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Abstract
Perturbation of endoplasmic reticulum (ER) homeostasis triggers the ER stress response

(also known as Unfolded Protein Response), a hallmark of many pathological disorders.

However the connection between ER stress and inflammation remains largely unexplored.

Recent data suggest that ER stress controls the activity of inflammasomes, key signaling

platforms that mediate innate immune responses. Here we report that expression of

NLRP1, a core inflammasome component, is specifically up-regulated during severe ER

stress conditions in human cell lines. Both IRE1α and PERK, but not the ATF6 pathway,

modulate NLRP1 gene expression. Furthermore, using mutagenesis, chromatin immuno-

precipitation and CRISPR-Cas9-mediated genome editing technology, we demonstrate

that ATF4 transcription factor directly binds to NLRP1 promoter during ER stress. Although

involved in different types of inflammatory responses, XBP-1 splicing was not required for

NLRP1 induction. This study provides further evidence that links ER stress with innate

Introduction
The endoplasmic reticulum (ER) is a specialized organelle that controls the biogenesis of mem-
brane-anchored and secreted proteins[1]. Beyond this biosynthetic role, the ER is also a
dynamic cellular compartment that plays critical roles in calcium storage[2] and cellular
homeostasis[3]. Perturbations in the ER triggered by increased protein synthesis, accumulation
of misfolded proteins, nutrient deprivation, or alterations in the calcium or redox balance can
lead to a condition called ER stress[4, 5]. ER imbalance activates a transcriptional and transla-
tional program known as the unfolded protein response (UPR), an adaptive signaling cascade
that primarily acts to restore ER homeostasis[6]. Specifically, the UPR activates three main sig-
naling pathways initiated by different ER transmembrane sensors: PERK, IRE1α and ATF6,
which cause initial shutdown in mRNA translation along with up-regulation of genes encoding
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protein chaperones and ER-associated degradation (ERAD) machinery[7, 8]. However, if ER
stress is not mitigated, a cell death program is then initiated[9, 10].

In addition to its adaptive role, the UPR also regulates the inflammatory state, a circum-
stance that is frequently present in many metabolic conditions such as obesity and diabetes
[11], as well as neurodegenerative diseases[12] and a variety of bacterial and viral infections
[13–15]. The mechanisms linking ER stress to inflammation are only partly understood
(reviewed in [16]).

The pleiotropic transcription factor XBP-1s, generated through unconventional mRNA
splicing mediated by IRE1α, enhances protein folding and has been shown to control intestinal
inflammation in patients affected with inflammatory bowel disease[17]. IRE1α-XBP-1s signal-
ing is also activated by extracellular Toll-like receptors (TLRs) during bacterial infections and
is responsible for sustained pro-inflammatory cytokine secretion by macrophages[18]. In addi-
tion to XBP-1 activation, IRE1α controls inflammatory cytokine secretion in rheumatoid
arthritis through the adaptor molecule TRAF6[19] and leads to NF-κB and JNK activation
pathways by recruiting TRAF2, an adapter protein and E3 ligase associated with several TNF-
family receptors[20]. Moreover, PKR-like ER-resident kinase (PERK)-mediated phosphoryla-
tion of the alpha subunit of eukaryotic translation initiation factor eIF2α also contributes to
NF-κB activation by repressing the synthesis of the inhibitor IkBα[21]. By means of eIF2α
phosphorylation, PERK promotes translation of ATF4 mRNA, a transcription factor that is a
central hub of the more general integrated stress response (ISR)[22] and which has been
recently implicated in viral infections, Alzheimer’s disease and diabetes[23, 24].

Members of the NLR (Nucleotide-binding NACHT domain and Leucine-Rich Repeat con-
taining proteins) family of proteins are critical components of host innate immunity in many
species[25]. Interestingly, IRE1α and PERK pathways have recently been shown to regulate
NLRP3 inflammasome-dependent cell death and IL-1β secretion through the thioredoxin-
interacting protein TXNIP[26, 27]. Another NLR protein, NLRP1, has also been shown to par-
ticipate in both cell death[28] and IL-1β secretion[29], but its involvement in UPR signaling
has not previously been reported. In this study, we investigated the regulation of NLRP1
inflammasome in response to ER perturbations. We found that both PERK and IRE1α stimu-
late NLRP1 gene transcription through the transcription factor ATF4, involving a mechanism
that is independent of XBP-1 mRNA splicing.

Materials and Methods

Cell culture
Cell lines were cultured at 37°C with 5% CO2. THP-1, K562 and Jurkat cells were maintained
in RPMI-1640 medium, HeLa cells in Dulbecco’s modified Eagle’s medium (DMEM) and
HCT116 cells in McCoy’s-5A medium. All media (Corning-Cellgro) were supplemented with
10% heat-inactivated fetal bovine serum (Sigma) and penicillin-streptomycin (100IU/ml and
100μg/ml, respectively; Corning-Cellgro). All cell lines were obtained from ATCC.

Reagents, plasmids, and antibodies
DMSO (472301), tunicamycin (T7765), thapsigargin (T9033), brefeldin A (B7651), actinomy-
cin D (A1410), DRB (D1916) and Forskolin (F6886) were purchased from Sigma. Monoso-
dium urate crystals were prepared from uric acid (U0881, Sigma) as previously described[30].
PolyI:C, flagellin, MDP and R837 were from Invivogen. All siRNA were purchased from
Ambion. Different shRNA were cloned in pLKO.1 (Addgene #10878) and/or in Tet-pLKO-
puro (Addgene #21915) vectors as previously described[31]. A complete list of siRNA and
shRNA used is presented in S1 Table. IRE1α (#3294) and PERK (#3192) antibodies were from
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Cell Signaling Technology, ATF6 antibody (ab122897) was from Abcam, and XBP-1s antibody
(clone 143F) was from Biolegend. ATF4 antibody for ChIP (sc-22800) was from Santa Cruz.
NLRP1 antibody (AF6788) was from R&D Systems.

RNA extraction, semiquantitative RT-PCR and real-time qPCR
After ER stress induction, cells were washed twice with PBS and total RNA extraction was per-
formed using an RNeasy kit (Qiagen). RNA concentration and purity was measured using a
NanoDrop spectrophotometer (Thermo Scientific). A total of 2μg RNA was retro-transcribed
using SuperScript III reverse transcriptase (Life Technologies) and used for subsequent PCR
reaction. Platinum TAQ (Life Technologies) was used for semi-quantitative RT-PCR. Real
time qPCR was performed using TaqMan universal master mix II (Life Technologies) and dif-
ferent TaqMan assays. A complete list of primers and assays for RT-PCR and qPCR is provided
in S2 Table.

Adenovirus, lentiviruses and cell transduction
Murine Xbp-1s and murine Atf4 adenoviruses used here were previously described[32, 33].
The shRNA lentivirus plasmids were packaged by transfection into 293T cells, as already
described[34]. Stably transduced cells were selected in media containing puromycin (5μg/ml).
Conditional shRNA were selected and maintained in media containing tetracycline-free serum
(Clontech).

Luciferase vectors and assays
The putative NLRP1 promoter region 2555bp upstream of the ATG codon (chr17:5583958–
5586512, assembly hg38), including 555 nucleotides corresponding to the 50 untranslated
region (50UTR) was cloned from human genomic DNA (Promega) into the pGL4.12 luciferase
vector (Promega) by PCR (PfuUltra#600380, Stratagene) using the KpnI and SacI restriction
sites. Four shorter constructs were cloned using internal primers (S3 Table). All plasmid clon-
ing was verified by DNA sequencing. Luciferase vectors, together with the renilla plasmid
pGL4.74 (Promega) were transiently co-transfected (1:10 luciferase/renilla ratio) into HeLa
cells using JetPrime (Polyplus transfection) according to the manufacturer’s protocol. After 24
hours, cells were treated with 2μM BFA overnight and luciferase signals were detected using
the Dual-luciferase reporter assay system (Promega).

Cell transfection, immunoprecipitation and immunoblot analysis
HeLa cells were seeded into 6-well plates at a density of 1 x 106 cells per well. Two different siR-
NAs (25pmol each) were transfected using RNAiMAX reagent (Life Technologies) according
to manufacturer’s protocol. After 24 hours, cells were treated overnight with 2μM BFA to
induce ER stress. The following day the cells were washed twice with PBS and lysed in 1x SDS-
sample buffer (62.5mM Tris-HCl pH6.8, 2% (w/v) SDS, 0.01% phenol red, 10% (w/v) glycerol
and 20mM DTT). Endogenous NLRP1 protein was pulled-down in cells lysed with 50mM
TRIS-HCl pH7.4, 150mMNaCl, 0.5% NP-40 and complete protease inhibitors (Roche). Clari-
fied lysates were subjected to immunoprecipitation using protein G magnetic beads (DYNAL,
Life Technologies) conjugated with NLRP1 antibody (R&D Systems). Lysates and pulled-down
protein were subjected to SDS-PAGE/immunoblot analysis. Proteins were revealed using the
LI-COR Odyssey system (LI-COR).
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Site-directed mutagenesis
Mutations in the NLRP1 promoter-luciferase vector were generated by site-directed mutagene-
sis using the QuikChange1 II XL kit from Agilent Technologies (Cat#200521). Primers were
obtained using on line QuikChange1 primer design tool. Primer sequences are listed in S3
Table. Plasmids were verified by DNA sequencing.

Chromatin immunoprecipitation (ChIP)
HeLa cells (~1.2 x 106) were treated overnight with DMSO or 2μM BFA. On the following day
the cells were washed twice with PBS and cross-linked with 1% formaldehyde for 10 minutes at
RT. Formaldehyde was quenched with 0.2M glycine for 10 minutes at RT. Cells were then
lysed for 10 minutes with rotation at 4°C in 1ml buffer LB1 (50mMHepes-KOH pH7.5,
140mMNaCl, 1mM EDTA, 10% glycerol, 0.5% NP-40 and 0.25% Triton X-100). Nuclei were
pelleted and washed first with 1ml buffer LB2 (10mM Tris-HCl pH8.0, 200mMNaCl, 1mM
EDTA pH8.0 and 0.5mM EGTA pH8.0) and then washed and resuspended in 750μl buffer
LB3 (10mM Tris-HCl pH8.0, 200mMNaCl, 1mM EDTA pH8.0, 0.5mM EGTA pH8.0, 0.1%
Na-deoxycholate, 0.5% N-lauroylsarcosine and protease inhibitors). Lysates were sonicated on
ice with 10 seconds burst at 20% amplitude (Branson Sonifier S-450) with a 50 seconds pause
between each cycle. Lysates were cleared by centrifugation and Triton X-100 was added to a
final concentration of 1%. After removing 5% of the volume (input), the remainder was split
into two aliquots and incubated overnight with 30μl protein G magnetic beads coated with
antibodies. To coat the beads, they were equilibrated and washed in PBS with 0.5% BSA, incu-
bated for 4 hours with ATF4 or control IgG antibody, and resuspended in buffer WB I (50mM
Tris-HCl pH8.0, 150mMNaCl, 0.1% SDS, 0.1% Na-deoxycholate, 1% Triton X-100, 1mM
EDTA). The beads were then washed once with WB I, once with WB II (50mM Tris-HCl
pH8.0, 500mM NaCl, 0.1% SDS, 0.1% Na-deoxycholate, 1% Triton X-100, 1mM EDTA), once
with WB III (10mM Tris-HCl pH8.0, 250mM LiCl, 0.5% NP-40, 0.5% Na-deoxycholate, 1mM
EDTA) and twice with TE buffer. Beads were then eluted with 200μl 10mM Tris-HCl pH8.0,
0.5% SDS, 300mMNaCl and 5mM EDTA with shaking at 65°C for 30 minutes, and then
were reverse cross-linked at 65°C overnight together with the input. RNA and proteins were
removed by digestion with RNase at 37°C for 30 minutes and with proteinase K at 55°C for
1 hour. Finally, the DNA was purified using QIAquick columns (Qiagen) and resuspended in
40μl water. ChIP DNA was detected by qPCR using SYBR (Life Technologies) and specific
primers for NLRP1 and ATF3 genomic promoter regions (S2 Table).

RNA-sequencing
HeLa cells were treated with 5μg/ml tunicamycin for different time periods. Total RNA was
extracted using an RNeasy kit (Qiagen) and reverse transcripts were generated using Super-
ScriptIII (Life Technologies) according to the manufacturer’s protocol. RNA-seq reads were
first aligned to ribosomal RNA sequences to remove ribosomal reads. Remaining reads were
aligned to the human reference genome (NCBI Build 37) using GSNAP, allowing maximum of
2 mismatches per 75 base sequence. Gene expression levels were quantified with RPKM values
(reads mapping to a gene per kb of transcript per million reads sequenced) derived from the
number of reads mapped to each RefSeq gene.

CRISPR/Cas9 mediated genome editing
ATF4 and NLRP1 knock-out cells were generated using CRISPR/Cas9 technology. Guide
RNAs (gRNA) with highest target specificity (S1 Table) were selected using the CRISPR design
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tool fromMIT (http://crispr.mit.edu). Each gRNA was cloned in the pX330-U6-Chimer-
ic_BB-CBh-hSpCas9 plasmid, a gift from Feng Zhang (Addgene plasmid #42230). Genome
editing efficiency was evaluated using T7 Endonuclease I assay (NEB). ATF4−/− clones were
generated by single cell sorting of EGFP-positive HeLa cells co-transfected with pX330-
ATF4-gRNA and a EGFP plasmid (1:50 ratio) in 96-wells plates. After about two weeks, clones
were treated with ER stress to induce ATF4 expression and screened by SDS-PAGE/immuno-
blot analysis (S7 Fig). To detect the presence of out-of-frame insertions/deletions (indels) in all
ATF4 alleles, the genotype of knock-out clones was verified by Sanger DNA sequencing.

To delete the entire 70 kb corresponding to NLRP1 gene locus, HeLa, THP-1 and K562 cells
were simultaneously co-transfected with 2 different CRISPR-Cas9 plasmids targeting the
regions in proximity of the start codon (ATG) and of the stop codon (TGA) respectively,
together with an EGFP plasmid to allow single cells sorting. After 2 weeks, clones were
screened by genomic PCR. All NLRP1−/− clones were identified by the presence of PCR ampli-
fication using a forward primer in the 5’UTR and a reverse primer in the 3’UTR and by the
contemporary absence of amplification products in each of the 5’UTR and the 3’UTR regions
(S3 Fig). Locus deletion was verified by Sanger DNA sequencing and mRNA expression was
analyzed by RT-PCR/qPCR. All gene knock-out clones are available upon request.

Results

NLRP1 is up-regulated during ER stress conditions
Since ER stress was shown previously to activate the NLRP3 inflammasome[26, 27, 35], we
explored the effects of ER stress on NLRP1 gene expression. Stimulation of the human mono-
cytic cell line THP-1 with two different ER stress inducers, tunicamycin (TM)—to inhibit N-
linked glycosylation—and thapsigargin (TG)—to inhibit the ATP-dependent calcium pump
SERCA-, produced marked increases in NLRP1 mRNA expression (Fig 1A). In contrast, the
well-known NLRP3 inflammasome activator uric acid (MSU)[30] did not. We further tested
ER stress-dependent NLRP1 induction in Jurkat cells, a human T cell line that normally does
not express NLRP3 but has elevated NLRP1 mRNA basal levels (S1A Fig). The ER-Golgi trans-
port blocker brefeldin A (BFA) and TG both induced time-dependent increases in NLRP1
mRNA levels in Jurkat cells (S1B Fig), while the TLR7 ligand and NLRP3 inflammasome acti-
vator R837[36] had no effect on NLRP1 mRNA expression. Similarly, time-dependent NLRP1
up-regulation was observed in HeLa epithelial cancer cells that have very low NLRP1 mRNA
basal levels (Fig 1B). Time-course experiments with either BFA or TG showed that ER stress
increased NLRP1 expression after 12 or 6 hours respectively (Fig 1B).

To test whether ER stress specifically induces NLRP1 gene expression, we stimulated
HCT116 human colon cancer cells with various inflammatory stimuli and measured mRNA
expression of both NLRP1 and NOD1 (NLRC1), which is another human NLR family member.
Induction of NLRP1 but not NOD1 gene expression was observed only during ER stress condi-
tions induced by BFA treatment but not by other pro-inflammatory stimuli (Fig 1C). Next, to
perform a more comprehensive analysis, we stimulated HeLa cells with TM for different times
and performed a transcriptome study by total RNA-sequencing (RNA-seq). We focused on all
currently known human NLR genes and found that among the 17 NLRs only NLRP1 and
NLRC5 were expressed at any time point, while NLRP1 alone showed up-regulation under ER
stress conditions (S2 Fig).

We next investigated whether increased NLRP1 mRNA levels upon ER stress correlate with
increased NLRP1 protein expression. Immunoblot analysis of cell extracts from BFA-treated
HeLa, THP-1 and K562 cells showed up-regulation of a 130 kDa band (Fig 1D), presumably
corresponding to NLRP1 N-terminal autocleaved fragment[34]. Since a barely visible 130 kDa
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band was detected in HeLa cells after BFA treatment, we pulled-down endogenous NLRP1 pro-
tein. Immunoblot analysis revealed specific up-regulation of both cleaved and un-cleaved
(around 165 kDa) fragments of NLRP1 during ER stress conditions in all cell lines, with the
addition of an intermediate cleavage product in K562 cells (Fig 1D). To confirm antibody spec-
ificity, we utilized HeLa, THP-1 and K562 cells in which NLRP1 gene locus was deleted using
CRISPR-Cas9 technology (S3 Fig).

Taken together, these results show that perturbations of ER homeostasis in a variety of
human cell lines specifically increase NLRP1 expression but not other NLR family genes.

Fig 1. NLRP1mRNA and protein are up-regulated upon ER stress. (A) Un-differentiated THP-1 cells were treated with the indicated stimuli for 6 hours.
NLRP1 levels were measured by quantitative real-time PCR (qPCR) using cyclophillin A as an endogenous control. Semi-quantitative RT-PCR using a
different NLRP1 primer set and GAPDH as a control is also shown. (B) HeLa cells were treated either with BFA or TG for the indicated times. NLRP1mRNA
levels were measured by qPCR and RT-PCR. Spliced and un-spliced XBP-1 forms were also evaluated by RT-PCR. (C) HCT116 cells were treated with the
indicated stimuli for 24 hours. NLRP1 and NOD1 mRNA levels were measured by qPCR. (D) Cell lysates from wild-type or NLRP1−/− HeLa, THP-1 and K562
cells, untreated or treated with BFA for 20 hours, were normalized for total protein content. Cell extracts were then subjected to SDS-PAGE/immunoblot
analysis before and after immunoprecipitation with NLRP1 antibody. Vinculin was detected as loading control. NLRP1mRNA levels were also measured by
RT-PCR. Each panel is representative of at least three independent experiments. (DMSO: dimethyl sulfoxide, TM: tunicamycin, TG: thapsigargin, MSU:
monosodium urate crystals, BFA: brefeldin A, PolyI:C: polyinosinic-polycytidylic acid, FLA: flagellin, MDP: muramyl dipeptide, R837: Imiquimod)

doi:10.1371/journal.pone.0130635.g001
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IRE1α and PERK, but not ATF6, induce NLRP1 expression
Three main pathways become activated during ER stress conditions, namely those involving
IRE1α, PERK and ATF6. To verify whether these pathways could be involved in NLRP1 regu-
lation, HeLa cells were transfected with a combination of two different siRNA for IRE1α,
PERK and ATF6 and then stimulated overnight with the ER stress inducer, BFA. Experimen-
tally reducing either IRE1α or PERK but not ATF6 levels resulted in diminished ER stress-
induced NLRP1 gene expression (Fig 2A).

To confirm these results, we derived HeLa cells wherein shRNA-mediated suppression of
IRE1α, PERK or ATF6 could be conditionally induced using doxycycline (Fig 2B). Doxycy-
cline-mediated knock-down of IRE1α and PERK but not ATF6 decreased NLRP1 mRNA
induction upon BFA-induced ER stress, suggesting that a combination of transcription factors
downstream of IRE1α (such as XBP-1s) and PERK (such as ATF4) activates the NLRP1 pro-
moter during ER stress conditions. The specificity of silencing each of the UPR pathways was
verified by evaluating the expression of genes known to be regulated entirely by only one path-
way[37], namely ERdj4 by IRE1α, ATF3 by PERK, and BIP by ATF6 (S4 Fig). Notably, ATF6

Fig 2. NLRP1mRNA up-regulation is dependent on both IRE1α and PERK pathways. (A) IRE1α, PERK and ATF6 levels were reduced using siRNA.
Upon treatment with ER stress, mRNA levels were measured by qPCR and RT-PCR. IRE1α, PERK and ATF6 knock-down was verified by SDS-PAGE/
immunoblotting. (B) Stably transduced HeLa cells were cultured in presence or absence of doxycycline (Dox) for 24 hours and then treated overnight with
2μMBFA. mRNA levels were measured by qPCR and RT-PCR. IRE1α, PERK and ATF6 knock-down was verified by SDS-PAGE/immunoblotting. Each
panel is representative of at least three independent experiments.

doi:10.1371/journal.pone.0130635.g002
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down-regulation resulted in an increased activation of IRE1α endoribonuclease activity as
demonstrated by the increased XBP-1 splicing (Fig 2A and 2B) and ERdj4 expression (S4 Fig),
which is in agreement with previous studies[38], but interestingly did not affect NLRP1 mRNA
levels. These results indicate that both IRE1α and PERK but not ATF6 contribute to NLRP1
gene induction during ER stress. However, the observations regarding the indirect effects of
ATF6 on XBP-1s imply that XBP-1s is not the downstream mediator of IRE1α’s contributions
to NLRP1 gene expression.

ATF4 but not XBP-1s stimulates NLRP1 up-regulation during ER stress
Because ATF4 mRNA is latent in cells, becoming actively translated only after induction of ER
stress conditions, we tested whether protein biosynthesis is required for NLRP1 induction.
Using cycloheximide (CHX), we found that new protein synthesis is necessary for up-regulat-
ing NLRP1 gene expression after ER stress induction (S5A Fig). Interestingly, unconventional
splicing of XBP-1 mRNA also required protein synthesis (S5A Fig), thus these CHX experi-
ments did not differentiate between the IRE1α/XBP-1s versus PERK/ATF4 pathways. Further-
more, two different transcriptional inhibitors, actinomycin D (ActD) and
5,6-dichlorobenzimidazole 1-beta-D-ribofuranoside (DRB), markedly reduced NLRP1 induc-
tion during BFA stimulation, suggesting that NLRP1 up-regulation caused by ER stress is due
to transcriptional control and not to increased mRNA stability (S5B Fig).

Because XBP-1s and ATF4 are transcription factors generated downstream of IRE1α and
PERK, we experimentally determined whether either ATF4 or XBP-1s overexpression is suffi-
cient to induce NLRP1 mRNA transcription. Using murine versions of cDNAs encoding these
transcription factors to discriminate them from the endogenous human proteins, we infected
HeLa cells with increasing doses of Atf4 or Xbp-1s adenovirus for 24 hours and then analyzed
NLRP1 gene expression by qPCR. We found that murine Atf4 overexpression was sufficient to
stimulate NLRP1 mRNA increases in a dose-dependent manner (Fig 3A). In contrast, murine
Xbp-1s overexpression—although able to induce human ERdj4 gene expression (S6 Fig)—did
not affect NLRP1 mRNA levels, suggesting that IRE1α’s contributions to NLRP1 expression
may involve other downstream components of IRE1α signaling other than XBP-1s. This possi-
bility was also supported by the lower levels of NLRP1 mRNA up-regulation that are mediated
by Atf4 adenovirus compared to BFA induction (Fig 3A), suggesting that ATF4 may be acting
in concert with other transcription factors. It is also possible that phosphorylation, acetylation
or other post-translational modifications of ATF4 or other transcription factors are required
for their full effects on NLRP1 gene expression.

Although Xbp-1s alone was insufficient to induce NLRP1 expression in HeLa cells, we won-
dered whether it was necessary for NLRP1 induction by depleting XBP-1s using siRNA (Fig
3B). Down-regulation of XBP-1s expression, in contrast to IRE1α reduction, did not affect
NLRP1 induction mediated by BFA, confirming that other factors controlled by IRE1α activa-
tion are required for stimulating NLRP1 gene expression (Fig 3B).

Collectively, these results showed that XBP-1s is neither sufficient nor necessary for NLRP1
gene induction. As such, some other IRE1α downstream effector appears to be responsible for
promoting NLRP1 up-regulation in concert with the ATF4 transcription factor during ER
stress.

ATF4 transcription factor binds and activates the NLRP1 promoter
during ER stress conditions
We next focused on the genomic locus corresponding to the promoter of the human NLRP1
gene and inserted this region into a plasmid containing a luciferase reporter gene. We also
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generated four different shorter NLRP1 promoter constructs (Fig 4A) to localize the crucial
region that could be responsible for ER stress responsiveness. Negligible luciferase signals were
observed upon transfection of the NLRP1-reporter vectors into unstimulated HeLa cells, con-
sistent with the very low basal expression level of NLRP1 in these cells (S1A Fig). In contrast, a
remarkable induction was measured after ER stress caused by BFA (Fig 4A). Similar differences
between untreated versus BFA treated samples were detected using shorter promoter con-
structs, in particular with the reporter vectors carrying 2000 and 1500bp segments from the
human NLRP1 promoter. Notably, upon transfection with a 1000bp segment of the NLRP1
promoter, we observed> 70% reduction of the luciferase signal compared to plasmids express-
ing longer promoter sequences, suggesting that the NLRP1 promoter region between 1500bp
and 1000bp upstream of the ATG (green rectangle, Fig 4A) contains a critical ER stress-depen-
dent responsive element. In contrast, while a luciferase reporter construct containing 1000bp
upstream of the translation start site retained some ER stress induction (~30% relative to
2000bp construct), no ER stress-inducible luciferase activity was detected using a 500bp lucifer-
ase vector, which corresponds to the 50UTR region (Fig 4A). Taken together, these data suggest
the presence of a major and a minor ER stress responsive element located between 1500 and

Fig 3. Atf4 but not Xbp-1s stimulatesNLRP1 gene expression during ER stress. (A) HeLa cells were infected with increasing concentrations of murine
Xbp-1s and Atf4 adenovirus for 24 hours and NLRP1 mRNA was measured by qPCR. (B) IRE1α, PERK, ATF6 and XBP-1s were down-regulated using
siRNA in HeLa cells. Cells were treated with BFA for 20 hours and mRNA levels were measured by qPCR. IRE1α, PERK, ATF6 and XBP-1s knock-down
was verified by SDS-PAGE/immunoblotting. Each panel is representative of at least three independent experiments.

doi:10.1371/journal.pone.0130635.g003
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1000bp and between 1000 and 500bp, respectively, upstream of the ATG translation start site
in the NLRP1 gene (Fig 4A).

Since ATF4 overexpression was sufficient to induce NLRP1 gene expression, we sought to
determine whether ATF4 directly regulates NLRP1 expression. Han et al. recently used chro-
matin-immunoprecipitation followed by next generation sequencing (ChIP-seq) to perform an
exhaustive analysis of mouse genes that are regulated by Atf4 during ER stress[32]. Although
this study did not identify any significant Atf4 sequencing peak in the promoter regions of
mouse Nlrp1a, Nlrp1b or Nlrp1c, we decided to re-analyze their ChIP-seq raw data with the
publicly available next-generation sequencing analysis software HOMER[39] and confirmed
the Atf4 binding motif identified by the nucleotide sequence: TT-A/G-CATCA (Fig 4B). Thus,

Fig 4. The transcription factor ATF4 binds and regulates theNLRP1 gene promoter. (A) Different NLRP1 promoter regions were cloned into a luciferase
reporter vector. At 24 hours after transfection, HeLa cells were treated with BFA for 20 hours before measuring luciferase activity. (B) HeLa cells were
transfected with wild-typeNLRP1 promoter or a version carrying mutations in the ATF4-binding motif. At 24 hours after transfection, cells were treated with
BFA for 20 hours before measuring luciferase activity. (C) The indicatedNLRP1 promoter-luciferase vectors were transfected into either wild-type or ATF4−/−

HeLa cells. At 24 hours after transfection, cells were treated with BFA for 20 hours before measuring luciferase activity. (D) ChIP analysis of un-stimulated
(DMSO) or BFA-stimulated HeLa cells, followed by qPCR analysis of ATF4 occupancy at the NLRP1 and ATF3 promoter. ATF3 was used as positive control.
Each panel is representative of at least three independent experiments.

doi:10.1371/journal.pone.0130635.g004
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we searched the human NLRP1 promoter region for the presence of an Atf4 consensus site.
Interestingly, we found only one match in the middle of the region that we identified as con-
taining a putative ER stress-responsive element (Fig 4A and 4B). We therefore used a mutagen-
esis approach to modify three nucleotides of the Atf4 binding motif in the luciferase vector
carrying a 2500bp segment from the NLRP1 promoter. When HeLa cells were transfected with
the wild-type or ATF4 consensus mutant luciferase vectors, a significant reduction in the lucif-
erase signal was observed in cells transfected with the mutated NLRP1 promoter as compared
to cells carrying the wild-type promoter following ER stress induction by BFA (Fig 4B).

To confirm these data, we generated a HeLa ATF4 knock-out cell line using CRISPR-Cas9
technology (S7 Fig). ER stress-mediated luciferase induction of the 1500bp NLRP1 promoter
region was significantly reduced in ATF4−/−HeLa cells compared to wild-type cells (Fig 4C). In
contrast, the residual luciferase activity induced by ER stress using the 1000bp of NLRP1 pro-
moter was unaffected by loss of ATF4 (Fig 4C). These data thus identify ATF4 transcription
factor as an activator of NLRP1 gene during ER stress conditions.

To extend the analysis of ATF4 effects on NLRP1 expression, we performed ChIP experi-
ments to study stimulation-dependent binding of the ATF4 transcription factor to the human
NLRP1 promoter. Consistent with our previous experiments, we observed substantial recruit-
ment of ATF4 to the NLRP1 promoter only upon BFA treatment, while no NLRP1 DNA
enrichment was detected in the negative IgG control (Fig 4D—left panel). Under the same ER
stress conditions, we observed ATF4 binding to the ATF3 promoter region, which was used as
a positive control (Fig 4D—right panel).

In conclusion, our results demonstrate that upon ER stress the ATF4 transcription factor
binds and activates the human NLRP1 promoter. Other transcription factors or other signaling
mechanisms, particularly those acting downstream of IRE1α, may also contribute to NLRP1
gene expression during ER stress and they are currently under investigation.

Discussion
Multiple members of the NLR family are capable of forming so-called “inflammasomes”,
which are multi-protein complexes that recruit and activate pro-inflammatory caspases and
stimulate proteolytic activation of cytokines such as Interleukin-1β (IL-1β) and Interleukin-18
(IL-18). Prior studies have recently demonstrated NLRP3 inflammasome activation in
response to ER stress conditions[26, 27, 35]. In this study, we present the first evidence that
expression of the human NLRP1 gene is transcriptionally up-regulated in response to perturba-
tions of the ER. The human NLRP1 protein is also capable of forming inflammasomes that
stimulate caspase-1 activation and processing of pro-IL-1β[29]. Interestingly, hereditary poly-
morphisms in the human NLRP1 gene have been associated with vitiligo, autoimmunity, sys-
temic sclerosis, and increases sensitivity of leprosy[40–42].

We showed that both the IRE1α and PERK pathways are important for ER stress-induced
NLRP1 gene expression. Indeed, we demonstrated that ATF4 transcription factor (which is
produced downstream of PERK) binds and stimulates the human NLRP1 promoter upon ER
stress induction. Other transcription factors downstream of the IRE1α-TRAF2 pathway, such
as RELB and NFKB1, may also be involved in this process and they are currently under investi-
gation. In contrast, XBP-1s (the best-studied transcription factor produced by IRE1α-mediated
mRNA splicing during the initial restorative phase of the UPR) did not participate in NLRP1
regulation, even though it has been described to play a role in inflammatory responses[18].
This finding, together with the observation that NLRP1 expression is induced at later times
compared to XBP-1 splicing (Fig 1B), suggest that NLRP1 gene expression is stimulated during
the terminal phase of the UPR.
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Interestingly, we observed NLRP1 up-regulation in many different cell lines in which one or
more components of the inflammasomes, such as NLRP3 or the adaptor protein ASC, are not
expressed (S1A Fig) and are not induced during ER stress (data not shown). Together with the
observation that most of these cell lines also do not express or up-regulate following ER stress
the pro-forms of IL-1β or IL-18, this finding strongly suggests that NLRP1 function during ER
stress is not related to pro-inflammatory cytokine secretion but presumably to other functions
such as caspases activation. In this regard, NLRP1 was initially described to be involved in apo-
ptosis[43]. In addition, the NLRP1-interacting human proteins caspase-4 and caspase-5[29]
have been shown to become activated during ER stress[44, 45] and were more recently impli-
cated in cell death induced in response to intracellular bacterial components[46]. Whether the
human NLRP1 inflammasome is also involved in ER stress-dependent caspase-4/5 activation
and cell death in response to bacterial infections is currently under investigation. Additionally,
ischemia-reperfusion injury in the brain (which is a known cause of ER stress) has been shown
to cause increases in NLRP1 expression under conditions where caspase-1 inhibitors show
neuroprotective activity[47].

ATF4 is a member of the ATF/CREB (activating transcription factor/cyclic AMP response
element binding protein) family of basic region-leucine zipper (bZip) transcription factors[48].
Notably, the transcription factor CREB has been described to induce NLRP1 expression in leu-
kemia cells[49]. However, we did not observe any NLRP1 mRNA induction in HeLa cells upon
treatment with the CREB activator forskolin (S8A Fig). In addition, specific siRNA against
CREB1 gene did not affect NLRP1 mRNA induction by BFA (S8B Fig), suggesting that CREB
does not play a role in human NLRP1 gene induction during ER stress conditions.

Genomic variations in the NLR family genes are extensive among mammalian species, sug-
gesting that specialization of these innate immunity genes has occurred during evolution to
adapt to differences in the pathogens that various species encounter in their environmental
niches. In this regard, the closest analog of the human NLRP1 gene in mice is a cluster of genes
that vary among mouse strains in the proteins they encode and that lack the N-terminal PYRIN
domain found in the human NLRP1 protein[50]. Whether the murine gene locus showing
homology to humanNLRP1 is also subject to regulation by ER stress remains to be determined,
however, a murine genome-wide ChIP-seq analysis failed to reveal ATF4 binding sites[32].

In conclusion, this study demonstrates that the human NLRP1 gene is up-regulated during
severe ER stress conditions. Furthermore, we clarified a portion of the underlying mechanism,
which involves direct binding of transcription factor ATF4 to the NLRP1 gene promoter.
Future efforts will be directed to identifying the mechanisms by which the IRE1α pathway also
makes contributions to ER stress-induced NLRP1 gene expression and to understanding the
roles played by the NLRP1 protein in the context of ER stress conditions.

Supporting Information
S1 Fig. Expression of inflammasome genes in cancer and leukemia cell lines subjected to
ER stress. (A) Various mRNA levels were evaluated by RT-PCR. NLRP1 mRNA expression
does not overlap with other inflammasome components such as NLRP3 or ASC. CARD8
mRNA was ubiquitously present in all cell lines tested. (B) Jurkat cells were treated with the
indicated stimuli for various times, then mRNA levels were measured as in Fig 1A.
(TIFF)

S2 Fig. Global expression analysis of NLRs during prolonged ER stress conditions. Tran-
script expression of NLRs genes was determined by RNA-seq fromHeLa cells treated with 5μg/ml
tunicamycin for various times. RNA-seq was performed in triplicates for each time point.
(TIFF)
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S3 Fig. NLRP1 knock-out cell lines generated using CRISPR-Cas9. Schematic representation
of NLRP1 locus deletion. Cells were simultaneously co-transfected with 2 different CRISPR-
Cas9 plasmids targeting near the 5’UTR and the 3’UTR respectively. By genomic DNA
sequence analysis of the 5’UTR-3’UTR PCR product, all NLRP1−/− clones were determined to
be homozygous in which all mutated alleles were re-ligated exactly in correspondence with the
2 predicted double-strand breaks. Allelic NLRP1 deletions were identified by PCR amplifica-
tion using a forward primer in the 5’UTR and a reverse primer in the 3’UTR. In this example, 3
full NLRP1−/− clones (red rectangles) were identified by the absence of both PCR amplification
products in the 5’UTR and in the 3’UTR.
(TIFF)

S4 Fig. ATF6 down-regulation increases XBP-1s-dependent ERdj4 expression. The specific-
ity of silencing of IRE1α, PERK and ATF6 pathways was confirmed by monitoring respectively
ERdj4, ATF3 and BIP gene expression by qPCR.
(TIFF)

S5 Fig. NLRP1 induction requires new protein synthesis and mRNA transcription. (A)
HeLa cells were pre-incubated with CHX for one hour before overnight induction of ER stress
with BFA. Cells were collected the following day and NLRP1, XBP-1 and GAPDH levels were
measured by RT-PCR. (B) HeLa cells were incubated with DMSO or BFA for a total of 8 hours.
Additionally, cells were exposed to transcriptional inhibitors ActD or DRB for the final 3 or 6
hours of BFA treatment. NLRP1 mRNA levels were evaluated by qPCR.
(TIFF)

S6 Fig. Overexpression of murine Xbp-1s and Atf4 induce ERdj4 and ATF3, respectively,
in HeLa cells. Functional validation of murine Xbp-1s and Atf4 adenovirus was performed by
measuring gene expression of downstream targets by qPCR. Cells were treated as in Fig 3A.
(TIFF)

S7 Fig. ATF4 knock-out HeLa cells generated using CRISPR-Cas9. Cell lysates from wild-
type or ATF4−/− HeLa cells, untreated or treated with BFA for various times, were normalized
for total protein content. Cell extracts were then subjected to SDS-PAGE/immunoblot analysis.
Tubulin was detected as loading control.
(TIFF)

S8 Fig. CREB1 is not involved in NLRP1 mRNA induction during ER stress. (A) HeLa cells
were treated with either TG or Forskolin for the indicated times. NLRP1 and XBP-1 mRNA
levels were evaluated by RT-PCR. (B) HCT116 cells were transfected with siRNA against
CREB1 gene for 24 hours. Scrambled siRNA were used as control. Upon treatment with BFA
for 16 hours, NLRP1 and XBP-1 mRNA levels were evaluated by RT-PCR.
(TIFF)

S1 Table. List of siRNA, shRNA and CRISPR targets.
(XLSX)

S2 Table. List of primers and assays for RT-PCR and qPCR.
(XLSX)

S3 Table. List of primers for cloning and mutagenesis.
(XLSX)
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