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Nuclear factor kappa B (NF-κB) is a critical transcription factor involved in regulating cell activation, inflammation, and survival. The linear ubiquitin chain assembly complex (LUBAC) which consists of HOIL1, HOIP, and SHARPIN, catalyzes the linear ubiquitination of target proteins—a post-translational modification that is essential for NF-κB activation. Human germline pathogenic variants that dysregulate linear ubiquitination and NF-κB signaling are associated with immunodeficiency and/or autoinflammation including dermatitis, recurrent fevers, systemic inflammation and enteropathy. We previously identified MALT1 paracaspase as a novel negative regulator of LUBAC by proteolytic cleavage of HOIL1. To directly investigate the impact of HOIL1 cleavage activity on the inflammatory response, we employed a stable transduction system to express and directly compare non-cleavable HOIL1 with wild-type HOIL1 in primary HOIL1-deficient patient skin fibroblasts. We discovered that non-cleavable HOIL1 resulted in enhanced NF-κB signaling in response to innate stimuli. Transcriptomics revealed enrichment of inflammation and proinflammatory cytokine-related pathways after stimulation. Multiplexed cytokine assays confirmed a ‘hyperinflammatory’ phenotype in these cells. This work highlights the physiological importance of MALT1-dependent cleavage and modulation of HOIL1 on NF-κB signaling and inflammation, provides a mechanism for the autoinflammation observed in MALT1-deficient patients, and will inform the development of therapeutics that target MALT1 paracaspase and LUBAC function in treating autoinflammatory skin diseases.
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Introduction

The transcription factor nuclear factor κB (NF-κB) is a critical mediator of inflammation, immunity and malignancy (1, 2). The study of humans with pathogenic variants affecting key elements of the NF-κB signaling cascade has provided key insights into the biology of this system (3). Today we know that upon activation, NF-κB drives cellular activation, proliferation, and survival by modulating gene expression, cytokine production and signaling pathways. NF-κB can be induced by diverse innate and adaptive stimuli through the canonical (classical) or noncanonical (alternative) pathways. Major activators of the canonical pathway include signals from pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs), tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and lymphocyte antigen receptor signaling (1). In contrast, non-canonical stimuli [e.g. receptor activator of nuclear factor kappa-B ligand (RANKL)] cooperate with the canonical NF-κB pathway (4). Given the central role of NF-κB, aberrant activation is associated with various pathological states, including inflammatory diseases, autoimmunity, immuno-deficiency, and cancer (2, 5, 6).

The canonical pathway of NF-κB is regulated by a variety of post-translational modifications, including phosphorylation and various topographies of ubiquitination. Classically, the NF-κB complex (consisting of a heterodimer of p65 and p50) is maintained in the cytoplasm by its inhibitor IκBα. Upstream signaling drives the activation of the IκB kinase (IKK) complex (IKKα/β/γ), which phosphorylates IκBα, triggering K48-linked polyubiquitination by SCF (Skp, Cullin, F-box containing complex)β-TrCP E3 ubiquitin ligase, leading to IκBα proteasomal degradation (7). Release of NF-κB inhibition allows NF-κB translocation into the nucleus to regulate gene expression.

Non-degradative ‘regulatory’ forms of ubiquitination such as M1-linked (or linear) and K63-linked polyubiquitin have also emerged recently as critical regulators of NF-κB activation by linking signaling proteins/complexes (3, 8). In response to TNF-α or IL-1β stimulation, the linear ubiquitin chain assembly complex (LUBAC), consisting of heme-oxidized IRP2 ligase 1 (HOIL1), HOIL1 interacting protein (HOIP), and SHANK-associated RH domain interacting protein (SHARPIN), catalyzes the addition of linear ubiquitin (M1-Ub) chains onto key substrates to promote NF-κB activation (9, 10). One such substrate is IKKγ (or NEMO), the regulatory subunit of the IKK complex (11, 12). Since IKKγ possesses an UBAN (ubiquitin binding domain in ABIN and NEMO) domain that can bind M1-Ub with high affinity (13, 14), this promotes IKK complex oligomerization, autophosphorylation, and activation of IKKα/β, ultimately catalyzing IκBα phosphorylation and degradation (15). Proof of the important but intricate regulatory nature of this complex is the existence of human patients with germline pathogenic variants impairing the expression or regulation of LUBAC or M1-Ub who present with a combination of immunodeficiency and autoinflammation (16–22). For example, patients with deficiency of OTU deubiquitinase with linear linkage specificity (OTULIN), which causes a condition referred to as otulipenia, lack the ability to remove linear Ub chains causing immune dysregulation and systemic autoinflammation (21). In particular, autoinflammatory skin manifestations are significant, including neutrophilic dermatitis and panniculitis. This provides further support for the integral role of M1-Ub in regulating cell death-associated inflammation and controlling skin pathologies (23–25).

A number of mechanisms have been identified to regulate LUBAC activity. Deubiquitinases (DUBs) that specifically remove the M1-linked polyubiquitin chains (e.g., OTULIN and CYLD) reverse the LUBAC activity (26, 27). The stability of the LUBAC structure requires the interaction between each LUBAC component to form the trimolecular complex, and this is strongly associated with the protein level of HOIP, the catalytic center for linear ubiquitination (28). Deficiency in any one of the LUBAC components will affect the protein level of the other two, and hence down-regulates the LUBAC activity. This phenomenon was clearly documented in the reported HOIL1- and HOIP-deficient patients (16, 17, 19). More recently, additional regulatory roles for HOIL1 have been identified. HOIL1 conjugates monoubiquitin onto all LUBAC subunits, followed by HOIP-mediated conjugation of linear chains onto monoubiquitin, and these linear chains attenuate the functions of LUBAC (24). In addition, it has been found that HOIL1 is an atypical E3 ubiquitin ligase that forms oxyester bonds between the C-terminal carboxylate of Ub and serine and threonine residues in its substrates (29). This atypical E3 activity of HOIL1 diminishes the functions of LUBAC, which impacts various innate and adaptive immune signaling pathways (24, 30). It is possible that MALT1-dependent cleavage of HOIL1 may attenuate or regulate many of these functions.

Proteolytic cleavage of LUBAC has also emerged as an important regulatory mechanism (31). This discovery was empowered in part by the description of patients with homozygous germline pathogenic variants in MALT1 paracaspase, who presented with combined immunodeficiency, atopy, and features of autoinflammation such as inflammatory dermatitis and enteropathy (32–35). MALT1 is a protein that serves dual functions to promote signaling by acting as a scaffold to recruit additional signaling components, and functioning as a protease (specifically classified as a paracaspase) (36) to cleave known regulators of signaling (e.g. RelB, A20 and CYLD) (32). Leveraging MALT1-deficient patient cells, we defined a novel negative regulatory role for MALT1, whereby it cleaves HOIL1 to inhibit NF-κB activation (37). This HOIL1 cleavage event by MALT1 was also independently confirmed by other groups (38, 39), although the exact role of HOIL1 cleavage in regulating NF-κB activation and inflammatory responsiveness still remains unclear.

To further elucidate the impact of HOIL1 cleavage on NF-κB activation and inflammatory processes, in this study, we carefully defined the physiological relevance of MALT1-dependent cleavage of HOIL1. To do so we utilized skin fibroblasts from a unique patient who completely lacked detectable HOIL1 protein expression (16). This individual harbored compound heterozygous pathogenic variants in RBCK1 which encodes HOIL1 (c.553 C>T, p.Q185X and 31.799Kb deletion of chromosome 20 del:TRIB3:g.-1272_HOIL1:g.9780del encompassing TRIB3 and HOIL1) (16). We also previously showed that the conservative mutation of the cleavage site P1 arginine 165 (R165) to lysine (K) virtually abolished all MALT1-dependent cleavage of HOIL1 (37). Here we utilized this mutation to create a MALT1-resistant non-cleavable p.R165K variant of HOIL1 (henceforth HOIL1-R/K) that was stably expressed in primary skin fibroblasts from the HOIL1-deficient patient. This model system allowed us to specifically study the role of MALT1-dependent HOIL1 cleavage, while avoiding potential confounding effects from the cleavage of other MALT1 paracaspase substrates. The effect of HOIL1-R/K on LUBAC stability, NF-κB activation, the transcriptome, and cytokine secretion was assessed relative to wild-type HOIL1 (HOIL1-WT) transduced HOIL1-deficient fibroblasts. Here, we discovered that the inability of MALT1 paracaspase to cleave HOIL1 resulted in significantly enhanced canonical NF-κB activation, transcriptional enrichment of inflammatory pathways, and enhanced secretion of proinflammatory cytokines/chemokines in response to innate stimuli. Together these new findings reveal that MALT1-dependent cleavage of HOIL1 alone is critical for fine-tuning NF-κB signaling to limit inflammation and restore homeostasis.



Results


Construction and Characterization of Human Fibroblasts Expressing a MALT1 Paracaspase Resistant Non-Cleavable Version of HOIL1

HOIL1 undergoes proteolytic cleavage by MALT1 after arginine-165 (R165) (Figure 1A) (37–39). To directly investigate the impact of this cleavage event on canonical NF-κB activation and whether inability to cleave HOIL1 could contribute to the clinical features of MALT1-deficient patients (32, 33, 35), we developed a non-cleavable version of HOIL1 by mutating R165 to lysine (designated HOIL1-R/K). In order to conduct these experiments in a human system while avoiding any contribution from endogenous HOIL1 protein, we obtained primary HOIL1-deficient (HOIL1-/-) fibroblasts derived from the skin of a patient with complete HOIL1 deficiency (16). This patient displayed clinical features of enhanced susceptibility to pyogenic bacterial infections, systemic autoinflammation (i.e. dermatitis, recurrent fevers and enteropathy) and amylopectinosis. We confirmed that HOIL1 deficiency had direct impact on the cellular stability of LUBAC (16, 17), where HOIP and SHARPIN expression was significantly decreased in the HOIL1-deficient fibroblasts (Figures 1B, C). We then used a lentiviral transduction approach to stably express GFP-tagged versions of HOIL1-R/K or wild-type HOIL1 (HOIL1-WT) in these cells (Supplement Figure 1). The expression of both HOIL1-WT and HOIL1-R/K restored the levels of HOIP and SHARPIN to levels indistinguishable from normal control cells (Figures 1D–H), and stabilized LUBAC expression (28). Importantly, the cells expressed equal amounts of GFP-tagged HOIL1-WT and HOIL1-R/K after transduction (Figure 1I) and the HOIL1-R/K could not be cleaved, as confirmed by the lack of a detectable C-HOIL1-GFP fragment by immunoblotting (Figure 1E).




Figure 1 | Construction and characterization of human cells expressing a MALT1-resistant non-cleavable HOIL1 (HOIL1-R/K). (A) A schematic diagram illustrating the structural domains of HOIL1-L, HOIP and SHARPIN forming the LUBAC. HOIL1-L, active isoform of HOIL1 in the LUBAC, is cleaved at R165 by MALT1 to produce N- and C-terminal fragments, N-HOIL1 and C-HOIL1, respectively. The UBL domain of HOIL1 binds to the UBA2 domain of HOIP, whereas the UBL domain of SHARPIN binds to the UBA1 domain of HOIP, forming a stable trimolecular complex. (B) Representative immunoblots showing the expression levels of HOIL1, HOIP, SHARPIN and MALT1 in control and HOIL1-deficient (HOIL1–/–) human fibroblasts. (C) Normalized (to β-actin) densitometry analyses of HOIL1, HOIP and SHARPIN protein levels from (A) (N ≥ 3). (D) Top: schematic representation of the HOIL1-GFP constructs used. Bottom: micrographs demonstrating transduction of GFP-tagged wild-type (WT) or non-cleavable (R/K) HOIL1 in HOIL1–/– human fibroblasts. (E) Immunoblots showing transduction of different HOIL1-GFP constructs affecting HOIL1 cleavage capability and expression of HOIP, SHARPIN, and MALT1. (F) Immunoblots demonstrating the influence of HOIL1 expression on the stability of the other LUBAC components HOIP and SHARPIN compared to normal human fibroblasts. β-actin as the internal control. (G, H) Densitometry quantification of HOIP (G) and SHARPIN (H) levels in the four conditions: normal fibroblasts, HOIL1–/– fibroblasts, HOIL1–/– fibroblasts expressing HOIL1-WT and HOIL1–/– fibroblasts expressing HOIL1-R/K (N ≥ 3). (I) Densitometry quantification of GFP-tagged HOIL1-WT and HOIL1-R/K expressed in HOIL1–/– fibroblasts after transduction (N ≥ 3).  *p < 0.05, ***p < 0.001, ns, non-significant relative to control unless otherwise indicated.





Evidence of Increased Canonical NF-κB Activation in the Presence of Non-Cleavable HOIL1

Since both HOIL1 and MALT1 have a clear role in mediating NF-κB activation (3) and MALT1 cleaves HOIL1 (37), we directly investigated the impact of MALT1 paracaspase-mediated cleavage of HOIL1 on the canonical NF-κB pathway using our model system. We stimulated HOIL1–/–, HOIL1-WT, and HOIL1-R/K fibroblasts with IL-1β across a time course and immunoblotted for key proteins in the canonical NF-κB pathway (Figure 2 and Supplementary Figure 2). We demonstrated that expression of HOIL1-WT and HOIL1-R/K in HOIL1–/– fibroblasts rescued canonical NF-κB activation as documented by the phosphorylation of the IKK complex (p-IKKα/β), the p65 subunit of NF-κB and (p-p65), and the inhibitor of NF-κB (p-IκBα), and the degradation of IκBα (Figure 2A). Furthermore, the presence of non-cleavable HOIL1 led to significantly enhanced canonical NF-κB activation. We performed statistical testing comparing the HOIL1-WT and HOIL1-R/K groups to assess if there was evidence of increased canonical NF-κB activation in the presence of non-cleavable HOIL1 and we found statistically significant differences for p-IKKα/β at 15 min (p = 0.024), p-IκBα at 30 min (p = 0.010), and IκBα at 30 min (p = 0.005) (Figures 2B, D, E).




Figure 2 | Non-cleavable HOIL1 leads to increased canonical NF-κB activation. (A) Activation of the canonical NF-κB pathway was assessed by stimulating HOIL1–/–, HOIL1-WT, HOIL1-R/K fibroblasts with 10 ng/mL IL-1β for 15 and 30 min and immunoblotting for phosphorylation of IKKα/β (p-IKKα/β), p65 (p-p65) and IκBα (p-IκBα), and degradation of IκBα. (B-E) Densitometry analyses of (A) for p-IKKα/β (B), p-p65 (C), p-IκBα (D) and IκBα degradation (E). All panels are representative of at least 3 independent experiments. β-actin was used as an internal control. Paired t-tests were used to determine statistical significance between HOIL1-WT and HOIL1-R/K. *p < 0.05; **p < 0.01.





Presence of MALT1-Resistant HOIL1 Induces Global Changes in the Transcriptome Following Immune Stimulation

Since we found biochemical evidence of enhanced canonical NF-κB pathway activation in the presence of non-cleavable HOIL1-R/K (Figure 2), we next examined whether this was associated with dysregulated gene expression. We profiled the global transcriptome by applying RNA-Seq to HOIL1–/–, HOIL1-WT transduced and HOIL1-R/K transduced fibroblasts with or without innate immune stimulation with IL-1β. Dimensionality reduction of transcriptomic data was achieved using the unsupervised learning algorithm principal component analysis (PCA). PCA showed that the unstimulated and stimulated conditions clustered separately (Figure 3A). As anticipated, the HOIL1–/– fibroblasts clustered entirely separately from the HOIL1-WT and HOIL1-R/K fibroblasts in both conditions (Figure 3A, left panel). Specifically comparing the transcriptome of HOIL1-WT and HOIL1-R/K fibroblasts revealed that HOIL1-WT and HOIL1-R/K clustered separately on PC2 and these differences were exaggerated following immune stimulation (Figure 3A, right panel). Furthermore, we found evidence of dysregulated gene expression in the presence of non-cleavable HOIL1. When examining differentially expressed genes significantly upregulated (fold change [FC] ≥ 1, adjusted p-val ≤ 0.05) in response to IL-1β stimulation between HOIL1-WT and HOIL1-R/K, we discovered that although 625 genes (50.2%) were commonly upregulated regardless of the HOIL1 variant, 408 genes (32.7%) were exclusively upregulated in the presence of HOIL1-R/K vs. 213 (17.1%) with HOIL1-WT 4 h after IL-1β stimulation (Figure 3B). This pattern also held true for genes that were significantly downregulated (FC ≤ 1, adjusted p-val ≤ 0.05), with HOIL1-R/K associated with exclusively downregulating 897 genes (51.3%) vs. 414 (23.7%) with HOIL1-WT (Supplementary Figure 3).




Figure 3 | Impact of non-cleavable HOIL1 on the transcriptome. (A) Principal component analysis (PCA) comparing unstimulated and stimulated (10 ng/mL IL-1β for 4 h) HOIL1–/– (blue), HOIL1-WT (green), HOIL1-R/K (red) fibroblasts. The contribution of PC1 or PC2 is shown in brackets. Triangles represent unstimulated and circles represent stimulated. Shown on the right is an inset of the HOIL1-WT and HOIL1-R/K region. (B) Venn diagram comparing number of genes that were significantly upregulated (adjusted p-val ≤ 0.05, fold change ≥ 1) in response to stimulation between HOIL1-WT and HOIL1-R/K. (C) Sample level enrichment analysis (SLEA) representation of the TNF-α via NF-κB signaling pathway (MSigDB Hallmark) in HOIL1-WT or HOIL1-R/K fibroblasts pre- and post-stimulation. The data in the heatmaps was scaled by the sum of each row. Shown on the right are normalized enrichment scores (NES) and false discovery rate (FDR) q-values of HOIL1-R/K vs. HOIL1-WT. (D) Gene set enrichment analysis plots of NF-κB target genes (The Gilmore Lab, Boston University [BU]) pre- or post-stimulation between HOIL1-R/K and HOIL1-WT. NES = normalized enrichment score. (E) SLEA representation of various major proinflammatory pathways. Shown on the right are NES and FDR q-val of stimulated HOIL1-R/K vs. stimulated HOIL1-WT.





MALT1-Dependent Cleavage of HOIL1 Dampens NF-κB Target Gene Expression and Major Proinflammatory Pathways

Since HOIL1-R/K fibroblasts showed significant global transcriptomic differences from HOIL1-WT fibroblasts following immune stimulation (Figures 3A, B), we sought to define the pathways that were dysregulated. Confirming our biochemical data (Figure 2), gene set enrichment analysis (GSEA) considering normalized enrichment scores (NES) and false discovery rate (FDR) demonstrated that fibroblasts expressing non-cleavable HOIL1-R/K were significantly enriched in the ‘TNF-α via NF-κB signaling’ pathway both at baseline (NES = 1.82, FDR < 0.001) and in response to IL-1β stimulation (NES = 1.98, FDR < 0.001), relative to HOIL1-WT fibroblasts (Figure 3C). A similar result was observed when we extended this analysis by creating a gene set of all annotated NF-κB target genes (40) (here designated BU), with significant enrichment at baseline (NES = 1.66, p-val < 0.001) and in response to IL-1β stimulation (NES = 1.78, p-val < 0.001) (Figure 3D). In addition to the NF-κB pathway, stimulated HOIL1-R/K fibroblasts were significantly more enriched in curated pathways involved in inflammation, cytokine signaling, and innate immunity. This includes the inflammatory response (NES = 1.84, FDR = 0.001), IL-6-JAK-STAT3 signaling (NES = 1.78, FDR = 0.002), IFN-α/β signaling (NES = 2.01, FDR = 0.019), IFN-α response (NES = 1.62, FDR = 0.010), IFN-γ response (NES = 1.55, FDR = 0.022), TLR signaling pathway (NES = 1.84, FDR = 0.049), IL-10 signaling (NES = 2.00, FDR = 0.012), and activation of matrix metalloproteinases (MMPs) (NES = 1.96, FDR = 0.015) (Figure 3E).



Proinflammatory Cytokine and Chemokine Production Is Increased in the Presence of Non-Cleavable HOIL1

Since the presence of a non-cleavable version of HOIL1 resulted in significant enrichment in the transcription of a number of cytokine/chemokine-related pathways (Figure 3E), we specifically compared the transcript abundance of leading edge ‘driver’ genes in these pathways between HOIL1-RK and HOIL1-WT, with HOIL1–/– fibroblasts serving as an additional control (Figure 4A). While the rescue of HOIL1 expression (HOIL1-WT) in HOIL1–/– fibroblasts restored the upregulation of many of these leading-edge cytokine/chemokine genes, HOIL1-R/K resulted in greater increases in abundance of these same genes (Figure 4A). To assess whether these profound transcriptional changes translated to exaggerated downstream effector functions (i.e. cytokine/chemokine secretion), we stimulated HOIL1–/–, HOIL1-WT, and HOIL1-R/K fibroblasts with IL-1β or TNF-α and measured the secretion of a panel of 23 proinflammatory cytokines/chemokines (Figures 4B, C). Recapitulating our transcriptome and ELISA data (Supplementary Figure 4), the secretion of the vast majority of these cytokines/chemokines were elevated in the HOIL1-R/K fibroblasts in response to both IL-1β and TNF-α stimulation, relative to HOIL1-WT and HOIL1–/– fibroblasts (Figures 4B, C).




Figure 4 | Non-cleavable HOIL1 promotes exaggerated proinflammatory cytokine and chemokine production. (A) Heatmap representation of normalized counts of leading edge (LE) genes obtained by GSEA of major cytokine/chemokine-related pathways (Reactome) comparing stimulated HOIL1-R/K vs. HOIL1-WT. Normalized counts for HOIL1–/– were included for qualitative comparison. (B, C) Heatmap representation of cytokine concentrations 24 h after IL-1β (B) or TNF-α (C) stimulation of HOIL1–/–, HOIL1-WT and HOIL1-R/K fibroblasts as measured by 23-plex multiplexed cytokine assays (N = 2). All heatmaps were row normalized.






Discussion

MALT1 paracaspase was recently identified as a novel negative regulator of LUBAC-mediated signaling, whereby it cleaves HOIL1 to destabilize LUBAC assembly (37–39). As MALT1 has 12 substrates reported to date, and each regulates NF-κB or other signaling pathways differently (41–43), it is difficult to study the specific effects of cleavage of individual substrates by simply inhibiting MALT1 protease activity or genetically knocking-out/down MALT1. To directly investigate the role of MALT1-dependent cleavage of HOIL1 in immunity and physiology, we generated a non-cleavable version of HOIL1 (HOIL1-R/K) and stably expressed this construct in primary HOIL1-deficient patient fibroblasts. We established that expressing HOIL1-R/K resulted in an exaggerated inflammatory response to innate stimuli, characterized by enhanced activation of the canonical NF-κB pathway, leading to enhanced proinflammatory cytokine/chemokine gene and protein expression.

While this work and our experimental systems have many strengths, we do acknowledge that there are some weaknesses. For example, we did not experimentally establish that the reconstituted HOIL1-WT-GFP and HOIL1-R/K-GFP do bind to the endogenous HOIP and SHARPIN to form the LUBAC complex. However, many lines of experimental and literature evidence support their interaction in our cellular model including the stabilization of endogenous HOIP and SHARPIN expression (Figures 1E–H) (16, 17, 19, 28) and the restoration of NF-κB signaling (Figure 2) (16, 17, 19). We also acknowledge that the transcriptomic differences observed in the presence of non-cleavable HOIL1-R/K could be caused by kinetic changes in a variety of the genes that we identified to be significantly different between HOIL1-WT and HOIL1-R/K. Future work will focus on identifying how these genes change over time.

Empowered by increasing availability of next-generation sequencing technology, more patients with monogenic immune disorders are being identified (44). When considered in the context of other experimental model systems such as genetically engineered mice, these patients provide powerful insights into fundamental human biology. Patients with defects in MALT1, LUBAC and OTULIN all share a common feature of exaggerated inflammation (16–22). However, the mechanisms underlying this autoinflammation are clearly nuanced as mice engineered to lack only MALT1 paracaspase activity develop multiorgan inflammation (45–47).

Based on our experimental evidence and informed by clinical experience with MALT1-deficient patients, we propose a model whereby MALT1-dependent cleavage of HOIL1 is a major link in the negative feedback chain to dampen NF-κB activation after initial NF-κB stimulation in order to modulate the inflammatory response and avoid excessive inflammation and associated pathology (Figure 5). Upon inflammatory stimulation by IL-1β or TNF-α, the LUBAC promotes NF-κB activation and proinflammatory gene and protein expression. After initial NF-κB activation, MALT1-mediated cleavage of HOIL1 destabilizes the LUBAC and dampens NF-κB signaling, serving as a regulatory signal to avoid exaggerated activation. When HOIL1 is unable to be cleaved, the balance between pro-NF-κB and anti-NF-κB activation is disrupted, as is the case with MALT1-deficient patients or MALT1 protease dead mice, leading to sustained NF-κB activation and subsequent pathological proinflammatory responses. While this theoretical model incorporates much of our current understanding of biology, it is likely incomplete. It is currently unknown how MALT1-mediated cleavage of HOIL1 impacts recently discovered roles for HOIL1, including the ability to conjugate monoubiquitin onto all LUBAC subunits (24) and ester bond formation between ubiquitin and serine and threonine residues in its substrates (29).




Figure 5 | Model of MALT1-mediated cleavage of HOIL1 and subsequent regulation of NF-κB and inflammation. Innate stimuli such as IL-1β and TNF-α trigger LUBAC assembly and linear ubiquitination of various proteins such as NEMO (IKKγ) to promote the canonical activation of NF-κB. Over time, when a specific signaling threshold has been reached, MALT1 proteolytically cleaves HOIL1 to disassemble LUBAC and decrease its activity to fine-tune NF-κB activation and restore homeostasis. In the absence of MALT1-dependent proteolytic regulation, as is the case in HOIL1-R/K and MALT1-deficient patients, NF-κB activation is sustained, leading to a shift towards a more proinflammatory phenotype in certain cells.



MALT1 paracaspase inhibitors are currently under intense study as potential therapeutics against lymphomas (48–51), multiple sclerosis (52), colitis (46), and psoriatic skin diseases (53). This study highlights the physiological importance of MALT1-dependent cleavage and modulation of HOIL1 on NF-κB signaling and inflammation, provides a mechanism for the autoinflammation observed in MALT1-deficient patients, and will inform the development of therapeutics that target MALT1 paracaspase and LUBAC function. In particular, this current study is a reminder that long-term inhibition of MALT1 paracaspase activity may increase the risk of exaggerated inflammation in certain cell types.



Materials and Methods


Study Participants and Ethics Approvals

Research protocols were approved by the University of British Columbia and Children’s and Women’s Health Center of British Columbia Research Ethics Board. Simian virus 40 (SV40)-transformed human fibroblasts derived from a skin biopsy of a HOIL1-deficient patient (16) were obtained through a material transfer agreement from Dr. Luigi D. Notarangelo (National Institutes of Health, Bethesda, MD, USA), with permission for research use.



Stable Expression of Non-Cleavable HOIL1

MALT1 cleaves HOIL1 after arginine (R) at position 165 (LxS/PR) (37). Using site-directed mutagenesis (Q5, New England BioLabs), R165 was mutated to lysine (K) (R/K) on a wild-type (WT) HOIL1 plasmid (#RC203906, OriGene Technologies) to maintain charge at this location (Supplementary Figure 1). The long isoform transcript variant 2 of HOIL1 (also known as HOIL1-L) was selected for our study as it is the main and active form of HOIL1 in the LUBAC (9). Both HOIL1-WT and HOIL1-R/K were cloned into a GFP-tagged Lenti vector (#PS100071, OriGene Technologies), confirmed by sequencing of the vectors (Supplementary Table 1), and packaged using a Lenti-vpack packaging kit (#TR30037, OriGene Technologies) in HEK293T cells according to the manufacturer’s instructions. Briefly, culture media was collected, centrifuged, filtered, concentrated, and stored at -80°C before use. The viral titer was determined on HEK293T cells through serial dilution. To establish fibroblasts stably expressing HOIL1-WT or HOIL1-R/K, HOIL1–/– fibroblasts were infected with HOIL1-WT or HOIL1-R/K lentiviral particles at a ratio of 0.5:1. All fibroblasts were cultured and expanded in high glucose DMEM (HyClone) supplemented with 10% FBS and 2 mM L-glutamine. Expanded cells were sorted on GFP expression (BD FACS Aria IIu, BD Biosciences).



Stimulations

For signaling analyses, HOIL1–/–, HOIL1-WT, or HOIL1-R/K fibroblasts were stimulated with 10 ng/mL IL-1β (PeproTech, USA) for 15 or 30 min. Transcriptome analyses were carried out 4 h after 10 ng/mL IL-1β stimulation. To analyze cytokine secretion by multiplexed cytokine assays, fibroblasts were stimulated with 10 ng/mL IL-1β or 20 ng/mL TNF-α (eBioscience, Thermo Fisher Scientific) for 24 h.



Immunoblotting for Signaling and Protein Detection

Immunoblotting was performed as previously described (37, 54). Briefly, cells were lysed in a modified RIPA lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 2 mM EGTA and EDTA, 1% Triton X-100, pH 7.5, Sigma-Aldrich) supplemented with 1x HALT protease and phosphatase inhibitors (Thermo Fisher Scientific). Lysates were separated by 10% SDS-PAGE and transferred onto PVDF membranes (0.45 μm, Immobilon-FL, EMD Millipore). Membranes were blocked, incubated with primary antibodies, washed, incubated with secondary antibodies, and imaged on a LI-COR Odyssey infrared imager (LI-COR Biosciences). Bands were quantified by densitometry using ImageJ freeware (NIH). The following primary antibodies were used: phospho-IKKα/β (Ser176/180, #2697), phospho-NF-κB p65 (Ser536, #3031), IκBα (#9492), phospho-IκBα (#9246), GFP (#2956) and β-actin (#3700 or #8457) all from Cell Signaling Technology; C-terminal HOIL1 (2E2) and GAPDH (6C5) were from Millipore Sigma; MALT1 (EP603Y), HOIP (ab46322) and SHARPIN (ab197853) were from Abcam. The following secondary antibodies were used: DyLight 800 (#611-145-002, Rockland Immunochemicals) and IRDye 680RD (#926-68070, LI-COR Biosciences).



Multiplexed Cytokine Analysis

Supernatants from each condition (N = 2) were collected by centrifugation and diluted in 96-well assay plates. Multiplexed cytokine analyses were performed using a Luminex-based Procarta custom 23-Plex assay (eBioscience) according to manufacturer’s recommendations. The 23 cytokines quantified in the assay included: ENA78 (CXCL5), GM-CSF, GRO-α (CXCL1), IFN-α, IFN-β, IFN-γ, IL-1α, IL-1β, IL-1RA, IL-10, IL-12p40, IL-12p70, IL-18, IL-23, IL-6, IP-10 (CXCL10), MIG (CXCL9), MIP-1β (CCL4), MCP-1 (CCL2), MCP-3 (CCL7), M-CSF and IL-8 (CXCL8). Assays were read on a Luminex 200 Total System with MasterPlex (MiraiBio) software. Mean fluorescence intensity of the samples was interpolated to analyte quantity using five-parameter logistical fit. IL-8 was excluded as it was above the limit of detection. TNF-α and IL-1β values were excluded in the TNF-α and IL-1β stimulation conditions, respectively.



RNA-Seq and Transcriptomic Analyses

RNA was extracted from HOIL1–/–, HOIL1-WT, HOIL1-R/K fibroblasts with or without stimulation in triplicate using a RNeasy Mini kit (QIAGEN). Quality control was performed using an Agilent 2100 Bioanalyzer (Agilent Technologies); all samples had RIN ≥ 9.7. Samples were prepared according to the standard protocol for the NEBNext Ultra II Stranded mRNA (New England BioLabs), sequenced on an Illumina NextSeq 500 with Paired End reads (42 bp x 42 bp), and analyzed using standard bioinformatics methods in the following.

De-multiplexed read sequences were aligned to a reference sequence using STAR aligner (55). Assembly and differential expression was estimated using Cufflinks (56) on bioinformatics apps on Illumina BaseSpace. Expression was normalized to total read depth between samples using the edgeR package in R. Principal component analysis (PCA) was done on log2(normalized counts+0.25) in R using the PCA function. PCA was performed on genes that had been filtered for non-zero counts across replicates.

To determine genes that were significantly upregulated or downregulated, the fold change between stimulated and unstimulated was determined for HOIL1-WT or HOIL1-R/K and t-tests were performed. This was carried out on Trimmed Mean of M-values (TMM) normalized counts. The p-values were adjusted for multiple comparisons using the Benjamini-Hochberg (BH) method. Venn diagram comparisons were done using Venny (https://bioinfogp.cnb.csic.es/tools/venny/).

Pathway analysis was accomplished by gene set enrichment analyses (GSEA) using MSigDB’s Hallmark module, KEGG, and Reactome for each pathway. GSEA was also carried out on 462 NF-κB target genes obtained from Boston University (https://www.bu.edu/nf-kb/gene-resources/target-genes/). Signal-to-noise was used for gene ranking and the obtained normalized enrichment scores and p-values were further adjusted using the BH method. Pathways with an adjusted p-value < 0.05 were considered significant. Leading edge genes from each pathway were obtained for HOIL1-R/K vs. HOIL1-WT. The expression levels of these genes were then determined in each group.

Sample level enrichment analyses (SLEA) scores were computed as previously described (57). The mean expression value was calculated for the gene set of interest and was compared to the expression of 1000 random gene sets of the same size. The difference between observed and expected mean expression was then calculated, and the z-score was plotted on heatmaps as the SLEA scores. All heatmaps were generated using Morpheus (https://software.broadinstitute.org/morpheus).



Statistical Analysis

All data were presented as means ± standard errors of the means (SEM). Statistical significance was evaluated by one-way ANOVA with the Bonferroni post-test (whenever applicable), except for Figure 2 where a paired t-test was performed comparing the HOIL1-WT and HOIL1-R/K groups. The following annotations were used to represent significance: p-val < 0.05 (*), p-val < 0.01 (**), p-val < 0.001 (***).
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