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Abstract

The NLRP3 inflammasome is a critical component of the innate immune system that is 

activated by microbial infections and cellular stress signals. The molecular mechanism of NLRP3 

inflammasome activation remains not fully understood. As an NLRP3-interacting partner, NEK7 

has emerged as a critical mediator for NLRP3 inflammasome activation. In contrast to NEK7, 

NEK6, the closely related member of the NEK family, does not support NLRP3 inflammasome 

activation. Here, we show that the mouse NEK7 catalytic domain, which shares high sequence 

identity with the counterpart of NEK6, mediates its interaction with NLRP3 and inflammasome 

activation in mouse macrophages. Within their catalytic domains, a single amino acid residue 

at a corresponding position (R121NEK7, Q132NEK6) differentiates their function in NLRP3 

inflammasome activation. Surprisingly, the substitution of the glutamine residue to arginine 

residue at position 132 confers NEK6 the ability of NLRP3 binding and inflammasome activation 

in mouse macrophages. Furthermore, our results suggest a structural pocket surrounding the 

residue R121 of NEK7 that is essential for NLRP3 binding and inflammasome activation.

Introduction

Inflammasomes are supramolecular complexes that form intracellularly in response to 

microbial infections and cellular stress signals (1, 2). After sensing pathogen-associated 

molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs), a subset 

of pattern recognition receptors (PRRs), such as members from the nucleotide-binding 

and oligomerization domain (NOD)-like receptor family, absent-in-melanoma 2 (AIM2) or 

pyrin, initiate inflammasome assembly through the interaction with the apoptosis-associated 

speck-like protein containing a caspase recruitment domain (ASC) adaptor, which in turn 

leads to caspase-1 activation (3-5). Activated caspase-1 processes the proinflammatory 

cytokines interleukin (IL)-1β and IL-18 into their mature forms and cleaves GSDMD 

to generate active N-terminal fragments, which subsequently form membrane pores 

for cytokine release and pyroptotic cell death (6-8). Among the six well-documented 
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inflammasomes, the NLRP3 inflammasome is the most investigated one in the past decades 

(9, 10). Activation of the NLPR3 inflammasome is important for host defense against 

microbial infections (11). However, its aberrant activation contributes to the pathogenesis 

of several inflammatory diseases including cryopyrin-associated periodic syndromes, 

Alzheimer’s disease, type 2 diabetes, gout, and atherosclerosis (12). In most experimental 

settings, NLRP3 inflammasome activation requires two signals: priming and activation (13, 

14). The priming signal is provided by toll-like receptor (TLR) ligands or endogenous 

cytokines, which upregulate the expression of NLRP3 and pro-IL-1β. The activation signal 

is induced by a range of seemingly unrelated stimuli such as ATP, pore-forming toxins (e.g., 

nigericin), and particulate matter (e.g., silica and uric acid crystals). Although the exact 

nature of the proximal signal for NLRP3 activation remains unknown, most NLRP3 stimuli 

induce K+ efflux which is critical for NLRP3 inflammasome activation (15).

The NLRP3 inflammasome is regulated by a growing list of NLRP3-interacting proteins 

including SGT1, HSP90, TXNIP, MAVS, MARK4, MIF, NEK7, DDX3X, and RACK1 

(16-24). Among these interacting partners, NEK7, a mitotic Ser/Thr protein kinase from 

the NEK family, has emerged as a critical mediator for NLRP3 inflammasome activation 

in macrophages (23-25). Furthermore, the kinase activity of NEK7 is not required for this 

function, suggesting a novel mechanism for NEK7-mediated NLRP3 activation (23, 24). 

A recent structural study of the NLRP3-NEK7 complex reveals that the NEK7 catalytic 

domain interacts with both the LRR and NACHT domains of NLRP3 (26). However, the 

detailed mechanism by which NEK7 mediates NLRP3 activation remains unclear as the 

NLRP3-NEK7 complex was inactive (26).

NEK7 is closely related to NEK6 in the NEK family (27, 28). NEK7 and NEK6 share an 

overall 87% sequence identity within their catalytic domains but are highly divergent in 

their N-terminal extension preceding the catalytic domain (27, 29). In contrast to NEK7, 

NEK6 is not involved in NLRP3 inflammasome activation (23, 24). Although several 

residue differences within the second half of their catalytic domains have been suggested 

to account for this functional difference, the exact structural determinant of NEK7 that 

differentiates it from NEK6 in NLRP3 inflammasome activation remains unclear (26). 

Furthermore, NEK9, an upstream kinase for both NEK6 and NEK7, has been suggested 

to prevent NLRP3 activation by sequestering NEK7 from NLRP3 during the mitosis 

phase (24, 26). In this study, we found that the NEK7 catalytic domain is required for 

NLRP3 binding and inflammasome activation. A single corresponding amino acid residue 

within their catalytic domains (R121NEK7, Q132NEK6) differentiated NEK7 from NEK6 in 

NLRP3 inflammasome activation. A NEK6 mutant with an arginine substitution at position 

132 restored NLRP3 inflammasome activation in NEK7-deficient macrophages. Although 

this NEK7 R121Q mutation enhanced its binding to NEK9, NEK9 depletion did not 

rescue defective NLRP3 inflammasome activation in NEK7R121Q knock-in macrophages. 

Furthermore, our results from alanine-screening mutagenesis suggest the existence of a 

NEK7 structural pocket containing this residue R121 that is critical for NLRP3 binding and 

inflammasome activation.
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Materials and Methods

Cell culture

Immortalized bone marrow-derived macrophages (iBMDMs) were generated as previously 

described (30). iBMDMs were cultured in IMDM (Thermo Fisher, 12440053) supplemented 

with 10% FBS (Thermo Fisher, 16000044), 2 mM L-glutamine (Thermo Fisher, 25030081), 

and 1x Antibiotic-Antimycotic (Thermo Fisher, 15240062). NEK7-deficient (NEK7 KO) 

iBMDMs were generated by the CRISPR-Cas9 gene-editing system as previously described 

(23). HEK 293T cells were cultured in DMEM (Thermo Fisher, 11960044) supplemented 

with 10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate (Thermo Fisher, 11360070), 

and 1x Antibiotic-Antimycotic. HEK 293T cells and iBMDMs were tested to be free of 

mycoplasma contamination.

Reagents, plasmids, and transfection

Anti-Flag (A00187-200), Anti-HA (A01244-100), Anti-Actin (A00730-100), protein G 

resin (L00209) were purchased from GenScript. Anti-NLRP3 (AG-20B-0014-C100) was 

purchased from Adipogen. Anti-GSDMD (ab209845) and Anti-NEK9 (ab138488) were 

purchased from Abcam. Anti-ASC (67824) was purchased from Cell Signaling Technology 

(CST). Anti-mouse Caspase-1 was a kind gift from Dr. Gabriel Núñez (University of 

Michigan Medical School). Ultra-pure LPS (tlrl-pb5lps), Nano-SiO2 (tlrl-sio), poly(dA:dT)/

lyovec (tlrl-patc) were purchased from InvivoGen. Nigericin (481990) and EDTA-free 

protease inhibitor cocktail (11873580001) were purchased from Sigma. Salmonella strain 

SL1344 was a kind gift originally from Dr. Denise Monack (Stanford University). The 

constructs for NLRP3-Flag, NLRP3-SFP, and NEK7-HA have been previously described 

(23). Mouse NEK6 from a cDNA clone (Harvard plasmid, MmCD00315333) was cloned 

into the pHIV-EGFP vector (Addgene, 21373). Genes for NEK7-NEK6 chimeras (NEK7-

(N)-NEK6-(C) and NEK6-(N)-NEK7-(C)) were synthesized by GenScript. NEK7 or 

NEK6 mutations were generated by the QuikChange® mutagenesis kit from Agilent 

(200523). pLKO.1 constructs for NEK9 shRNA1 (TRCN0000027597) and NEK9 shRNA2 

(TRCN0000027595) were purchased from Sigma. HEK 293T cells were plated into 6-well 

tissue culture plates (6.25 x 105 cells per well) overnight. Plasmids expressing Flag-tagged 

NLRP3, SFP-tagged NLRP3, HA-tagged NEK7, NEK6, NEK7/NEK6 chimeras, NEK7 or 

NEK6 mutants were single- or co-transfected into HEK 293T cells by Lipofectamine LTX 

(Thermo Fisher, 15338100) for 16 h.

Immunoprecipitation and Pull-down assay

Following transient transfection, HEK 293T cells were lysed in ice-cold lysis buffer (50 

mM Tris, pH 7.4, 2 mM EDTA, 150 mM NaCl, 0.5% Triton X-100, 1x EDTA-free 

protease inhibitor cocktail), and clarified by centrifugation (12,000g) at 4°C for 10 min. 

Pre-cleared cell lysates were incubated with an anti-Flag (1:200) antibody at 4°C overnight. 

The proteins bound by the antibody were pulled down with protein G resin and subjected 

to immunoblotting analysis. For the pull-down of NLRP3-SFP by streptavidin beads, pre-

cleared cell lysates were incubated with streptavidin agarose resin (ThermoFisher, 20359) on 

a rotator at 4°C for 4 hr. Beads were washed 3 times with lysis buffer before being analyzed 

by immunoblot.
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Reconstitution of NEK7, NEK6, or NEK7/NEK6 chimeras in NEK7 KO iBMDMs

Lentiviruses expressing HA-tagged NEK7, NEK6, or NEK7-NEK6 chimera were packaged 

in HEK 293T cells. NEK7 KO iBMDMs were then transduced with lentiviruses. After 

3-4 days, transduced cells were sorted by flow cytometry using EGFP as a marker. The 

expression of reconstituted proteins was determined by immunoblotting with an anti-HA 

antibody.

Inflammasome activation

iBMDMs were plated at 5 x 105 cells per well of 12-well plates with IMDM containing 

reduced serum concentration (1% FBS). One day later, the culture medium was replaced 

with 0.5 mL serum-free IMDM per well. Cells were primed with 200 ng ml−1 ultrapure LPS 

for 4 h followed by stimulation with 5 μM nigericin (1 h), Nano-SiO2 (200 μg ml−1, 4 h), 

poly(dA:dT) (2 μg ml−1, 4 h), Salmonella (m.o.i. = 10, 2h). After stimulation, supernatants 

were collected, and cells were directly lysed with 150 μl of 2X sample buffer (Biorad, 

1610737). Equal amounts of cell lysates and supernatants were combined together for 

immunoblotting.

Measurement of IL-1β by ELISA

Cytokine IL-1β in the supernatants collected from triplicate wells was measured with 

ELISA kits (R&D Systems, DY401-05) according to the manufacturer’s instructions.

ASC speck staining

iBMDMs were plated on an 8-well permanox chamber slide (Thermo Scientific, 12-565-22) 

overnight. Cells were primed with 200 ng ml−1 LPS for 4 h, then stimulated with 5 μM 

nigericin (1 h) or transfected with 2 μg ml−1 poly(dA:dT) (4 h). After stimulation, cells 

were fixed with 4% paraformaldehyde, permeabilized with 0.2% Triton X-100, and blocked 

with PBS buffer containing 5% BSA. Cells were stained with anti-ASC antibody (CST, 

67824; 1:200 dilution) and Alexa-Fluor-488 conjugated secondary antibody (Thermo Fisher, 

A-11008; 1:1,000 dilution). Slides were then prepared with antifade mounting medium 

containing DAPI (Vectorlabs, H-1200-10). Cell images were taken using a Nikon E-800 

fluorescence microscope system and analyzed by ImageJ.

NEK7R121Q knock-in and NEK9 knockdown in macrophages

Alt-R® CRISPR-Cas9 crRNA for mouse NEK7 (targeting sequence: 

TTACCTTTATCATTCTGGAGAGG), tracrRNA (1072533), HDR donor oligos (Sense: 

GTCAGAAAAACAAATGCATGAACAAACTTACTTTTATCATTTGGGAGAGGTCACC

AGCATCTGCTAACTCCAAAACTATGTTCA; 

Antisense:TGAACATAGTTTTGGAGTTAGCAGATGCTGGTGACCTCTCCCAAATGATA

AAAGTAAGTTTGTTCATGCATTTGTTTTTCTGAC), Cas9 nuclease (1081059) and HDR 

Enhancer (1081072) were purchased from IDT and the RNP complexes were prepared 

according to the manufacturer’s protocol. The RNP complexes were delivered into iBMDMs 

by electroporation with nucleofector kit V (Lonza, VCA-1003). Cell clones harboring 

NekR121Q homologous alleles were identified by sequencing. Lentivirus expressing NEK9 
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shRNA or control shRNA (Addgene 1864) were packaged in HEK 293T cells and used to 

transduce macrophages. Puromycin-resistant macrophages were used for experiments.

Statistical analysis

No statistical method was used to predetermine sample sizes or include or exclude samples. 

Data are expressed as mean ± SEM. Statistical analysis was performed using unpaired 

two-tailed Student’s t-test or one-way ANOVA with GraphPad. A p value less than 0.05 was 

considered statistically significant.

Results

The catalytic domain of NEK7, but not NEK6, mediates NLRP3 binding and inflammasome 
activation

NEK7 and NEK6 are closely related members in the NEK family and share 87% sequence 

identity within their catalytic domains (27). However, NEK6 is not involved in NLRP3 

inflammasome activation in macrophages (23, 24). A recent structural study of the NLRP3-

NEK7 complex suggests that the second part (residues 260-302) of the NEK7 catalytic 

domain, which slightly differs from NEK6, might contribute to their differential role in 

NLRP3 inflammasome activation (26). Besides those residue differences within the catalytic 

domains, NEK7 and NEK6 are highly divergent in a short N-terminal extension (NTE) 

preceding their catalytic domains: residues 1-33 for NEK7; residues 1-43 for NEK6, which 

has been suggested to differentially regulate these kinases (Supplemental Fig. 1) (31). 

This NTE was not visible in the recently reported structure of the NLRP3-NEK7 complex 

(26). Whether this NTE contributes to NLRP3 inflammasome activation and therefore 

differentiates NEK7 from NEK6 in this function remains unknown. We constructed 

hemagglutinin (HA) –tagged NEK7, NEK6, and NEK7-NEK6 chimeras with different 

combinations of the NTE and catalytic domain [Nek6(N)-Nek7(C), Nek7(N)-Nek6(C)] (Fig. 

1A). Each construct was co-transfected with Flag-tagged NLRP3 into human embryonic 

kidney (HEK) 293T cells. In agreement with previous findings, NEK7, not NEK6, was 

co-immunoprecipitated with NLRP3 (Fig. 1B). Importantly, the chimera containing the 

NEK7 catalytic domain, albeit at a lower level of expression, also co-immunoprecipitated 

with NLRP3, while the chimera containing the NEK6 catalytic domain failed to do so. This 

suggests that the NEK7 catalytic domain (residues 34-302) is responsible for its interaction 

with NLRP3 (Fig. 1B).

Next, we sought to examine whether the NEK7 catalytic domain can support NLRP3 

inflammasome activation. NEK7, NEK6, or a NEK7-NEK6 chimera was reconstituted into 

NEK7 KO iBMDMs. Both NEK7 and the NEK7-NEK6 chimera containing the catalytic 

domain of NEK7 restored NLRP3 inflammasome activation, as indicated by the appearance 

of caspase-1 p20, GSDMD cleavage, and IL-1β secretion in macrophages after LPS priming 

and nigericin treatment (Fig. 1C, 1D). In contrast, both NEK6 and the chimera containing 

the catalytic domain of NEK6 failed to activate the NLRP3 inflammasome (Fig. 1C, 

1D). Collectively, these results indicate that the NEK7 catalytic domain is the structural 

determinant for NLRP3 binding and inflammasome activation.
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The arginine residue at position R121 of NEK7 is critical for NLRP3 binding and 
inflammasome activation

We previously showed that residues 1-212 of NEK7 support its binding to NLRP3 

(23). Therefore, we postulated that residues 34 - 212 within the NEK7 catalytic domain 

might differentiate between NEK7 and NEK6 in NLRP3 binding. Therefore, a series 

of NEK7 mutants (R35Q; 57GVP/RKT: G57R_V58K_P59T; A77Q; D84G; 98YA/LD: 

Y98L_A99D; R121Q; H125Y; K198E) were made to replace single or several differential 

residues of NEK7 with the corresponding residues of NEK6 (Supplemental Fig. 1). Most 

NEK7 mutants (R35Q, 57GVP/RKT, A77Q, D84G, 98YA/LD, K198E) have comparable 

interaction with NLRP3 as compared with wild-type NEK7 (Fig. 2A). Notably, the 

replacement of residue R121NEK7 with the Q132NEK6 markedly reduced the interaction 

between NEK7 and NLRP3 (Fig 2A). Additionally, the replacement of residue H125NEK7 

to tyrosine also reduced the NLRP3-NEK7 interaction to a less extent (Fig. 2A). To test 

whether those replacements affect NLRP3 inflammasome activation, we reconstituted NEK7 

KO iBMDMs with wild-type and mutant NEK7. After LPS priming and nigericin treatment, 

macrophages reconstituted with each of NEK7 mutants, including R35Q, 57GVP/RKT, 

A77Q, D84G, 98YA/LD, and K198E mutants, showed comparable levels of caspase-1 

activation as compared with wild-type NEK7-reconstituted macrophages (Supplemental Fig. 

2A). However, NLRP3 inflammasome activation was markedly reduced in macrophages 

with NEK7 R121Q mutant after LPS priming and treatment with nigericin or Nano-SiO2, 

as indicated by caspase-1 activation, GSDMD cleavage, and IL-1β secretion (Fig. 2B, 2C). 

Macrophages reconstituted with NEK7 H125Y also showed a slightly reduced level of 

caspase-1 activation (Supplemental Fig. 2B). In contrast, those reconstituted macrophages 

showed no discernible defect in Salmonella-induced NLRC4 inflammasome activation 

and poly(dA:dT)-induced AIM2 inflammasome activation (Fig. 2B, 2C). Accordingly, as 

compared to macrophages with wild-type NEK7, macrophages reconstituted with R121Q 

had fewer ASC specks in response to nigericin, although they both had comparable ASC 

speck formation in response to poly(dA:dT) (Fig. 2D, 2E). To further confirm the role 

of R121 of NEK7 in inflammasome activation, we introduced this mutation (R121Q) into 

the endogenous NEK7 protein through the CRISPR-Cas9 gene-editing system. Sequencing 

results confirmed that both Nek7 alleles in macrophages had this intended mutation 

(Supplemental Fig 3). In line with our reconstitution experiments, NEK7R121Q knock-in 

(KI) macrophages failed to induce caspase-1 activation and IL-1β secretion in response to 

LPS priming and nigericin treatment, although they have comparable levels of caspase-1 

activation and IL-1β secretion in response to Salmonella infection as compared with wild-

type parent macrophages (Fig. 2F, 2G).

Substitution of the glutamine residue to arginine residue at position 132 confers NEK6 the 
ability of NLRP3 binding and inflammasome activation

Given our data showing that the arginine residue at position 121 of NEK7 is critical for 

NLRP3 binding and inflammasome activation, we next asked whether the replacement 

of the corresponding glutamine residue of NEK6 with the arginine residue can confer 

NLRP3 binding by NEK6. In addition, we also included a NEK6 mutant in which the 

nearby tyrosine residue (Y136) was replaced with the corresponding histidine residue of 

NEK7. In contrast to the wild-type NEK6 and Y136H mutant, NEK6 Q132R mutant 
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(NEK6Q132R) bound to NLRP3 when co-expressed with flag-tagged NLRP3 in HEK 293T 

cells, suggesting that this single amino acid residue differentiates between NEK7 and 

NEK6 in NLRP3 binding (Fig. 3A). Since other differential residues, especially in the 

second half of the catalytic domain, exist between NEK7 and NEK6, we asked whether 

this single substitution mutation is sufficient to restore NLRP3 inflammasome activation 

in NEK7 KO iBMDMs. Wild-type NEK6 did not restore caspase-1 activation and IL-1β 
secretion in macrophages after LPS priming and nigericin treatment (Fig. 3B, 3C). However, 

macrophages with NEK6 Q132R mutant showed caspase-1 activation and IL-1β secretion 

(Fig. 3B, 3C). Furthermore, we detected ASC speck formation in NEK7 KO iBMDMs 

reconstituted with NEK6 Q132R mutant, but not with wild-type NEK6 (Fig. 3D). Taken 

together, these results indicate that the arginine residue at position 121 of NEK7 is the 

key structural determinant for NLRP3 inflammasome activation and differentiates between 

NEK7 and NEK6 in this pathway.

NEK9 deletion fails to rescue NLRP3 inflammasome activation in NEK7R121Q knock-in 
macrophages

The NEK7 region surrounding the R121 residue has been shown to interact with NEK9, 

an upstream kinase that regulates NEK6 and NEK7 during mitosis (32). Furthermore, the 

sequestering of NEK7 by NEK9 is suggested to prevent NLRP3 inflammasome activation 

during mitosis (24, 26). We postulated that the residue at this position (R121NEK7, 

Q132NEK6) might affect their binding to NEK9 and thus differentiate their role in NLRP3 

inflammasome activation. To test this, we examined the interaction between NEK9 and 

NEK7, NEK6, NEK7 R121Q, or NEK6 Q132R. When expressed in HEK 293T cells, 

NEK7 had a weaker interaction with NEK9 as compared to NEK6. NEK7 R121Q mutation 

increased the interaction between NEK7 and NEK9 (Fig. 4A). In contrast, NEK6 Q132R 

mutation reduced the interaction between NEK6 and NEK9 (Fig. 4A). To examine how 

NEK9 affects NLRP3 inflammasome activation in macrophages, we knocked down NEK9 

expression in both wild-type macrophages and NEK7R121Q Knock-in macrophages via 

short hairpin RNA interference (Fig. 4B). Reduction of NEK9 did not trigger NLRP3 

inflammasome activation in macrophages after LPS priming (Fig. 4B, 4C). After nigericin 

treatment, wild-type macrophages with NEK9 knockdown showed comparable caspase-1 

activation and IL-1β secretion (Fig. 4B, 4C). Importantly, NEK9 knockdown in NEK7R121Q 

knock-in macrophages did not rescue caspase-1 activation or IL-1β secretion after nigericin 

treatment (Fig. 4B, 4C).

The basic property of the amino acid residue at position 121 of NEK7 is critical for NLRP3 
binding and inflammasome activation

The residue R121 of NEK7 has a positively charged side chain while the residue Q132 

of NEK6 has a polar uncharged side chain. The interaction between NLRP3 and NEK7 

is suggested to be mediated by electrostatic complementarity (26). Therefore, we sought 

to examine whether the basic property of residue R121NEK7 is critical for NLRP3 binding 

and inflammasome activation. We found that replacement of the arginine residue at this 

position with alanine residue (R121A) abolished its interaction with NLRP3, similar to 

the R121Q mutation (Fig. 5A). In contrast, the NEK7 mutant with the lysine residue as 

the replacement (R121K) had a comparable level of interaction with NLRP3 as wild-type 
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NEK7 (Fig. 5A). Furthermore, NEK7 KO iBMDM reconstituted with NEK7R121A failed 

to induce caspase-1 activation, GSDMD cleavage, and IL-1β secretion after LPS priming 

and nigericin treatment, similar to macrophages with NEK7R121Q (Fig. 5B, 5C). In contrast, 

reconstitution with NEK7R121K restored caspase-1 activation, GSDMD cleavage, and IL-1β 
secretion after LPS priming and nigericin treatment (Fig. 5B, 5C). These data indicate that 

the basic property of the residue at position 121 of NEK7 is critical for NLRP3 binding and 

inflammasome activation.

A potential structural pocket of NEK7 for NLRP3 binding and inflammasome activation

Since R121NEK7 is critical for NLRP3 binding and inflammasome activation, we examined 

the surrounding region of this residue in the available crystal structure of NEK7. R121 is 

located at a shallow surface pocket found at the catalytic domain of NEK7 (29) (Fig. 6A). 

The base of this pocket is made up of residues M122, Y141, and I169, while R121 forms 

one side of the pocket with residues D118 and H125 (29) (Fig. 6A). We performed alanine-

scanning mutagenesis on residues within or surrounding this NEK7 pocket. Mutation of 

the pocket-forming residues, including R121A, M122A, Y141A, and I169A, significantly 

reduced NEK7-NLRP3 interaction, caspase-1 activation, or IL-1β production (Fig. 6B-D). 

Except G117A, mutation of the peripheral residues, including D118A, L119A, and H125A 

had no or modest effects on its interaction with NLRP3, but significantly inhibited caspase-1 

activation and IL-1β secretion (Fig. 6B-D). Of note, NEK7 T170A mutation did not affect 

NEK7-NLRP3 interaction but caused a significant reduction in caspase-1 activation and 

IL-1β secretion, in agreement with its side chain facing outside and not directly involved 

in forming the pocket (Fig. 6B-D). These data indicate that this NEK7 pocket containing 

residue R121 is essential for NLRP3 binding and inflammasome activation.

Discussion

The NLRP3 inflammasome is a critical component of innate immunity and when 

dysregulated contributes to the pathogenesis of several inflammatory diseases (10). As 

an NLRP3-interacting protein, NEK7 has emerged as a key mediator for its activation 

(23-25). NEK6, although closely related to NEK7, does not support NLRP3 inflammasome 

activation. In this study, our results show that the catalytic domains of NEK7 and NEK6 

determine their requirement in NLRP3 binding and inflammasome activation. We further 

show that a single residue at position 121 of the NEK7 catalytic domain is critical 

for NLRP3 inflammasome activation and the basic property of this arginine residue 

differentiates NEK7 from NEK6 in this function. In addition, our results suggest the 

existence of a NEK7 structural pocket that is essential for NEK7-NLRP3 interaction and 

inflammasome activation.

What is the structural determinant of NEK7 that differentiates it from NEK6 in NLRP3 

binding and inflammasome activation? Previous studies have found that the catalytic domain 

of NEK7 interacts with NLRP3 and residues 1-212 are sufficient for this interaction (23, 

24, 26). It is unknown whether the divergent N-terminal extension of NEK7 is involved 

in NLRP3 inflammasome activation and therefore differentiates NEK7 from NEK6 in this 

function. In consistence with a previous finding that the deletion of the NEK7 N-terminus 
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resulted in significantly reduced expression of NEK7 in HEK 293T cells, our attempts to 

express the NEK7 catalytic domain alone in macrophages have not been successful (data not 

shown) (24). Nevertheless, using NEK7-NEK6 chimeras containing different combinations 

of the catalytic domain and N-terminal extension, we found that the catalytic domain 

of NEK7 mediated NLRP3 binding and inflammasome activation as only the chimera 

containing the NEK7 catalytic domain bound to NLRP3 and restored NLRP3 inflammasome 

activation in macrophages. NEK7 has been shown as a centrosomal protein and mediates 

NLRP3 inflammasome activation at the centrosome (18, 33, 34). Beyond the scope of this 

study, it might be possible that the N-terminal extension, both from NEK7 and NEK6, plays 

a role in their centrosomal localization and, in the case of NEK7, contributes to NLRP3 

inflammasome activation.

Structural analysis of the NEK7-NLRP3 complex has revealed that residues within the 

C-lobe of NEK7 catalytic domain, including Q129, R131, and R136, have largest buried 

surfaces in the interface (26). Notably, those involved residues are also conserved at 

the corresponding positions of NEK6. Since there is no crystal structure available for 

NEK6, it is unknown whether those NEK6 residues assume a different conformation 

in comparison with NEK7. The R121 of NEK7 has been suggested to mediate the 

NEK7-NLRP3 interaction through the hydrogen bonding or charged interaction, as the 

R121E mutation slightly reduces NLRP3 binding by NEK7 in vitro binding experiments 

with recombinant proteins (26). How this R121E mutation affect NLRP3 inflammasome 

activation in macrophages has not been further explored. We have extended this finding by 

showing that this residue R121 of NEK7 is critical for NLRP3 binding and inflammasome 

activation. Change of this arginine residue to the glutamine residue of NEK6 drastically 

reduced the NLRP3-NEK7 interaction and therefore failed to rescue NLRP3 inflammasome 

activation in NEK7 KO macrophages; conversely, substitution of the glutamine residue 

to the arginine residue in NEK6 conferred NEK6 the ability of NLRP3 binding and 

inflammasome activation. Thus, we have demonstrated that this single amino acid residue 

within NEK7 catalytic domain differentiated NEK7 from NEK6 in NLRP3 inflammasome 

activation. The basic property of this residue is the key feature to support this NEK7 

function as the lysine residue substitution at this position support NLRP3 binding and 

inflammasome activation. Our findings on this critical residue are consistent with a recent 

study that an anti-inflammatory compound BBR inhibits NLRP3 inflammasome activation 

in macrophages and in vivo by targeting this R121 residue via the hydrogen bonding (35). 

Furthermore, our alanine-screening experiments on residues surrounding this R121 residue 

suggest the existence of a NEK7 structural pocket for NLRP3 binding and inflammasome 

activation. Although they are not indicated in the interface of the NLRP3-NEK7 complex, 

residues including M122, Y141, and I169 appear to be essential for the NLRP3-NEK7 

interaction in cells as alanine substitutions of those residues completely abolished this 

interaction. A recent report shows that recombinant NEK7 dissociates the native oligomeric 

form of NLRP3 (NLRP3 cages) (36). In the future, it will be interesting to examine whether 

those residues within this NEK7 pocket are involved in the interaction between NEK7 and 

NLRP3 cages, which might assume an interface different from the NLRP3-NEK7 complex. 

Alternatively, alanine substitutions of those residues might indirectly alter the NEK7-NLRP3 

interaction through those reported residues, such as R121, Q129, R131, and R136 of NEK7. 
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Notably, alanine substitution of residue D180, L119, H125, or T170, has no or modest effect 

on the NLRP3-NEK7 interaction, but caused significant defect in NLRP3 inflammasome 

activation, suggesting mutation of those residues might affect NEK7 conformation required 

for NLRP3 activation following the NLRP3-NEK7 interaction. Similar to our observation, 

Sharif et al. have reported that a NEK7 mutation (E280R) did not affect the interaction 

of NEK7 with NLRP3, but impaired NLRP3 activation (26). Further defining this R121-

containig structural pocket of NEK7 in the presence of the prototype compound BBR might 

help the development of novel therapeutic compounds that target NEK7-NLRP3 interaction 

to treat NLRP3-driven diseases.

NEK9 interacts with both NEK6 and NEK7 and activates them during mitosis (37, 38). 

Recent studies suggest that NEK9 might compete with NLRP3 for NEK7 and therefore 

inhibit NLRP3 inflammasome activation during mitosis (24, 26). Furthermore, a crystal 

structure reveals that NEK9 also binds to the C-lope of NEK7 catalytic domain containing 

the residue R121 (32). Structural modeling by Sharif et al. suggests that the interaction of 

NEK7 with NEK9 interferes with its interaction with NLRP3 (26). Our findings indicated 

that NEK7 R121Q mutation enhanced its interaction with NEK9 but failed to support 

NLRP3 binding and inflammasome activation. In contrast, NEK6 Q132R mutation reduced 

its interaction with NEK9, but conferred the ability of NLRP3 binding and inflammasome 

activation. However, NEK9 knockdown did not rescue the activity of NEK7 R121Q mutant 

in NLRP3 inflammasome activation, suggesting different structural requirements for NEK7 

binding to NLRP3 and NEK9 in this overlapping binding region.

In summary, we have demonstrated that the catalytic domain of NEK7 is required for 

NLRP3 inflammasome activation and a single residue R121 of NEK7 within this catalytic 

domain differentiates NEK7 from NEK6 in NLRP3 inflammasome activation. Furthermore, 

our findings suggest the existence of a structural pocket of NEK7 surrounding the residue 

R121 for NLRP3 binding and inflammasome activation. This NEK7 structural pocket might 

serve as a target for future development of therapeutic compounds for NLRP3-driven 

diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used in this article:

iBMDMs immortalized mouse bone marrow-derived macrophages

NLRP3 NOD-like receptor family pyrin domain-containing 3

ASC apoptosis-associated speck-like protein containing a caspase-

recruitment domain

GSDMD gasdermin D

WT wild-type

shRNA short hairpin RNA

m.o.i. multiplicity of infection
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Key Points

NEK7 catalytic domain is required for NLRP3 activation.

A single residue differentiates between NEK7 and NEK6 in NLRP3 activation.

A NEK7 structural pocket is essential for NLRP3 activation.
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FIGURE 1. 
The catalytic domain of NEK7 mediates NLRP3 binding and inflammasome activation. 

(A) Schematic presentation for domains of NEK7, NEK6, and NEK7-NEK6 chimeras. The 

N-terminal domain of NEK7 contains the first 33 amino acid residues. The N-terminal 

domain of NEK6 contains the first 44 amino acid residues. The left amino acid residues 

comprise the catalytic domains for NEK7 and NEK6, respectively. (B) HA-tagged mouse 

NEK7, NEK6, or NEK7-NEK6 chimera was co-expressed with Flag-tagged NLRP3 in HEK 

293T cells. Cell lysates were immunoprecipitated with anti-Flag or anti-HA antibody and 

immunoblotted with indicated antibodies. (C) NEK7 KO iBMDMs were reconstituted with 

HA-tagged NEK7, NEK6, or NEK7-NEK6 chimera by lentiviral transduction. Macrophages 

were stimulated with 5 μM nigericin for 1 h after LPS priming. Mixtures of cell lysates 
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and supernatants were immunoblotted with indicated antibodies. EV, empty vector. Actin 

was used as an internal control. (D) Measurement of IL-β in the supernatants from nigericin-

stimulated macrophages by ELISA. Data are representative of three experiments. Error bars 

in D show the SEM of triplicate wells. *p < 0.05.
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FIGURE 2. 
The residue R121 of NEK7 is critical for NLRP3 binding and inflammasome activation. 

(A) SFP-tagged NLRP3 (NLRP3-SFP) was co-expressed with HA-tagged NEK7 mutants 

containing swapped residue(s) from NEK6 at the corresponding position(s) in HEK 293T 

cells. Cell lysates were pulled downed (PD) with streptavidin beads and immunoblotted 

with indicated antibodies. EV, empty vector. (B) NEK7 KO iBMDMs were reconstituted 

with wild-type NEK7 or NEK7 mutant (R121Q) by lentiviral transduction. Macrophages 

were primed with LPS and stimulated with PBS (mock), 5 μM nigericin (1 h), 200 μg/ml 

Nano-SiO2 (4 h), 4 μg/ml poly(dA:dT) (4 h) or Salmonella (m.o.i= 10, 2h). Mixtures of cell 

lysates and supernatants were immunoblotted with indicated antibodies. (C) Measurement of 
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IL-β in the supernatants from stimulated macrophages by ELISA. (D) ASC immunostaining 

in wild-type or mutant NEK7-reconstituted macrophages primed with LPS and stimulated 

with PBS, nigericin, or poly(dA:dT). Scale bars, 10 μm. (E) Quantification of ASC specks 

from D. The percentage of ASC speck-containing cells was calculated from three different 

fields with at least 100 cells each. (F) Parent (WT) or NEK7R121Q knock-in mutant (KI) 

macrophages were stimulated with PBS, nigericin (5 μM, 1h), or Salmonella (m.o.i=10, 

2h) after LPS priming. Mixtures of cell lysates and supernatants were immunoblotted with 

indicated antibodies. (G) Measurement of IL-β in the supernatants from the stimulated 

parent (WT) or NEK7R121Q knock-in mutant (KI) macrophages by ELISA. Actin was used 

as an internal control. Data are representative of three experiments. Error bars in C, E, and G 

show the SEM of triplicates. *p < 0.05.
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FIGURE 3. 
The Q132R mutation confers NEK6 the ability of NLRP3 binding and inflammasome 

activation. (A) HA-tagged mouse wild-type (WT), mutant NEK6 Q132R, or Y136H was 

expressed alone or with Flag-tagged mouse NLRP3 in HEK 293T cells. Cell lysates were 

immunoprecipitated with anti-Flag antibody and immunoblotted with indicated antibodies. 

(B) NEK7 KO iBMDMs were reconstituted with HA-tagged mouse wild-type (WT) 

or Q132R mutant NEK6 by lentiviral transduction. Macrophages were stimulated with 

5 μM nigericin for 1 h after LPS priming. Mixtures of cell lysates and supernatants 

were immunoblotted with indicated antibodies. EV, empty vector. Actin was used as an 

internal control. (C) Measurement of IL-β in the supernatants from nigericin-stimulated 

macrophages by ELISA. (D) ASC immunostaining in wild-type (WT) or Q132R mutant 

NEK6-reconstituted macrophages after nigericin stimulation. Scale bars, 10 μm. Data are 

representative of three experiments. Error bars in C show the SEM of triplicate wells. *p < 

0.05.
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FIGURE 4. 
NEK9 knockdown fails to restore defective NLRP3 inflammasome activation caused by 

NEK7 R121Q mutation. (A) HA-tagged NEK7, NEK7 R121Q, NEK6, or NEK6Q132R 

was co-expressed with NEK9 in HEK 293T cells. Cell lysates were immunoprecipitated 

with an anti-HA antibody and immunoblotted with indicated antibodies. (B) Parent (WT) 

or NEK7R121Q knock-in mutant (KI) macrophages were treated with control shRNA or 

two individual NEK9-targeting shRNAs. Macrophages were stimulated with PBS or 5 μM 

nigericin after LPS priming. Cell lysates were immunoblotted with indicated antibodies. (C) 

Measurement of IL-β in the supernatants from PBS or nigericin-stimulated macrophages 

after the treatment of indicated shRNAs by ELISA. Data are representative of three 

experiments. Error bars in C show the SEM of triplicate wells.
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FIGURE 5. 
The basic property of R121NEK7 is critical for NLRP3 binding and inflammasome 

activation. (A) Flag-tagged NLRP3 was co-expressed with HA-tagged wild-type or mutant 

NEK7 in HEK 293T cells. Cell lysates were immunoprecipitated with anti-Flag antibody 

and immunoblotted with indicated antibodies. (B) NEK7 KO iBMDMs were reconstituted 

with HA-tagged mouse wild-type or mutant NEK7 by lentiviral transduction. Macrophages 

were stimulated with 5 μM nigericin for 1 h after LPS priming. Mixtures of cell lysates and 

supernatants were immunoblotted with indicated antibodies. (C) Measurement of IL-β in 

the supernatants from nigericin-stimulated macrophages by ELISA. EV, empty vector. Actin 

was used as an internal control. Data are representative of three experiments. Error bars in C 

show the SEM of triplicate wells. *p < 0.05.
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FIGURE 6. 
Identification of a potential NEK7 structural pocket for NLRP3 binding and inflammasome 

activation. (A) A close view of the region containing the residue R121 of NEK7. (B) Flag-

tagged NLRP3 was co-expressed with HA-tagged wild-type or mutant NEK7 in HEK 293T 

cells. Cell lysates were immunoprecipitated with anti-Flag antibody and immunoblotted with 

indicated antibodies. (C) NEK7 KO iBMDMs were reconstituted with HA-tagged mouse 

wild-type or mutant NEK7 by lentiviral transduction. Macrophages were stimulated with 

5 μM nigericin for 1 h after LPS priming. Mixtures of cell lysates and supernatants were 

immunoblotted with indicated antibodies. (D) Measurement of IL-β in the supernatants 

from nigericin-stimulated macrophages by ELISA. EV, empty vector. Actin was used as an 

internal control. Data are representative of three experiments. Error bars in D show the SEM 

of triplicate wells. *p < 0.05.
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