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Abstract

Mutations in NLRP3 (CIAS1) are identified in a continuum of related inflammatory disorders, 

known as cryopyrinopathies since NLRP3 codes for the protein cryopyrin. Approximately 40% of 

patients with classic presentation lack mutations in the coding region of NLRP3 suggesting 

heterogeneity or epigenetic factors. Cryopyrin is a key regulator of proinflammatory cytokine 

release. Therefore, variations in the NLRP3 promoter sequence may have effects on disease state 

in patients with cryopyrinopathies and other inflammatory diseases. In this report, we confirmed 

three 5′-untranslated region splice forms with two separate transcriptional start sites, and identified 

potential promoter regions and six new DNA promoter variants. One variant is unique to a 

mutation negative cryopyrinopathy patient and increases in vitro gene expression. Additional 

studies can now be performed to further characterize the NLRP3 promoter and sequence variants, 

which will lead to better understanding of the regulation of NLRP3 expression and its role in 

disease.
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Introduction

The NLR proteins are a recently described family of immune regulatory proteins 

characterized by specific structural domains, including caspase recruitment domains, pyrin 

domains,1 nucleotide-binding domains, and leucine-rich repeat domains. Variations in these 

proteins have been associated with several human diseases including Crohn’s disease, Blau 

syndrome and vitiligo. One of these proteins known as cryopyrin (NALP3) is altered in 

patients with a spectrum of inflammatory syndromes, collectively referred to as 

cryopyrinopathies, which are characterized by fever, as well as cutaneous, joint and 

neurosensory symptoms.2,3 Cryopyrin is coded from NLRP3 (CIAS1), and heterozygous 

missense mutations in this gene are associated with a continuum of phenotypes that 

encompass three previously recognized syndromes: familial cold autoinflammatory 

syndrome (FCAS), Muckle-Wells syndrome (MWS) and neonatal onset multisystem 

inflammatory disease (NOMID). FCAS (MIM 120100), commonly known as familial cold 

urticaria, is an autosomal dominant systemic inflammatory disease characterized by 

intermittent episodes of rash, arthralgia, fever and conjunctivitis after generalized exposure 

to cold.4 Patients with MWS (MIM 191900) have similar episodes to those of FCAS, but 

symptoms are usually not associated with cold exposure. A significant percentage of patients 

with MWS also develop progressive sensorineural hearing loss (~60%) and systemic 

amyloidosis (~25%) leading to renal failure.5 NOMID (MIM 607115) is primarily sporadic, 

but dominant transmission has also been documented. These patients have chronic systemic 

inflammation involving the central nervous system, skin, eyes and joints, but also have 

potential noninflammatory symptoms including cartilage overgrowth and hearing loss.6 

There is some correlation of specific NLRP3 nucleotide substitutions with phenotype; 

however, the same mutation has been associated with different phenotypes in different 

patients, suggesting additional genetic or environmental influences.7 In addition, there are 

several patients with classic cryopyrinopathy phenotypes that do no have readily detectable 

mutations in NLRP3-coding regions.

The expression of NLRP3 is highly regulated, being expressed only in certain cell types, 

such as neutrophils, monocytes8 and chondrocytes,2 and is affected by inflammatory 

processes9 and environmental factors. Recent expression studies show that NLRP3 

expression is modified in several common and complex disease states, such as essential 

hypertension10 and osteoarthritis.11 We hypothesized that the promoter sequence of NLRP3 

is a key component in its regulation, and that variations in promoter sequence may have 

significant effects on disease state in patients with cryopyrinopathies, as well as more 

common inflammatory diseases. Promoter regions of several genes have been implicated in 

contributing to a wide variety of diseases; from atopic eczema12 to Alzheimer’s disease.13 

To date, no formal studies of the NLRP3 promoter region have been reported. Elucidating 

the regulation of expression of NLRP3 should allow for a better understanding of its role in 

innate immunity and in human diseases and could lead to novel targeted treatments.

Results and discussion

To identify the 5′ end of the NLRP3 promoter region, we determined the transcriptional start 

site through both rapid amplification of 5′cDNA ends (5′RACE) from peripheral leukocytes 
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and by searching two online genome databases, NCBI (http://www.ncbi.nlm.nih.gov/) and 

UCSC (http://genome.ucsc.edu). As observed in over 20% of human genes,14 we identified 

alternative splicing in the 5′-untranslated region (5′UTR), and were able to confirm three 

different alternative splice forms and two transcriptional start sites (Figure 1a). The first 

splice form, labeled A, consists of one segment (1281 bp) from −1004 to +277 (the numbers 

correspond to position relative to the translational [ATG] start site, with +277 corresponding 

to the 3′ end of exon 1). Splice form B has the same transcriptional start site and consists of 

two segments, a 494 bp segment from −1004 to −511 and a 321 bp segment from −44 to 

+277. Splice form C has a different transcriptional start site and also consists of two 

segments, a 20 bp segment located from −2678 to −2608 and a 1025 bp segment from −748 

to +277. A similar pattern is observed in the 5′ region of the interleukin-1 receptor 

antagonist and the NOD2 gene which have two or more 5′UTR alternative splice forms with 

different associated promoter regions with specific tissue expression.16,17 Both of these 

genes show a difference in context-dependent expression in that different cytokines result in 

a change in the ratio of expression of the two isoforms.

The DNA regions upstream of the two different NLRP3 transcriptional start sites were 

analyzed for putative transcription factor-binding sites. Within these distinct regions, several 

potential transcription factor-binding sites were identified (Figure 1b). No typical TATA or 

CAAT boxes were found in these regions, however several other transcription factor sites 

were; including Sp1, c-Myb, AP-1 and c-Ets. All four of these transcription factors have 

been associated with myeloid-specific genes;18 however, they are not restricted to myeloid 

cells. These factors often work in combination for myeloid-specific gene expression and are 

also important for myeloid cell differentiation.19 Sp1 has been shown to be important in 

TATA-less promoters, because as seen with TATA boxes, Sp1 sites are able to recruit the 

TFIID complex resulting in transcription.20

After confirming the 5′ alternative splice forms and putative transcription factor-binding 

sites, luciferase reporter constructs of varying sizes were developed to assay the promoter 

activity of the region up to 3600 bp 5′ of the ATG site (Figure 1c). There was some 

promoter activity observed in all of the initial constructs tested; however, the region 

associated with the first two splice forms (within 2600 bp of the ATG site) had more 

significant promoter activity (Figure 2a) compared with the region associated with the third 

splice form (Figure 2b). The largest luciferase expression was observed in the two constructs 

containing the area from −690 to −1109 and −690 to −1463. In order to determine the 

essential region of promoter activity, a construct deleting the region from −690 to −1114 

was generated and this construct showed no significant luciferase expression suggesting that 

this region is necessary for promoter activity. Regions encompassing the essential region but 

extending beyond −1463 had less promoter activity, suggesting there may be transcriptional 

inhibitor regions in the NLRP3 promoter. In addition to the pGL3-Enhancer vector without 

insert, two other negative controls were also studied: pRL-TK Vector alone (1.2±1.7%) and 

a transfection with no vectors added (3.7±2.1%) (data not shown).

Once several areas with potential promoter activity and putative transcription factor-binding 

sites were identified, we sequenced the promoter regions (from −900 to −3700) in genomic 

DNA from 29 cryopyrinopathy patients (14 patients with and 15 patients without coding 
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region mutations) looking for variations unique to these patients. For patients with 

mutations, we chose index cases from each of nine FCAS and four MWS families and one 

NOMID case in the UCSD cryopyrinopathy database. For patients without mutations, we 

studied one NOMID, one MWS and two FCAS cases from the UCSD database and nine 

NOMID and two MWS patients from the NIH database.21 This analysis identified six 

unreported sequence variants and confirmed five out of eight reported sequence variations in 

the NCBI SNP database (http://www.ncbi.nlm.nih.gov/projects/SNP/) (Table 1). One novel 

variant (−3242A) was found in a mutation negative African-American NOMID patient, 

however this variant was found in two out of twenty African-American controls. Another 

unique SNP (−1064T) was identified in a mutation negative FCAS patient that was not 

identified in over 200 matched controls (Table 1). This patient is a 68-year-old woman with 

classic FCAS symptoms and skin biopsy findings except for evidence of vasculitis. She has 

no family history and no mutations in the entire coding region.

As this SNP (−1064T) is unique to a mutation negative patient, not present in her unaffected 

brother, and is within an area of significant promoter activity, we generated a construct with 

this unique promoter variation and performed a luciferase analysis to determine if there is 

any change in expression. As this SNP is also located 9 bp downstream of a putative Sp1 

site, we engineered a mutation in the consensus sequence of this Sp1 site to determine the 

relative importance of this Sp1 site. The analysis of the −1064T SNP showed a greater than 

twofold increase in luciferase expression, whereas mutating the Sp1 site showed a threefold 

increase in expression (Figure 2c). Although Sp1 typically increases expression of genes, 

Sp1 sites have also been shown to act as repressors.23–25 It has been suggested that coding 

region mutations in NLRP3 are ‘gain of function’ and result in a constitutively active 

cryopyrin; therefore, it is possible that this novel SNP (−1064T) could result in increased 

NLRP3 expression and a potentially new mechanism of disease causation in 

cryopyrinopathy patients.

In this report we have identified and confirmed (by sequencing) three 5′UTR splice forms 

with two separate transcriptional start sites and we identified regulatory promoter sequence 

in the region 5′ upstream of the NLRP3 gene. We also confirmed five out of eight previously 

reported variants and identified six new variants and at least one putative Sp1 site. We also 

showed that one unique SNP in a de novo mutation negative FCAS patient increases 

expression in vitro. Many genetic and epigenetic factors could be involved in disease 

expression in the cryopyrinopathies and this SNP may be yet another contributing factor in 

some patients. The initial characterization of the NLRP3 promoter and identification of new 

SNPs in the promoter region can be used to conduct further genetic studies in additional 

disease populations. In addition, these initial studies will allow for further characterization 

of the highly regulated expression of this important immune protein.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
NLRP3 promoter region. (a) Transcriptional start sites and 5′-untranslated region (UTR) 

splice forms. 5′ rapid amplification of 5′cDNA end (5′RACE) was performed using human 

leukocyte Marathon-Ready cDNA (BD Biosciences, San Jose, CA, USA). The First-Choice 

RLM-RACE kit (Applied Biosystems/Ambion, Austin, TX, USA) was used according to the 

manufacturer’s protocol with both the kit’s primers and the following gene-specific primers: 

ProckF2 (5′-CCAGAGCCTTCAGTTTGGAG-3′), F16dextR (5′-

CCCTTCTGGGGAGGATAGTC-3′), ProckR2 (5′-GGTGAACAACCACTTCACGA-3′) 

and X2intR (5′-TTCCTGGCATATCACAGTGG-3′). These gene-specific primers were 

used to assist in the analysis of the RACE reactions according to the manufacturer’s protocol 

and also for their compatibility with annealing and optimization of the reactions. (b) 

Putative transcription factor binding sites. A total of 5000 bp of human genomic DNA, 5′ to 

the translational start site, was analyzed for putative transcription factor-binding sites using 

software from Transcriptional Element Search System (www.cbil.upenn.edu/tess). The 

search criteria and protocols were followed according to the website and Chapter 2.6 of 

Wiley’s Current Protocols in Bioinformatics.15 A single-nucleotide polymorphism (SNP) 

unique to one familial cold autoinflammatory syndrome (FCAS) patient is labeled by an 
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asterisk. (c) Inserts for plasmid constructs. Construct labels refer to the distance from the 

translational start site. A primer at −690 was used because it included a portion of all three 

isoforms and was an optimal primer for cloning. Luciferase reporter constructs were created 

using polymerase chain reaction (PCR)-amplified fragments of the NLRP3 5′UTR and 

pGL3-Enhancer vector (Promega Corporation, San Luis Obispo, CA, USA). An unaffected 

human control was used for the template DNA. The PCR conditions and primers used to 

create constructs are described in Supplementary Table 1. PCR products were purified using 

the QIAquick PCR Purification kit (Qiagen, Valencia, CA, USA). The products were then 

digested using the restriction enzymes XhoI and NheI at 37°C for 18 h. The purified and 

digested PCR products were then directly cloned into the pGL3-Enhancer vector (Promega 

Corporation). All constructs were verified by direct sequencing using primers that annealed 

to the vector: RVP5 (5′-CCAGTGCAAGTGCAGGTGCCAGA-3′) and GLP3 (5′-

TTTGGCGTCTTCCATGGTGGCTT-3′). DNA from an FCAS patient was used as a 

template for PCR to create the construct containing the SNP located at −1064 (Table 1).
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Figure 2. 
Luciferase assays. (a) Luciferase expression for transcriptional start site one constructs. A 

total of 5 × 104 HeLa cells were grown in 24-well plates in 0.5 ml media (Dulbecco’s 

modified Eagle’s medium with 10% fetal bovine serum, glutamine, penicillin and 

streptomycin) overnight. The HeLa cells were then transfected with 400 ng of luciferase 

reporter constructs and 100 ng of pRL-TK Vector (Promega Corporation) using FuGENE 6 

Transfection Reagent (Roche Applied Science, Indianapolis, IN, USA). After 48 h 

incubation, passive lysis of the cells was performed and the lysate was used to measure the 

luciferase expression using the Dual-Luciferase Reporter Assay System (Promega 

Corporation) according to the manufacturer’s protocol. A GENios Pro (Tecan Systems Inc., 

San Jose, CA, USA) was used to measure the relative light units. (b) Luciferase expression 

for transcriptional start site two constructs. Cell culture, transfection and luciferase assays 
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were performed as described in (a). (c) Luciferase expression of −1064C/T and Sp1 mutant. 

Cell culture, transfection and luciferase assays were performed as described in (a). To 

mutate the Sp1 site located at −1073 upstream of the translation start site, the QuikChange 

Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA) was used according to the 

manufacturer’s protocol. This Sp1 site was mutated from 5′-CCGCCC-3′ to 5′-CCGAAC-3′ 

using the following primers: QCPro_mSP1F (5′-

TCCTGACCTCAGGTGATCCGAACACCTCGGCCTCCCAAAGTG-3′) and 

QCPro_mSPlR (5′-

CACTTTGGGAGGCCGAGGTGTTCGGATCACCTGAGGTCAGGA-3′). The -1109/-690 

wild-type luciferase reporter construct was used for the template DNA. The Sp1 mutant 

construct was verified by direct sequencing. 1All luciferase activities are expressed as a 

percentage of the positive control, with the positive control as 100%. 2pGL3-Control Vector 

(Promega Corporation) was used as the positive control. 3pGL3-Enhancer Vector (Promega 

Corporation) without an insert was used as the negative control. P-values were determined 

by Student’s t-test; n = 12 for all assays except controls (n = 15) and −1109/−690 MUT (n = 

6). Error bars represent the standard error of the mean.
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