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Case Report: A Novel Mutation in NFKB1 Associated With Pyoderma Gangrenosum
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Pyoderma gangrenosum (PG) is a rare, destructive inflammatory skin disease of which a painful nodule or pustule breaks down to form a progressively enlarging ulcer. Ulcerations associated with PG may occur after trauma or injury to the skin. The etiology has not been clearly elucidated. Our report described a PG patient with a heterozygous splice-donor-site mutation in NFKB1 (c.730+5G>A) causing the absence of exon 8 and the formation of truncated p105 (p.Asp191_Lys244delinsGlu; p105delEx8), which led to distinct symptoms of high fever and excessive inflammation in wound area after routine surgical procedures. The functional analysis showed that the variant caused reduced phosphorylation of p105 and resulted in the decreased processing of p105 to p50. We conclude that the patient's symptoms were caused by dysregulation of the NF-κB signaling pathway.
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INTRODUCTION

Pyoderma gangrenosum (PG) is a prototypic autoinflammatory neutrophilic dermatosis, which is often associated with systemic disorders such as inflammatory bowel disease (IBD), rheumatoid arthritis (RA), seronegative arthritis, autoimmune hepatitis, and hematologic disorders (Alavi et al., 2017). The pathogenesis of PG is multifactorial, including abnormalities in the function of inflammatory cytokines, the immune system, and the neutrophils combined with specific genetic mutations (Braswell et al., 2015). Specific mutations in PSTPIP1, MTHFR, and JAK2 have been reported to be associated with the pathogenesis of PG (Defilippis et al., 2015).

The NF-κB signaling pathway is critically important for regulating both innate and adaptive immune responses (Boztug et al., 2016; Kaustio et al., 2017). The NF-κB transcription factor family consists of five members, NF-κB1 (p105/p50), NF-κB2 (p100/p52), RelA (p65), RelB, and c-Rel. NFKB1 encodes a 969-amino-acid precursor named p105, which is subsequently processed to the active subunit p50 (amino acids 1–433 of p105) by phosphorylation and poly-ubiquitination at the C-terminal portion of the protein (Fliegauf et al., 2015). In canonical NF-κB pathway, the p105 and RelA usually exist as heterodimers in the cytoplasm, sharing a Rel homology domain (RHD) at the N-terminal portions, to ensure their dimerization, DNA binding, and nuclear localization. Diseases related to the abnormal expression of NF-κB1 include autoimmunity, lymphoproliferation, non-infectious bowel disease, opportunistic infections, auto inflammation, and malignant tumors (Lorenzini et al., 2020). And genomic heterozygous loss-of-function mutations cause common variable immune deficiency (CVID) (Tuijnenburg et al., 2018). In this report, we described a PG patient with heterozygous mutation in intron 8 leading to the deletion of exon 8 in NFKB1 mRNA and a 53-amino-acid deletion in the RHD, which affects the stability of p105 and the generation of p50. Our report describes a novel mutation in NFKB1 that has not been previously described as a pathogenic variation.



CASE PRESENTATION

The patient is a 66-year-old female with pain in both knee joints for more than 20 years. She was admitted to hospital with suppurative osteoarthritis and presented with a history of diabetes and hypertension. She developed lesions 5 days after the surgical of left knee replacement. The patient's left lower leg initially presented as purplish erythema and then gradually developed into large area of ecchymosis and bullae, and the small pustules on the surface partly fused into a large ulceration (Figure 1A); along with these dermatology processes were high fever and temporary unconsciousness. Antibiotic treatment was ineffective, and cultures for bacteria and fungi from pustules were negative. Routine blood tests showed that neutrophils, white blood cells, and high-sensitivity C-reactive protein (CRP) were significantly increased (Table 1). Histopathologic examination of skin biopsy revealed that a large number of neutrophils infiltrated in the dermis with granulomatous changes in the subcutaneous tissue. Based on the clinical and histological features, the patient was diagnosed with PG and was treated with high-dose intravenous immunoglobulin (IVIG) plus corticosteroid, which induced a great improvement in her lesions (Figure 1B). After treatment, the patient was in remission, and blood neutrophils and CRP gradually decreased.
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FIGURE 1. A pyoderma gangrenosum (PG) patient with heterozygous splice-donor-site mutation in NFKB1. (A) After the left knee joint replacement surgery, purple erythema appeared on the left leg of the patient, and a large area of ulcers gradually formed. (B) The patient's ulcer gradually improved after treatment with intravenous immunoglobulin (IVIG) plus glucocorticoid. (C) Schematic of the whole-exome sequencing (WES) data-filtering approach under the assumption of dominant/de novo inheritance, leading to the identification of an NFKB1 variant. For details of variants in each assumed inheritance, see Supplementary Tables 1, 2. INDEL, frameshift, or non-frameshift insertions and deletions; SNP, single-nucleotide polymorphisms including missense, splice-site, and stop-codon variants. (D) The integrative genomics viewer revealed the exome sequencing reads covering a heterozygous mutation (c.730+5G>A) in intron 8 splice donor site of NFKB1. (E) RNA-sequencing analysis of NF-κB target genes in patient's peripheral blood mononuclear cells (PBMCs) compared with those of six unaffected controls (C1–C6). Analysis of each sample was performed in duplicate. For gene names, see Supplementary Figure 1. (F) The expression of NFKB1 mRNA in PBMCs of healthy controls and the patient were analyzed by RT-PCR. Primers located in exons 6 and 11 were used to amplify exons 7–10 (649 bp) of NFKB1. In addition to the expected band, a shorter product was observed in the patient, suggesting that the mutation caused the deletion of an exon (exon 7, exon 8, or exon 9). (G) Sequencing of RT-PCR products from healthy control showed normal splicing (top). The patient's heterozygous mutation (c.730+5G>A) caused the in-frame skipping of exon 8 and the fusion of exon 7 and exon 9 (105delEx8, p.Asp191_Lys244delinsGlu) (bottom). (H) PBMCs from the patient and healthy controls were stimulated with phorbol 12-myristate 13-acetate (PMA) plus ionomycin. The amounts of p105 and p50 and the phosphorylation of p105 (Ser933, P-p105) were analyzed by Western blotting. GAPDH was used as the loading control. (I) HEK293T cells were transiently transfected with cytomegalovirus promoter-driven ectopic expression vector; the amount of ectopic protein was analyzed based on the results of Western blotting. As shown in the figure, on the left are expressions of fusion proteins wild-type and mutant p105 and p50, and on the right are non-fusion proteins. The 150-kDa band is GFP-p105. The 75-kDa band is GFP-p50. The 50-kDa faint band in all lanes is endogenous p50. The molecular weight marker is shown on the right. Only a weak fluorescent signal was detected for the mutant protein. (J) Grayscale analysis of the western blot results in (I). (K) The immunofluorescence results showed that GFP-p50 was localized in the nucleus and GFP-p105 was in the cytoplasm. Green, green fluorescent protein (GFP) fusion; blue, nuclear. The scale bar represents 10 μm. *P < 0.05, **P < 0.001, ***P < 0.0001.



Table 1. Laboratory tests showed elevated levels of neutrophil and white blood cell counts.
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MATERIALS AND METHODS


Cell Culture and Transfection

Peripheral blood mononuclear cells (PBMCs) were separated by lymphocyte separation medium (LSM) and SepMate tubes (Stemcell Technologies Inc., Vancouver, BC, Canada), which were cultured in RPMI-1640 (Gibco, Grand Island, NY, USA) medium with 10% fetal bovine serum (FBS) and penicillin/streptomycin. For stimulation experiments, phorbol 12-myristate 13-acetate (PMA) (79346; Sigma-Aldrich Corp., St. Louis, MO, USA) and ionomycin (5608212; PeproTech, Cranbury, NJ, USA) were used to stimulate PBMCs, with the final concentration of 50 ng/ml of PMA and 1 mg/ml of ionomycin. HEK293T cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Gibco) supplemented with 10% FBS (ExCell Bio, Shanghai, China) and penicillin/streptomycin (HyClone, Logan, UT, USA). The cells were placed on 35-mm dish with 20-mm micro-well and #1.5 glass-like polymer coverslip (D35-20-1.5P; Cellvis, Mountain View, CA, USA) and transfected with Lipofectamine® 2000 (11668019; Thermo Fisher Scientific, Waltham, MA, USA) reagent.



Whole-Exome Sequencing Analysis

The Maxwell RSC Whole Blood DNA Kit (AS1520; Promega, Madison, WI, USA) was used to extract whole blood DNA, and 1 μg of DNA was used for whole-exome sequencing (WES). WES data were analyzed by GATK best practice as described before. Variants that were non-synonymous or in splice sites within six base pairs of an exon and had <1% mutant allele frequency in the gnomAD, Kaviar, dbSNP, and in-house database remained after filter. Variants assumed with different inheritance (dominant/de novo or recessive) were considered. This means the genotype of the pathogenic gene should be heterozygous for dominant/de novo inheritance and homozygous or compound heterozygous for recessive inheritance.



RNA Sequencing

One microgram of RNA from the patient's and controls' PBMC was used for library preparation. Libraries were generated using NEBNext Ultra RNA Library Prep Kit for Illumina (NEB) following manufacturer's recommendations, and index codes were added to attribute sequences to each sample. Agilent Bioanalyzer 2100 system was used for assessing the Library quality. The libraries were sequenced on Illumina Novaseq (Illumina, Inc., San Diego, CA, USA), and 150-bp paired-end reads were generated. Sequenced reads were mapped against the human reference genome (GRCh38) using HISAT2 (Kim et al., 2019). featureCounts was used to count the reads numbers mapped to each gene (Liao et al., 2013). DESeq2 R package was used for differential expression analysis (Love et al., 2014).



cDNA Sequencing

RNA was isolated from PBMCs using RNeasy Mini Kit (74104; Qiagen Inc., Valencia, CA, USA) and reverse transcribed with Prime-Script RT reagent kit with gDNA Eraser (Perfect Real Time) (RR047A; Takara, Dalian, China). A 649-bp cDNA fragment encoding exons 7–10 was amplified by PCR and sequenced with primers 5′-GTGAGGATGGGATCTGC-3′ (forward) and 5′-CGAAGCTGGACAAACACAGA-3′ (reverse) (Fliegauf et al., 2015).



Western Blotting

Cells were washed with phosphate-buffered saline (PBS) and lysed in a cold cell lysis buffer [50 mM of Tris–HCl, pH 7.4, 150 mM of NaCl, 0.5% NP-40, 10% glycerol, 0.1% sodium dodecyl sulfate (SDS), protease and phosphatase inhibitor mixture (78442; Thermo Fisher Scientific)] for 10 min and then centrifuged at 20,000 g for 10 min. Bicinchoninic acid (BCA) protein assay kit (23225; Thermo Fisher Scientific) was used to determine the protein concentration. The p105 and p50 were detected with a rabbit antibody raised against the N terminus of NF-κB1 (#13586; Cell Signaling Technology, Danvers, MA, USA). Phosphorylated p105 was detected with a monoclonal rabbit antibody (#4806; Cell Signaling Technology) (Fliegauf et al., 2015).



Construction of Overexpression Vectors

RNA was extracted from PBMCs of the patient and healthy controls; the cDNAs encoding full-length p105 (p105-FL) and truncated p105delEx8 were cloned by RT-PCR. The cDNAs encoding p50 and p50delEx8 were further cloned by PCR from p105-FL and truncated p105delEx8. These cDNAs were expressed using a cytomegalovirus promoter-driven ectopic expression vector. PCR primers were used to introduce the enzyme cleavage sites XhoI and EcoRI into the cDNAs; and after the correct sequence was verified by Sanger sequencing, the cDNAs (p105, p105delEx8, p50, and p50delEx8) were subcloned into pEGFP-C1 to generate the green fluorescent protein (GFP)-fusion structure. The non-fused gene was obtained using the pCMV6 vector by the same method.



Immunofluorescence Detection

HEK293T cells expressing GFP-p50, GFP-p50delEx8, GFP-p105-FL, and GFP-p105delEx8 were rinsed with PBS and fixed with 4% paraformaldehyde for 20 min; and the nuclei were stained with DAPI. Fluorescence confocal images were captured using Zeiss laser scanning microscope (Carl Zeiss, Oberkochen, Germany) and processed using Zeiss ZEN blue-zen black software.




RESULTS

To identify the genetic cause of the disease, WES was performed for the patient. WES data were analyzed by GATK best practice as described before. A total of 105,754 high-quality variants were called. Variants were filtered step by step (Figure 1C). For dominant/de novo inheritance, variants were further filtered novel in gnomAD, Kaviar, dbSNP, and in-house database. Candidate variants were then manually interpreted and combined with clinical manifestations. A possible splicing site mutation in NFKB1 (c.730+5G>A) was considered as pathogenic mutation (Figure 1D) (dbscSNV_ADA_SCORE = 0.999, dbscSNV_RF_SCORE = 0.998) (Jian et al., 2014). Then we performed RNA sequencing in patient's PBMCs. The result showed that gene expression in the NF-κB signaling pathway was upregulated compared with unaffected healthy controls (Figure 1E), suggesting increased inflammation in the patient.

To verify whether the patient's mutation in intron 8 would affect the mRNA splicing of NFKB1 mRNA, we extracted RNA from PBMCs of the patient and healthy controls and amplified cDNA fragments spanning exons 7–10 (649 bp) by RT-PCR. The agarose electrophoresis results showed that an additional shorter band appeared below the normal band in the patient compared with that in the healthy control (Figure 1F). Sanger sequencing of the RT-PCR products confirmed that the patient had exon 7 and exon 9 spliced, resulting in the in-frame skipping of exon 8 (159 bp) (Figure 1G).

The deletion of exon 8 would result in the absence of 53 amino acids from the N-terminal RHD (p.Asp191_Lys244delinsGlu, p105delEx8). The stability of RHD is critical for generation of p50–p105 heterodimers and is required for effective p50 production (Lin et al., 2000; Lin and Kobayashi, 2003). Therefore, this deletion would affect the normal function of NF-κB1 proteins. To investigate whether the deletion of the specific fragment at the mRNA level would lead to the formation of truncated NF-κB1 proteins (with a molecular weight reduced by ~5.8 kDa) in the patient (Fliegauf et al., 2015), we prepared protein extracts from PBMCs of the patient and healthy controls to perform Western blotting analysis. The results showed that, under the PMA plus ionomycin stimulation, the expression levels of p105 and p50 proteins were lower in the patient than in the control groups, and truncated p105delEx8 bands appeared in the patient's lanes (Figure 1H). The phosphorylation of p105 at Ser933 was also reduced in the patient's mutant allele (Figure 1H). Accordingly, only wild-type p105 was further processed into p50, and no p50delEx8 (~44 kDa) processed from truncated p105delEx8 was detected (Figure 1H). These observations suggest that the splice-donor-site mutation in NFKB1 (c.730+5G>A) leads to the degradation of truncated p105delEx8, which further influences the formation of p50delEx8.

To verify the effects of mutation on p105/p50 stability, we transiently transfected the p50, p50delEx8, p105, p105delEx8, and N-terminal GFP-fusion constructs (GFP-p50, GFP-p50delEx8, GFP-p105, and GFP-p105delEx8) into HEK293T cells, using a cytomegalovirus promoter-driven ectopic expression vector. Western blotting results showed that the protein level of truncated p105delEx8 was significantly lower than the non-mutant protein p105, regardless of whether it was fused with GFP or not (Figures 1I,J). In addition, the amounts of p50delEx8 and GFP-p50delEx8 processed from p105delEx8 variants were also decreased compared with those of p50 and GFP-p50 processed from p105 (Figure 1I). Consistently, the immunofluorescence results confirmed this result; we observed strong fluorescent signals in the GFP-p50 and GFP-p105 transfected cells in the nucleus and cytoplasm, respectively (Figure 1K), while only weak fluorescence signals were detected in GFP-p50delEx8 and GFP-p105delEx8 transfected cells (Figure 1K).



DISCUSSION

Our functional study identified a heterozygous NFKB1 (c.730+5G>A) mutation causing the in-frame skipping of exon 8, which led to P50 haploinsufficiency. Many previous studies have shown that NF-κB1 haploinsufficiency can lead to CVID (Bryant and Tangye, 2016; Schipp et al., 2016; Dieli-Crimi et al., 2018; Duan and Feanny, 2019; Schroder et al., 2019); typical symptoms are repeated infections and IgA/IgM deficiency caused by hypogammaglobulinemia. Thompson et al. reported that heterozygous mutations in NFKB1 were associated with PG and CVID (Thompson et al., 2018). In contrast to previous reports, this patient did not present hypogammaglobulinemia, and the levels of IgA and IgM were normal. The patient showed recurrent fevers, PG, and increased neutrophil and white blood cell counts. In the studies of liver and lung inflammatory diseases, the loss or abnormal expression of NF-κB1 often leads to the accumulation of neutrophils, which leads to inflammation (Fiona Oakley et al., 2005; Wilson et al., 2015; Mcminn et al., 2019), so we speculate that the number of neutrophils may be part of the reason for the high inflammation of PG due to neutrophil hyperactivation. However, mechanisms explaining the PG and autoinflammation caused by NFKB1 heterozygous mutation still need to be further studied.
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