVHD and individuals without aGVHD. (A) Relative mRNA levels of p53 in CD4+ T cells from patients with aGVHD (n = 15) and the non-aGVHD group (n = 15) normalized to GAPDH expression. (B) Representative Western blot results for p53 protein expression in CD4+ T cells from patients with aGVHD and those without aGVHD. (C) Quantitative analysis of band intensities for p53 protein levels normalized to GAPDH expression (n = 15 per group). (D) Representative Western blotting results showing p53 protein levels in normal CD4+ T cells transfected with the p53 interference (pRS-p53) or negative control (pRS) plasmid. (E,F) Determination of the proliferation of p53-deficient CD4+ T cells after stimulation with IL-2 in the presence or absence of anti-CD3/CD28 antibodies. Data are mean ± SD from three independent experiments. (∗∗P < 0.01).


In addition, to assess the effect of p53 on the proliferation of CD4+ T cells, the p53 interference (pRS-p53) or negative control (pRS) plasmid was transfected into CD4+ T cells from healthy donors. Then, the transfected cells were stimulated with IL-2 in the presence or absence of anti-CD3/CD28 antibodies (TCR stimulation). Western blot showed that p53 was significantly downregulated in pRS-p53 transfected cells compared with the pRS transfected cells (Figure 1D). Although the pRS-p53 and pRS groups had equivalent responses to IL-2 in the presence of anti-CD3/CD28 antibodies (Figure 1E), a striking difference was observed in the absence of TCR stimulation (Figure 1F). The pRS-p53 group proliferated strongly in response to IL-2 alone, at a magnitude comparable to their response to anti-CD3/anti-CD28 antibodies plus IL-2, whereas the pRS group exhibited a very limited expansion upon stimulation with IL-2 alone (Figures 1E,F). These results indicated that p53 downregulation in CD4+ T cells may lead to an over-reaction to IL-2 and aGVHD occurrence.



CTCF Downregulation Reduces p53 Expression in CD4+ T Cells From Patients With aGVHD

In order to explore the molecular mechanism underpinning p53 downregulation in CD4+ T cells from aGVHD patients, the promoter sequence of p53 was analyzed with an online software1. The results showed that this region contains the CTCF binding site (Figure 2A). First, whether CTCF could bind to the p53 promoter was explored by ChIP-PCR analysis in CTCF overexpressing Jurkat cells. Three pairs of primers covering the p53 promoter region (−1335 to +130 bp) were evaluated. The results revealed that CTCF could indeed bind to the p53 promoter at −694 bp to −515 bp (Figure 2B). Further, to investigate the effect of CTCF on p53 expression in CD4+ T cells, the CTCF interference (pRS-CTCF) and CTCF overexpression (pCMV6-CTCF) plasmids were transfected, respectively, into normal CD4+ T cells. The results showed that p53 was significantly downregulated in normal CD4+ T cells after CTCF silencing (Figures 2C,E,F). Conversely, p53 was significantly upregulated in normal CD4+ T cells after CTCF overexpression (Figures 2D,E,G).
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FIGURE 2. CTCF is a key factor to promote p53 expression in CD4+ T cells. (A) Schematic diagram of the CTCF binding site in the p53 promoter region. (B) ChIP-PCR showing that CTCF binds to the promoter region (−694 to −515) of p53 in T cells. (C,D) p53 mRNA levels in normal CD4+ T cells after CTCF silencing or overexpression. Data are mean ± SD from three independent experiments. (E) Representative Western blotting results for p53 protein expression in CD4+ T cells after CTCF silencing or overexpression. (F,G) Quantitative analysis of band intensities for p53 protein, normalized to GAPDH expression. Data are mean ± SD from three independent experiments. (∗P < 0.05, ∗∗P < 0.01).


In addition, CTCF expression levels were assessed in CD4+ T cells from patients with aGVHD and those without. CCCTC-binding factor amounts in CD4+ T cells from patients with aGVHD were significantly lower than those of the non-aGVHD group (Figures 3A–C). Meanwhile, CTCF binding to the p53 promoter region was compared between aGVHD patients and individuals without aGVHD by ChIP-qPCR with anti-CTCF antibodies. As shown in Figure 3D, aGVHD patients had reduced binding of CTCF to the p53 promoter compared with the non-aGVHD group. To investigate the relationship between CTCF binding to the p53 promoter and p53 expression in CD4+ T cells from aGVHD cases, correlation analysis was performed. The results indicated that the CTCF binding level was positively correlated with p53 expression in CD4+ T cells from aGVHD patients (Figure 3E). Taken together, the above findings suggested that CTCF is a key factor promoting p53 expression, and decreased CTCF expression might be one of the main causes of p53 downregulation in CD4+ T cells from aGVHD cases.
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FIGURE 3. CTCF downregulation results in low expression of p53 in CD4+ T cells from patients with aGVHD. (A) Relative mRNA levels of CTCF in CD4+ T cells from patients with aGVHD (n = 15) and those without aGVHD (n = 15), normalized to GAPDH. (B) Representative Western blotting results for CTCF protein expression in CD4+ T cells from patients with aGVHD (n = 10) and those without aGVHD (n = 10). (C) Quantitative analysis of band intensities for CTCF protein, normalized to GAPDH expression. (D) ChIP-qPCR analysis of CTCF enrichment in the p53 promoter in chromatin fractions extracted from CD4+ T cells from patients with aGVHD (n = 15) and individuals without aGVHD (n = 15). Values are relative to those obtained with input DNA prepared from untreated chromatin. (E) Correlation between CTCF enrichment and p53 mRNA levels in CD4+ T cells from aGVHD cases (n = 15). (∗∗P < 0.01).




CTCF Recruits p300 to Bind to the p53 Promoter

In order to unveil the molecular mechanism by which CTCF promotes p53 expression, the STRING database2 was used to predict proteins that might interact with CTCF. In this study, p300, a histone acetylase, was predicted to interact with CTCF. First, to confirm the interaction between CTCF and p300, CTCF and p300 expression plasmids were transfected into Jurkat cells and whether CTCF could form a complex with p300 was assessed by co-immunoprecipitation. As shown in Figure 4A, CTCF indeed co-precipitated with p300. Further, the binding levels of p300 in the promoter region of p53 were determined by ChIP-qPCR in CD4+ T cells from patients with aGVHD and the non-aGVHD group. As shown in Figure 4B, patients with aGVHD showed reduced binding of p300 to the p53 promoter compared with the non-aGVHD group.


[image: image]

FIGURE 4. CTCF recruits p300 for interaction with the p53 promoter. (A) Co-immunoprecipitation with anti-CTCF (upper panel) or anti-p300 (lower panel) antibodies in Jurkat cells after CTCF and p300 overexpression; detection of the CTCF and p300 complex was performed by Western blotting. (B) ChIP-qPCR analysis of p300 enrichment in the p53 promoter in chromatin fractions extracted from CD4+ T cells from patients with aGVHD (n = 15) and individuals without aGVHD (n = 15). Values are relative to those obtained with input DNA prepared from untreated chromatin. (C) Representative Western blotting results for p53 protein expression in CD4+ T cells after CTCF or p300 overexpression and CTCF silencing. Data are mean ± SD from three independent experiments. (D) ChIP-qPCR analysis of p300 enrichment in the p53 promoter in chromatin fractions extracted from CD4+ T cells after CTCF or p300 overexpression and CTCF knockdown. Values are relative to those obtained with input DNA prepared from untreated chromatin. Data are mean ± SD from three independent experiments. ∗P < 0.05, ∗∗P < 0.01.


Next, to investigate the role of CTCF in p300 binding to the p53 promoter, the CTCF overexpression, p300 overexpression, and CTCF interference plasmids were transfected into normal CD4+ T cells. Compared with the negative control group, p300 binding to the p53 promoter and p53 expression levels were increased in the CTCF overexpression group (Figures 4C,D). However, after the p300 overexpression and CTCF interference plasmids were co-transfected into normal CD4+ T cells, p300 binding and p53 expression levels were significantly lower compared with the CTCF overexpression and negative control groups (Figures 4C,D). These data strongly suggested that CTCF plays a crucial role in recruiting p300 to the p53 promoter.



CTCF Modifies Histones H3K9ac and H3K14ac in the p53 Promoter

Histone H3K9ac and H3K14ac are critical epigenetic modifications for upregulated gene transcription. Meanwhile, p300 is a key acetylase that mediates the acetylation of both H3K9 and H3K14. To confirm the effects of CTCF on H3K9ac and H3K14ac in the p53 promoter region, H3K9ac and H3K14ac levels in the p53 promoter region were detected in normal CD4+ T cells transfected with CTCF overexpression or interference plasmid by ChIP-qPCR. The results showed increased histone H3K9ac and H3K14ac levels in the p53 promoter region after ectopic expression of CTCF in normal CD4+ T cells (Figure 5A). Conversely, H3K9ac and H3K14ac were significantly downregulated in normal CD4+ T cells after CTCF interference (Figure 5B). Further, H3K9ac and H3K14ac in the p53 promoter region were assessed in CD4+ T cells from patients with aGVHD and the non-aGVHD group. ChIP-qPCR showed that the levels of H3K9ac and H3K14ac in the p53 promoter region in patients with aGVHD were significantly lower than those of controls (Figures 5C,D). In addition, correlation analysis of H3K9/K14ac of p53 promoter and p53 expression were performed. We found that H3K9/K14ac were positively correlated with p53 expression in aGVHD CD4+ T cells (Figures 5E,F). Taken together, these results indicated that CTCF promotes p53 expression by increasing H3K9ac and H3K14ac levels in the p53 promoter region in CD4+ T cells.
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FIGURE 5. CTCF alters histone H3K9ac and H3K14ac levels in the p53 promoter. (A,B) ChIP-qPCR analysis of the enrichment of histone H3K9ac and H3K14ac levels in the p53 promoter region in normal CD4+ T cells transfected with pCMV6-CTCF (A) or pRS-CTCF (B). Values are relative to those obtained with input DNA prepared from untreated chromatin. Data are mean ± SD from three independent experiments. (C,D) ChIP-qPCR analysis of the enrichment of histone H3K9ac (C) and H3K14ac (D) levels in the p53 promoter region in CD4+ T cells from patients with aGVHD (n = 15) and individuals without aGVHD (n = 15). Values are relative to those obtained with input DNA prepared from untreated chromatin. (E,F) Correlation analysis of H3K9ac (E)/H3K14ac (F) of p53 promoter and p53 expression in aGVHD CD4+ T cells (n = 15).∗P < 0.05, ∗∗P < 0.01.




Restoring CTCF Expression in CD4+ T Cells From aGVHD Cases Improves Treg/Th17 Cell Imbalance by Upregulating p53

To determine the effects of CTCF upregulation in CD4+ T cells from aGVHD cases on Treg/Th17 cell imbalance, p300 binding and H3K9/K14 acetylation levels in the p53 promoter region were assessed, as well as p53, Foxp3, IL-10, RORγt, and IL-17A levels, after overexpression of CTCF in CD4+ T cells from aGVHD cases. As expected, significantly increased p300 binding and H3K9/K14 acetylation levels in the p53 promoter region were observed in CD4+ T cells from aGVHD patients after CTCF overexpression (Figures 6A,B). Similarly, p53, Foxp3, and IL-10 expression levels were increased (Figure 6C), while RORγt and IL-17A were downregulated in CTCF-overexpressing CD4+ T cells from aGVHD patients (Figure 6D). Taken together, these results suggested that CTCF upregulation in CD4+ T cells from aGVHD cases could improve the Treg/Th17 cell imbalance by increasing p53 expression.
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FIGURE 6. Restoring CTCF expression in CD4+ T cells from aGVHD cases improves Treg/Th17 cell imbalance by increasing p53 expression. (A,B) ChIP-qPCR analysis of the enrichment of p300 binding (A) and H3K9/K14 (B) acetylation levels in the p53 promoter region in CD4+ T cells from three separate aGVHD cases after CTCF overexpression. Values are relative to those obtained with input DNA prepared from untreated chromatin. Data are mean ± SD from three independent experiments. (C,D) Real-time PCR analysis of p53, Foxp3, IL-10 (C), RORγt, and IL-17A (D) expression levels in CD4+ T cells from three separate aGVHD cases after CTCF overexpression. Data are mean ± SD from three independent experiments. ∗P < 0.05, ∗∗P < 0.01.





DISCUSSION

This study demonstrated that p53 downregulation significantly enhanced CD4+ T cell response to IL-2 stimulation. Normal CD4+ T cells, with intact p53, failed to proliferate in response to IL-2 in the absence of TCR activation. However, after p53 silencing in normal CD4+ T cells, stimulation with IL-2 alone could lead to the proliferation of CD4+ T cells. These findings suggest that the TCR dependence of CD4+ T cell response to IL-2 stimulation is mediated by p53. Other studies have found that p53 expression can be increased significantly and continuously in CD4+ T cells stimulated with IL-2 alone. In contrast, stimulation of antigen-presenting cells with IL-2 induces only transient p53 protein upregulation, terminated by a significant downregulation to the pre-stimulation baseline (25). These findings suggest that sustained expression of p53 blocks the response of CD4+ T cells to IL-2, while TCR activation overcomes this obstacle by reducing p53 expression. Therefore, constant p53 expression plays an important role in maintaining the stability of CD4+ T cells and preventing excessive activation and proliferation. Loss of p53 expression may lead to overactivation of CD4+ T cells, inducing inflammatory and/or autoimmune diseases. CD4+ T cell-specific p53-deficient mice spontaneously develop inflammatory lesions in various organs, including the lung, liver, stomach, thyroid, submandibular gland, and kidney (15). Currently, whether p53 expression is defective in CD4+ T cells of aGVHD patients and whether excessive activation of CD4+ T cells in these patients is related to abnormal p53 expression remain unclear. The present study showed that p53 was significantly downregulated in CD4+ T cells from patients with aGVHD compared with the non-aGVHD group. Moreover, other studies have confirmed that IL-2 is significantly increased in both aGVHD mouse models and patients (26). These findings suggest that CD4+ T cells with insufficient p53 expression are over-activated and proliferate under stimulation by large amounts of IL-2, mediating inflammatory damage in various organs in aGVHD patients.

It is known that TCR signal downregulates p53 expression (15), so it can be well predicted that activated CD4+ T cells express lower p53 levels, and different Th cell subsets may also express different levels of p53. H. Kawashima et al. found a decreased Foxp3 expression and an increased RORγt expression in CD4+ T cells of p53 knockout mice compared with wild-type mice. There is no significant change in the expression of Th1 type transcription factor T-bet and Th2 type transcription factor Gata3 (15). These results suggest that p53 may mainly affect the differentiation of Treg and Th17, but not Th1/Th2. At the beginning of this study, we intended to explore the relationship between the decreased p53 expression and the activated status or components of Th subsets in CD4+ T cells from aGVHD patients. However, the number of CD4+ T cells isolated from patients with aGVHD is small, so it is difficult to further separate the subsets of Th1, Th2, Treg, and Th17 cells for subsequent detection. In the follow-up study, we will continue to explore relevant issues by building aGVHD animal models.

CCCTC-binding factor is a multifunctional transcription factor with multiple zinc finger structures that binds to the DNA and regulates gene expression through a variety of mechanisms. It is essential and highly conserved from Drosophila to mice and humans (27, 28). CCCTC-binding factor is involved in transcriptional regulation by binding to chromatin insulators and preventing interactions between promoters and nearby enhancers and silencers. It acts as a transcriptional repressor by binding to the promoters of the MYC proto-oncogene (c-Myc), BCL2-associated X protein (BAX), and homeobox A10 (HOXA10) (29–31). However, CTCF can bind to the amyloid beta precursor protein (APP) promoter as a transcriptional activator, upregulating APP (32). In recent years, many studies have found that CTCF may be closely related to autoimmune diseases. CCCTC-binding factor can mediate DNA hydroxymethylation and can contribute to overexpression of suppressor of cytokine signaling 1 (SOCS1) in systemic lupus erythematosus (SLE) CD4+ T cells through binding to the promoter region of SOCS1 (33). CCCTC-binding factor regulates histone modifications in the MHC class II (MHC-II) genes HLA-DRB1 and HLA-DQA1 promoter regions, inducing the transcription of HLA-DRB1 and HLA-DQA1 (34). CCCTC-binding factor interacts with POU class 2 homeobox 1 (Oct-1) to directly bind to the IL-17 promoter region, downregulating IL-17 and preventing the differentiation of Th17 cells (35). However, the relationship between CTCF and aGVHD remains undefined. In this study, CTCF recruited p300 to the p53 promoter region and induced p53 expression by increasing histone H3K9/K14 acetylation levels in this region. CCCTC-binding factor expression levels in CD4+ T cells from aGVHD cases were significantly reduced, which further decreased p53 expression in these cells. In HeLa cells, CTCF promotes p53 transcription by preventing the formation of repressive histone markers such as H3K9/K27 and H4K20 methylation in the p53 promoter region (36). This study unveiled the molecular mechanism of p53 downregulation in CD4+ T cells from aGVHD cases and further explained the epigenetic mechanism by which CTCF regulates p53 expression.

In addition, Co-IP requires a relatively large amount of cells, so we chose to use cell lines for this experiment. There is an interaction between CTCF and p300 in primary human CD4+ T cells because the binding level of P300 in p53 promoter was significantly increased after overexpression of CTCF, while the binding level of P300 in p53 promoter was significantly decreased after CTCF interference, which reflects that CTCF is an important protein that mediates P300 binding to p53 promoter. From the current study, CTCF should have an indirect effect on the regulation of p53 expression. We have confirmed that CTCF regulates the p53 expression through p300 affecting H3K9/K14 acetylation. In addition, there may be some other mechanisms, such as histone methylation and DNA methylation, etc. Our follow-up work will continue to explore these mechanisms.

Accumulating evidence suggests that the imbalance between Th17 cells and Tregs plays a critical role in aGVHD (17–19, 37–39). Our previous research revealed that STAT3 overexpression and activation in CD4+ T cells from aGVHD cases is one of the causes of Th17/Treg imbalance (6, 22). In this study, after CTCF overexpression in CD4+ T cells from aGVHD patients, p53, Foxp3, and IL-10 expression levels were significantly increased, while RORγt and IL-17A were significantly downregulated, thus reversing the Th17/Treg imbalance. It is known that p53 downregulates Th17-related genes and upregulates Treg-associated genes (14, 15). After CTCF overexpression, p53 expression was restored and the imbalance of Th17/Treg was corrected. In addition, CTCF directly binds to the IL-17A promoter and inhibits its expression (35). Therefore, CTCF overexpression in CD4+ T cells from aGVHD cases effectively reverses the Th17/Treg imbalance.

In summary, this study demonstrated that low levels of histone H3K9/K14 acetylation in the p53 promoter region, caused by reduced CTCF expression, constitute an important cause of p53 downregulation in CD4+ T cells from aGVHD cases. Insufficient p53 expression leads to excessive activation of CD4+ T cells and an imbalance of Th17/Treg, which in turn mediate the occurrence of inflammatory damage to various organs in aGVHD patients. This study clarified the molecular mechanism of the low expression of p53 in aGVHD CD4+ T cells, further improved the cause of aGVHD, and provided a reference target for the effective prevention and treatment of aGVHD.
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