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Abstract

Macrophages pre-exposed to a sub-lethal dose of anthrax lethal toxin (LeTx) are refractory to 

subsequent high cytolytic doses of LeTx, termed toxin-induced resistance (TIR). A small 

population of TIR cells (2–4%) retains TIR characteristics for up to 5 to 6 weeks. Through 

studying these long-term TIR cells, we found that a high level of histone deacetylase (HDAC)8 

expression was crucial for TIR. Knocking down or inhibition of HDAC8 by siRNAs or the 

HDAC8-specific inhibitor PCI-34051, respectively, induced expression of the mitochondrial death 

genes Bcl2 Adenovirus E1B 19 kDa-interacting protein 3 (BNIP3), BNIP3-like (BNIP3L) and 

Metastatic Lymph Node (MLN)64, and re-sensitized TIR cells to LeTx. Among multiple histone 

acetylations, histone H3 lysine 27 acetylation (H3K27Ac) was most significantly decreased in TIR 

cells in an HDAC8-dependent manner, and the association of H3K27Ac with the genomic regions 

of BNIP3 and MLN64, where HDAC8 was recruited to, was diminished in TIR cells. Furthermore, 

over-expression of HDAC8 or knocking down the histone acetyltransferase CREB-binding protein 

(CBP)/p300, known to target H3K27, rendered wild-type cells resistant to LeTx. As in RAW264.7 

cells, primary bone marrow-derived macrophages exposed to a sub-lethal dose of LeTx were 

resistance to LeTx in an HDAC8-dependent manner. Collectively, this study demonstrates that 

epigenetic reprogramming mediated by HDAC8 plays a key role in determining the susceptibility 

of LeTx-induced pyroptosis in macrophages.
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Introduction

Pyroptosis is a rapid programmed cell death that concurs with the release of potent 

inflammatory cytokines such as interleukin (IL)-1β and IL-18 (1). The canonical pathway of 

pyroptosis is initiated by the nucleotide oligomerization domain-like receptors (NLRs), such 
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as NLRP1b, NLRP3, NLRC4 and NAIP, in response to various microbial components as 

well as foreign or endogenous inflammatory molecules. Activated NLRs form a multi-

protein complex together with the adaptor protein ASC and caspase-1, known as the 

“inflammasome”. Inflammasome is a platform for activating caspase-1 which produces 

biologically active IL-1β/-18 and executes pyroptosis (2–4). Production of IL-1β/18 plays a 

crucial role in host immune responses against invading pathogens (5–11); whereas, the role 

and mechanism of pyroptosis are not yet clear. Pyroptosis can be beneficial to the hosts by 

removing intracellular niches of pathogens (8, 12–14) and exploited by pathogens for 

immune evasion and dissemination (15–18). Aberrant pyroptosis can also be detrimental to 

the host, since it causes depletion of immune cells (17) and breakdown of splenic 

architecture (14).

Anthrax lethal toxin (LeTx) is a cytotoxic bacterial toxin released by Bacillus anthracis. 

LeTx induces pyroptosis in certain murine myeloid cells such as macrophages and dendritic 

cells through activating NLRP1b (19). We and others have shown that macrophages pre-

exposed to a sub-lethal dose of LeTx are refractory to subsequent high cytolytic doses of 

LeTx (20–22), termed “toxin-induced resistance (TIR)”. A small portion of TIR cells (2–

4 %) further retains TIR characteristics for up to 5–6 weeks (21). These cells are normal in 

cleaving the mitogen-activated protein kinase kinases (MEKs) and activating caspase-1, but 

resistant to LeTx-induced mitochondrial dysfunction, including hyper-polarization and ROS 

generation, through down-regulating the mitochondrial death genes, Bcl2/adenovirus E1B-

interacting proteins (BNIP)3, BNIP3-like (BNIP3L; also known as NIX) (21) and MLN64 

(also known as the steroidogenic acute regulatory-related lipid transfer protein 3) (23). To 

date, how these death genes are down-regulated throughout multiple cell cycles in TIR cells 

is unknown.

Epigenetic reprogramming is a cellular mechanism that conveys phenotype to daughter cells 

without altering genomic DNA sequences. It includes DNA methylation, histone 

modifications (methylation, acetylation, sumoylation and ubiquitination) and production of 

micro RNAs, which involves many aspects of cell function, differentiation, proliferation and 

tumorigenesis (24–26). Based on the non-permanent, but inheritable characteristics of TIR, 

we examined the possible involvement of epigenetic reprogramming in TIR. Here, we show 

that the histone deacetylase (HDAC)8 plays a crucial role in TIR, in part through 

deacetylating histones, such as H3K27Ac, and subsequently inhibiting expression of the 

mitochondrial death genes.

EXPERIMENTAL PROCEDURES

Materials and Reagents

Protective antigen (PA) and lethal factor (LF) were purified as previously described (27, 28). 

Antibodies of H3Ac, H3K4Ac, H3K9Ac, H3K14Ac, H3K18Ac, H3K23Ac, H3K27Ac, 

H3K36Ac, H3K56Ac and H3K79Ac were purchased from Active Motif (CA, USA), and 

antibodies for pan H3 and β-actin were purchased from Bio Vision (CA, USA) and 

Rockland Inc. (PA, USA), respectively. Antibodies against EGFP, MEK-1-NT, p38 and 

caspase-1 were purchased from Life Technologies (ON, Canada), Stressgen Bioreagents 

(BC, Canada), Santa Cruz Biotechnology (TX, USA) and Cell Signaling (MA, USA), 
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respectively. DiOC6 (3-3′-dihexyloxacarbocyanine iodide) and Mito-SOX-red were 

purchased from Calbiochem (EMD Biosciences, CA, USA) and Life Technologies 

(Molecular Probes®, ON, Canada). The following is the list of epigenetic chemical 

inhibitors used in this study: aza-2-deoxycytidine (azacitidine; Sigma, ON, Canada), 

panobinostat (LBH-589; Selleck, TX, USA), tozasertib (LC Lab, MA, USA), PCI-34051 

(Cayman; CA, USA), CAY10603 (Cayman) and anacardic acid (Bio vision, CA, USA). Pre-

designed small interfering RNA (siRNA) oligonucleotides directed against HDAC8 

(No.SI1063902) were purchased from Qiagen. Pre-designed siRNAs directed against CREB 

binding protein (CBP; No.4390771), E1A binding protein p300 (No.AM16708), mouse 

PCAF (No. AM16708), and mouse caspase-1 (No. 4390771) were purchased from Life 

Technologies (Ambion®). Full-length mouse HDAC8 cDNA (NM 027382) was amplified 

from cDNA library by PCR using primers (forward; 5′-
TTGCGAATCTGATGGAGATGCCAGAGGAACCC-3′, reverse; 5′-
TTGCGGATCCCGGACCACATGCTTCAGATTCCC-3′) and cloned into the pEGFP-N1 

vector using EcoR I and BamH I restriction enzymes.

Cell culture

RAW 264.7 murine macrophages were cultured in Dulbecco’s modified Eagle’s medium 

containing 8% heated-inactivated fetal bovine serum (Sigma-Aldrich, Canada), 10 mM 

MEM non-essential amino acids solution, 100 units/ml penicillin G sodium, 100 μg/ml 

streptomycin sulfate, and 1 mM sodium pyruvate. Cells were grown at 37°C in 5% CO2. 

TIR cells were generated as previously reported (21). Briefly, RAW 264.7 macrophages 

were treated with LeTx (500 ng/ml LF and 1 μg/ml PA) for 5 h, and surviving cells were 

plated in a fresh cell culture media. Two weeks later surviving clones were individually 

picked and plated on a 96-well plate. Each clone was propagated and tested for LeTx 

sensitivity. TIR clones were selected individually or pooled for further cell culture and were 

confirmed for their sensitivity to LeTx. Primary bone marrow-derived macrophages 

(BMDMs) were prepared from 129/S1/Svlmj mice as previously described (29). BMDMs 

were treated with a sub-lethal dose of LeTx (100 ng/ml LF and 100ng/ml PA) for 24 h and 

surviving cells were plated onto new culture dishes with fresh media. These cells were used 

as primary BMDM TIR cells.

Transfection of cells

Transfection of RAW 264.7 cells with small interference (si)RNAs and the pEGFP-HDAC8 

plasmid was performed using Lipofectamine RNAi Max kit and Lipofectamine 2000 

(Invitrogen™), respectively, according to the manufacturer’s instruction. Briefly, cells plated 

on 6-well plates were transfected with 100 pmol (for RAW364.7 cells) or 150 pmol (for 

BMDMs) of siRNAs in RNAi Max reagent for 16 h and fresh media were added for the next 

24 h, unless otherwise indicated in the figure legends. Total RNAs were harvested and levels 

of mRNA expression were analyzed by reverse transcription real-time quantitative 

polymerase chain reaction (RT-qPCR). Primers used for qPCR are listed in Supplemental 

Table 1S. For stable transfection, RAW264.7 cells were transfected with pEGFP or pEGFP-

HDAC8 using Lipofectamine 2000 (Invitrogen) and stably transfected cells were selected in 

the presence of G418 (1 mg/ml) antibiotics for 1 week and surviving cells were pooled.
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Cell treatments, lysate preparation and Western blot analysis

After cells were cultured for the indicated times in the presence or absence of LeTx, 

chemicals or siRNAs, cells were collected and lysed in ice-cold cell lysis buffer (20 mM 

MOPS, 2 mM EGTA, 5 mM EDTA, 1 mM Na3VO4, 40 mM β-glycerophosphate, 30 mM 

sodium fluoride, and 20 mM sodium pyrophosphate, pH 7.2) containing 1% Triton X-100, 

and protease inhibitor mixtures (Roche Applied Science). Cell lysates were incubated on ice 

for 10 min and sonicated for 5 minutes. These extracts were run on 12.5% SDS-PAGE gels, 

followed by transfer onto nitrocellulose membranes. Membranes were subsequently blocked 

at room temperature for 1 h with 5% (w/v) skim milk. Various anti H3 antibodies, β-actin, 

p38 and GFP were used at dilutions ranging from 1:500–1:1500 and incubated overnight at 

room temperature. After extensive washing with TTBS buffer (Tris-buffered saline 

containing 0.05% Tween 20), the secondary antibody was applied at 1:5000 dilution and 

incubated for 60 min. The membranes were then washed with TTBS and developed using 

the Enhanced Chemiluminescent Detection reagent (Thermo scientific), followed by 

densitometry analysis using Image J program (NIH).

Measurement of cell Viability

A microtiter tetrazolium (MTT) assay or propidium iodide (PI) staining, followed by 

fluorescent activated cell sorting (FACS) analysis, was used to measure cytotoxicity. 

RAW264.7 macrophages were cultured in the presence or absence of LeTx in 96 well plates, 

and MTT was then added at a final concentration of 1mg/ml. After an additional 2 h 

incubation at 37 °C, culture media were carefully aspirated and 100 μl of dimethysulfoxide 

(DMSO) was added to dissolve crystals. Optical densities of the wells were analyzed using 

an automatic ELISA plate reader (Bio-Rad) at a wavelength of 570 nm. The ratio of cell 

death was estimated based on the optical density of wells by comparing with those from 

non-treated cells as 100% survival. For PI and FACS analysis, RAW 264.7 cells were 

cultured in the presence or absence of LeTx in 12 or 6 well plates for the time indicated, and 

cells were then harvested. After washing twice, cells were resuspended in PBS containing 2 

μg/ml PI at a concentration of 1 × 106 cells/ml and PI positive cells were analyzed by FACS 

Calibur (Beckton-Dickson Biosciences) using CellQuest Pro software (Beckton-Dickson 

Biosciences).

Mitochondrial ROS measurements

Mitochondrial ROS production was assessed by Mito-SOX-red (Invitrogen, Molecular 

Probes) as previously described (23). Briefly, RAW264.7 cells were stained with 2.5uM 

Mito-SOX-Red for 15min at 37°C and washed twice with fresh media. After collecting, cells 

were then resuspended in PBS and analyzed by FACS Calibur and CellQuest Pro software 

(Beckton-Dickson Biosciences).

Mitochondrial membrane polarization measurements

Mitochondrial membrane polarization was measured as previously described (23) using 

3-3′-dihexyloxacarbocyanine iodide (DiOC6). Briefly, cells were treated with LeTx and 

washed twice with pre-warmed fresh media. Cells were further incubated with fresh media 
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containing DiOC6 (2 μg/ml ) at 37°C for 10 min. After two washes with fresh media, cells 

were then harvested and analyzed by FACS.

Quantitative Real-time PCR

Briefly, total cellular RNA was isolated using TRIzol (Invitrogen) according to the 

manufacturer’s instructions. cDNA was synthesized from 2 μg of total RNA using Moloney 

murine leukemia virus (M-MuLV) reverse transcriptase (New England Biotechnology) and 

oligo (dT) primers. qPCR analyses were performed with a Rotor-Gene RG3000 quantitative 

multiplex PCR instrument (Montreal Biotech) using Express SYBR Green ER qPCR Super 

Master Mix (Invitrogen). The data were normalized by expression of the GAPDH 

housekeeping gene.

Chromatin immunoprecipitation (ChIP) analysis

ChIP analysis was conducted as described previously (30), using the H3K27Ac (Active 

motif, California) or the RNA polymerase II (Pol-II; phospho S5; Abcam, Ontario, Canada) 

antibodies and primers for BNIP3, BNIP3L, and MLN64, as shown in Supplemental Table 

S1. Briefly, RAW 264.7 cells were cross-linked with 1% formaldehyde, and DNAs were 

extracted in lysis buffer (50 mM Tris at pH 8.0, 5 mM EDTA and 1% sodium dodecyl 

sulfate, supplemented with protease inhibitors; Thermo Scientific) and diluted with dilution 

buffer (50 mM Tris at pH 8.0, 0.5% Triton X-100, 0.1 M NaCl, and 2 mM EDTA). 

Chromatin from isolated nuclei was sheared by sonication (Bioruptor UCD-200 ultrasound 

sonicator, Diagenode) for 20 min resulting in DNA fragments between 150 and 200 bp in 

size. After preclearing the protein G-conjugated Dynabeads (Life Technologies) for 1 h, 

immunoprecipiation was conducted with a mixture of G-conjugated Dynabeads with 4–6 μg 

of H3K27Ac (Active Motif, CA), Pol-II (phosphor S5; Abcam Inc., ON, Canada), HDAC3 

(Epigentek, NY), HDAC8 (Epigentek) or rabbit IgG (Sigma) antibodies overnight at 4 °C. 

The immunoprecipitates were washed extensively and heated overnight at 65 °C to reverse 

cross-linking. DNA fragments were then purified using QIAquick Spin columns (Qiagen) 

and subjected to quantitative real-time PCR (qPCR) analysis using SYBR Green ER qPCR 

Super Master Mix (Life Technologies) for H3K27Ac, HDAC3 and HDAC8 analysis. DNAs 

from Pol-II immunoprecipitation were subjected to qPCR using SYBR Green ER qPCR 

system for MLN64 or TaqMan® qPCR analysis for BNIP3 and BNIP3L, using the ZEN™ 

quencher system (Integrated DNA Technologies, Iowa) containing the qPCR mixture (50 

units/ml of Taq DNA polymerase, 1X ThermoPol reaction buffer, 200 uM dNTPs, 900nM 

forward and reverse primers, and 250 nM double-quenched probe). For H3K27Ac, HDAC3, 

HDAC8 and Pol-II ChIP assays, primers were designed to target the genomic sites known to 

be associated with H3K27Ac based on the ENCODE data base (http://encodeproject.org/

ENCODE/): BNIP3 (expanding ~ 1 kb in front of exon 1), BNIP3L (expanding ~3 kb within 

intron 3) and MLN64 (~4 kb in front of exon 1). Primers targeting the promoter regions of 

BNIP3, BNIP3L, MLN64 and glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) were 

designed to encompass the transcription start sites, based on the Transcriptional Regulatory 

Element Database (http://rulai.cshl.edu/cgi-bin/TRED/tred.cgi?process=home). Data are 

presented as enrichment of the precipitated target sequence as compared to input DNA.
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Statistical analysis

All data were analyzed using GraphPad Prism 4.0 (GraphPad Software, Inc. California). The 

results are presented as the mean of three independent replicates. Data were analyzed by 

Student’s t-test or two-way ANOVA test, followed by Tukey’s test. Statistical significance 

was defined at P < 0.05 (*) and P < 0.01 (**).

RESULTS

The broad-spectrum HDAC inhibitor panobinostat sensitizes TIR cells to LeTx-induced 
pyroptosis

To examine the involvement of epigenetic reprogramming in TIR, we first examined the 

effects of various chemical inhibitors in different concentrations (up to 200-fold higher than 

known IC50), targeting enzymes involved in epigenetic reprogramming, including tozasertib 

(broad spectrum aurora kinase inhibitor), azacitidine (broad spectrum DNA 

methyltransferase inhibitor), panobionstat (LBH-589; broad spectrum HDAC inhibitor), 

mocetinostat (HDAC inhibitor specific for HDAC 1, 2, & 3)(31), CAY10603 (HDAC6-

specific inhibitor) and anacardic acid (broad spectrum histone acetyltransferase inhibitor). 

TIR cells pre-treated with these inhibitors in various concentrations for 24 h were exposed to 

LeTx for 5 h and analyzed for cell death using MTT assays. Among these inhibitors, 

azacitidine and panobinostat (PN) re-sensitized TIR cells to LeTx-induced cell death in a 

dose-dependent manner (Fig. 1A and Supplemental Fig. S1). Here, we further examined the 

involvement of HDACs in re-sensitization of TIR cells to LeTx by PN. We first confirmed 

that cell death of PN-treated TIR cells by LeTx was pyroptosis, since knocking down 

caspase-1 by si-RNAs almost completely prevented cell death (Fig. 1B, left panel). si-RNAs 

targeting caspase-1 decreased more than 75% of caspase-1 m-RNA and protein levels in 

these cells (Fig. 1B, right panel). TIR cells are resistant to LeTx-induced mitochondrial 

dysfunction, including generation of reactive oxygen species (ROS) and hyperpolarization of 

transmembrane electrical gradients, through down-regulating the expression of the 

mitochondrial death genes BNIP3, BNIP3L and MLN64 (21, 23). PN induced the 

expression of the mitochondrial death genes in TIR cells (Fig. 1C), and PN-treated TIR cells 

were susceptible to LeTx-induced mitochondrial ROS generation (Fig. 1D).

Up-regulation of HDAC8 is correlated with TIR, which is involved in the suppression of 
mitochondrial death genes expression and resistance to LeTx-induced mitochondrial 
transmembrane hyper-polarization and pyroptosis

To unravel HDACs involved in re-sensitizing TIR cells, we examined whether expression of 

any specific HDACs was specifically correlated with TIR, using RT-qPCR analysis. Among 

the various HDACs examined (Supplemental Fig. S2), only the level of HDAC8 mRNA was 

closely correlated with the extent of TIR (R2=0.8; Fig. 2A). No apparent correlation between 

HDAC1/2 expression and TIR, and no effect of the HDAC 1, 2 & 3-specific inhibitor 

mocetinostat on cell death (Supplemental Fig. S1) consistently rule out the involvement of 

HDAC1 and 2 in TIR. To examine the role of HDAC8 in TIR, the HDAC8-specific inhibitor 

PCI-34051 with >200-fold selectivity over the other HDAC isoforms (32) was exposed to 

TIR cells for 24 h and then treated with LeTx. As shown in Fig. 2B, PCI-34051 at 100 nM 

was able to sensitize TIR cells to LeTx. To confirm the role of HDAC8 in TIR, HDAC8 
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and/or caspase-1 were specifically knocked down in TIR cells, and sensitivities to LeTx-

induced mitochondrial dysfunction and cell death were examined. Knocking down HDAC8 

by siRNAs significantly re-sensitized TIR cells to LeTx-induced cell death, which was 

abolished by knocking down caspase-1 (Fig. 2C). As shown in Fig. 2D, TIR cells expressed 

higher levels of HDAC8 proteins than those of wild-type cells, which was diminished by 

treating si-RNAs against HDAC8. Furthermore, knocking down HDAC8 increased 

expression of BNIP3 (~400% of wild-type cells), BNIP3L (~300%) and MLN64 (~75%) 

(Fig. 2E), and rendered TIR cells sensitive to LeTx-induced mitochondrial transmembrane 

hyper-polarization (Fig. 2F). Collectively, these results suggest a key role of HDAC8 in TIR.

Overexpression of HDAC8 prevents LeTx-induced pyroptosis

To further verify the role of HDAC8 in regulating susceptibility to LeTx-induced pyroptosis, 

we examined whether overexpression of HDAC8 protected wild-type RAW264.7 cells from 

LeTx-induced pyroptosis. Since transfection efficiency is typically low in macrophages, 

RAW264.7 cells were stably transfected with the EGFP or EGFP-conjugated HDAC8 

vectors as describe in Experimental Procedures. In cells transfected with pEGFP, LeTx 

caused more than 65% of cell death (PI-positive); whereas, cells transfected with pEFGP-

HDAC8 were resistant to LeTx (Fig. 3).

Overexpression of HDAC8 suppresses BNIP3, BNIP3L and MLN64 expression at the level 
of gene transcription

Since HDAC8 played a key role in down-regulating expression of BNIP3, BNIP3L and 

MLN64 in TIR cells (Fig. 2E), it is possible that HDAC8 suppresses expression of these 

genes through limiting access of transcription machineries to the promoter areas. To this 

end, we examined the accessibility of the RNA polymerase II (Pol-II) at the promoter 

regions of BNIP3, BNIP3L and MLN64 in TIR cells using ChIP-qPCR analysis. Indeed, 

binding of Pol-II to the promoter regions of these genes was significantly lower in TIR cells 

than in wild-type cells (Fig. 4A). Also, over-expression of HDAC8 in wild-type cells 

significantly limited the access of Pol-II to the promoter regions of these genes (Fig. 4B).

HDAC8-dependent decrease of H3K27Ac levels in TIR RAW264.7 cells is correlated with 
increase of HDAC8 recruitments to the H3K24Ac-associated genomic regions of BNIP3 
and MLN64

Although substrates for HDAC8 are not well defined, acetylated histones are main targets of 

HDAC8 (33). Thus, we examined the levels of histone acetylation in wild-type and TIR cells 

using Western blots. We detected no overall changes in histone H4 acetylation (data not 

shown). However, the levels of overall histone H3 acetylation were significantly lower in 

TIR cells than wild-type cells (Fig. 5A). Further examination on specific histone H3 lysine 

residues, which undergo acetylation, showed that acetylations at the lysine residues 9, 14 

and 27 were significantly lower in TIR cells than those in wild-type cells. Among them, 

histone H3 acetylation at lysine 27 (H3K27Ac) was most significantly down-regulated 

(~80%) in TIR cells. Also, the levels of H3K27Ac in TIR cells were increased by PN or si-

HDAC8 treatments (Fig. 5B), suggesting that HDAC8 was involved in deacetylation of 

H3K27Ac in TIR cells.
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Since histone acetylation can enhance gene expression through inducing an open chromatin 

conformation (euchromatin), we examined whether association of H3K27Ac with the 

genomic regions of the mitochondrial death genes was reduced in TIR cells. Based on the 

ENCODE/LICR bone marrow-derived macrophage ChIP-seq database (34), H3K27Ac 

associates with the genomic regions of BNIP3, expanding ~ 1 kb in front of exon 1; 

BNIP3L, expanding ~3 kb within intron 3; MLN64, ~4 kb in front of exon 1. We performed 

ChIP assays using H3K27Ac antibodies, followed by qPCR targeting these gene regions 

(Fig. 5C). H3K27Ac association with the genomic regions of BNIP3 and MLN64 was ~12-

fold and ~3-fold lower in TIR than wild-type cells, respectively. Interestingly, no differences 

were detected in the BNIP3L genomic region. Since H3K27Ac was associated with the gene 

regions of BNIP3 and MLN64, we further examined whether HDAC8 was also recruited to 

these regions. Indeed, HDAC8 was recruited to the H3K27Ac-associated regions of BNIP3 

and MLN64, but not their promoter regions, about 2-fold higher levels in TIR than wild-type 

cells (Fig. 5D, upper panel). Recruitment of HDAC8 to the promoter region of GAPDH was 

not different between wild-type and TIR cells. Unlike HDAC8, HDAC3 was highly recruited 

to both promoter and H3K27Ac-associated regions of these genes; however, no significant 

differences were detected between wild-type and TIR cells (Fig. 5D, lower panel). These 

data suggest that, in TIR cells, high levels of HDAC8 recruitment to the H3K27Ac-

associated genomic regions of BNIP3 and MLN64 involved in the reduction of H3K27Ac 

levels and suppression of BNIP3 and MLN64 expression.

Anacardic acid or knocking down histone acetyl transferases (HATs) p300 and cAMP 
response element-binding protein binding protein (CBP) mRNAs inhibits LeTx-induced 
pyroptosis

Since levels of histone acetylation are balanced by the two opposing enzymes HATs and 

HDACs, we suspected that inhibition of HATs could decrease levels of histone acetylation 

and render resistance to LeTx. As expected, the HAT inhibitor anacardic acid protected 

wild-type RAW264.7 cells from LeTx-induced cell death in a dose-dependent manner (Fig. 

6A). Among more than 16 HATs identified in humans, p300 and CBP, but not p300-

associated factor (PCAF), were shown to target H3K27 (35, 36). Indeed, knocking down 

p300 and/or CBP, but not PCAF, by siRNAs rendered a partial protection from LeTx-

induced cell death in wild-type RAW264.7 cells (Supplemental Fig. S3A and Fig. 6B). 

When CBP and/or p300 were knocked down in HDAC8-overexpressing cells, their 

protective effects were further enhanced (Fig. 6B, solid bars). Successful stable transfection 

was confirmed by Western blots showing constitutive expression of EGFP or HDAC8-EGFP 

(Fig. 6C, left bottom panel). Knocking down p300 and/or CBP also suppressed the levels of 

H3K27Ac (Fig. 6C, left top and right panels) and, in HDAC8 over-expressing cells, these 

siRNAs caused a more dramatic decrease of H3K27Ac. RT-qPCR analysis for the specificity 

and efficiency of the siRNAs showed that one or a combination of siRNAs specifically 

knocked down ~50% of their target mRNAs (Supplemental Fig. S3B). Collectively, these 

results suggest that histone acetylation levels mediated by HDAC8 and p300/CBP regulated 

susceptibility to LeTx-induced pyroptosis in macrophages.
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Sub-lethal dose of LeTx induces TIR in bone marrow-derived primary macrophages 
through HDAC8

To verify that TIR is not a phenomenon limited to RAW264.7 cells, primary bone marrow-

derived macrophages (BMDMs) were exposed to a sub-lethal dose of LeTx that killed ~ 

20% of cells in 24 h (data not shown). The surviving cells pooled after 24 h showed clear 

degradation of MEK1 (Fig. 7A, top panel), indicating that these cells had no defects in 

incorporating LeTx into the cytoplasm, and were resistant to subsequent challenges with a 

lethal dose of LeTx (Fig. 7A, bottom panel). Consistent with data shown in RAW264.7 cells, 

BMDM TIR cells were re-sensitized to LeTx by PN, which was prevented by caspase-1 si-

RNAs (Fig. 7B). Furthermore, the decrease of BNIP3 and BNIP3L mRNA expression in 

TIR cells were also refurnished by PN treatments (Fig. 7C). To address the involvement of 

HDAC8 in BMDM TIR cells, HDAC8 and/or caspase-1 were knocked down by si-RNAs 

and cell death was examined by MTT assays. BMDM TIR cells knocked down in HDAC8 

were susceptible to LeTx-induced cell death in a caspse-1-dependent manner (Fig. 7D). 

Also, expression of BNIP3, BNIP3L and MLN64 mRNAs was suppressed in BMDM TIR 

cells, and knocking down HDAC8 refurnished the expression to above those of wild-type 

cells (Fig. 7E). As in RAW264.7 cells, knocking down p300 and CBP, but not PCAF, 

rendered BMDMs resistance to LeTx-induced cell death (Fig. 7F). Collectively, as in 

RAW264.7 cells, HDAC8 and p300/CBP played an opposite role in determining 

susceptibility to LeTx-induced pyroptosis in primary BMDMs.

DISCUSSION

Although the TIR phenotype persists for ~5 days in the majority of RAW264.7 

macrophages, a small population of TIR cells retains their resistance to LeTx for a much 

longer period, 5–7 weeks (21, 23). Studying these cells allowed us to identify key 

mitochondrial death genes required for LeTx-induced pyroptosis. Here, we further 

demonstrated that TIR was an epigenetic phenomenon, sensitive to both DNMT and HDAC 

chemical inhibitors (Supplemental Fig. S1 & Fig. 1). Consistent with our previous study 

(23), the DNMT inhibitor azacitidine sensitized TIR cells to LeTx-induced cell death in a 

dose-dependent manner (Supplemental Fig. S1). Among the main DNMTs, expression levels 

of DNMT1, but not DNMT3a and 3b, were correlated with the extents of TIR (Data not 

shown) and knocking down DNMT1 by siRNA sensitized TIR cells to LeTx (23). These 

results suggest that maintenance of DNA methylation by DNMT1, rather than de novo DNA 

methylation by DNMT3a or b, was involved in TIR. In line with this note, global DNA 

methylation levels in wild-type and TIR cells were both very low (~1%) and indifferent 

(data not shown). Several approaches including direct sequencing of several CpG islands 

found in the promoter regions of BNIP3, BNIP3L and MLN64, and ChIP-sequencing using 

the EpiMark Methylated DNA Enrichment kit (New England Biolabs, MA) and the Illumina 

next generation sequencing, revealed no difference in methylation levels of these genomic 

regions. At this moment, how DNMT1 is involved in TIR is still elusive and warrants further 

extensive studies.

In addition to DNA methylation, histone deacetylation often results in gene suppression. 

Here, we demonstrated that TIR is a phenomenon observed in both RAW264.7 cells and 
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primary BMDMs and, at least in part, mediated by HDAC8 (Fig. 2 & 7). The physiological 

role of HDAC8 in regulating susceptibility to LeTx is further substantiated by rendering 

wild-type RAW264.7 cells resistant to LeTx by overexpression of HDAC8 (Fig. 3). HDAC8 

was required for the suppression of all three mitochondrial death genes expression in TIR 

cells (Fig. 2 & 4). Unlike HDAC8, we ruled out the involvement of HDAC 1–3, 5, 6, 9 and 

11 in TIR, based on the facts that expression levels of HDAC1, 2, 5 and 9 did not correlate 

with the extent of TIR (Supplemental Fig. S2), and the HDAC1, 2, 3, and 11-specific 

inhibitor mocetinostat (31) and the HDAC6-specific inhibitor CAY10603 (37) had no effects 

on TIR (Supplemental Fig. S1). However, more definitive studies are required to rule out the 

involvement of these HDACs in TIR.

HDAC8 is a member of the class I HDACs, which also include HDAC1, 2 and 3 (38). 

HDAC8 is constitutively active and widely expressed (33, 39, 40). To date, HDAC8 was 

shown to be involved in adenoviral E1A-12 protein mediated gene suppression of the 

histocompatibility complex I genes (41) and transcriptional repression by the inversion-16 

fusion gene products in acute myeloid leukemia cells (42). Its role in the regulation of the 

mitochondrial death genes expression found in this study is a novel observation. HDAC8 

was shown to deacetylate the core histones H2A/H2B, H3 and H4 in vitro (43, 44); however, 

its activities toward specific histones in vivo are unknown. Unlike many HDACs, which 

undergo various post-translational modifications including acetylation, ubiquitination and 

sumoylation, the only known post-translational modification of HDAC8 both in vivo and in 

vitro is phosphorylation at Ser39 by the protein kinase A (PKA) (43, 45). Ser39 

phosphorylation of HDAC8 by PKA results in inhibition of its deacetylase activity, and cells 

treated with forskolin, a PKA activator, increases acetylation levels of histones H3 and H4, 

suggesting that HDAC8 targets histones H3 and H4 in vivo. Consistent with these 

observations, TIR cells expressing high levels of HDAC8 showed an overall decrease in 

histone H3 acetylation levels, most strikingly at H3K27 (Fig. 5A). HDAC8 also interacts 

with various non-histones, including PP1 phosphatase, cAMP response element-binding 

protein, heat shock proteins, heat shock protein 70 binding protein, cofilin and α-actin, and 

the human ortholog of the yeast ever-shorter telomeres 1B (46–49), which suggests non-

histone-mediated roles of HDAC8. However, involvement of these interacting proteins in 

cellular functions and TIR remains to be investigated.

An interesting note regarding HDAC8 regulation by PKA is that anthrax edema factor is a 

calmodulin-activated adenylyl cyclase which potently activates PKA (50). Therefore, it will 

be interesting to examine whether edema toxin potentiates LeTx-induced cytotoxic and 

pathophysiologic effects (51, 52) through inhibiting HDAC8 and inducing the mitochondrial 

death genes. Enhanced expression of the mitochondrial death genes, BNIP3, BNIP3L and 

MLN64, can cause cytotoxicity and is involved in hypoxia-induced cardiovascular pathology 

(53–56), which is also observed in anthrax animal models (57, 58).

This study suggested that one of the downstream substrates of HDAC8 was H3K27Ac. 

H3K27Ac is involved in promoting gene expression (59, 60) and we demonstrated a strong 

reverse correlation between HDAC8 and H3K27Ac. Either inhibition or knocking down 

HDAC8 by chemical inhibitors or si-RNAs, respectively, enhanced H3K27 acetylation in 

TIR cells (Fig. 5B). Based on our ChIP-qPCR data, H3K27Ac was associated with the 
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genomic areas of BNIP3L (~10-folds above the basal (IgG) level) and strongly with BNIP3 

and MLN64 (~100-folds and 40-folds above the basal levels) in wild-type cells (Fig. 5C). In 

TIR cells, H3K27Ac associations with BNIP3 and MLN64 were substantially diminished; 

whereas, no differences were found in BNIP3L. Consistently, HDAC8 was recruited to the 

H3K27Ac-associated regions, but not promoter regions, of BNIP3 and MLN64 in TIR cells 

(Fig. 5D). It is possible that HDAC8 was recruited to the H3K27Ac-associated enhancer 

regions of BNIP3 and MLN64 genes, and regulated access of Pol-II complexes to the 

promoter regions of these genes. Therefore, low levels of H3K27Ac in TIR cells were likely 

involved in the suppression of BNIP3 and MLN64 expression through inducing the closed 

(repressed) chromatin conformation in these genomic regions (Fig. 8). Further studies such 

as HDAC8 ChIP-sequencing are required to reveal whether HDAC8 is recruited to genomic 

regions in a sequence-specific manner and, if so, by what mechanisms.

Acetylation levels of histones are balanced by two counteracting enzymes: HDACs and 

histone acetyltransferases (HATs). Although the mechanism of H3K27 acetylation/

deacetylation is less known, previous studies have shown that the HATs, CBP and p300, 

target H3K27; whereas, GCN5 and PCAF target H3K9 (35, 36). Consistent with these 

observations, we found that both CBP and p300, but not PCAF, were involved in H3K27 

acetylation (Fig. 6C) and knocking down these HATs rendered wild-type RAW264.7 cells 

and primary BMDMs resistance to LeTx (Fig. 6B & 7F). Since no differences in expression 

of CBP/p300 were detected between wild-type and TIR cells (data not shown), the decrease 

of H3K27Ac levels in TIR cells was mainly due to up-regulation of HDAC8. However, 

favoring histone deacetylation through manipulating CBP/p300 and HDAC8 in wild-type 

cells synergistically enhanced resistance to LeTx-induced pyroptosis (Fig. 6B & 8).

H3K27 can be either acetylated or methylated, and these two modifications are mutually 

exclusive (36, 61, 62). H3K27 methylation causes gene suppression through forming the 

polycomb repressive complex 2 (63). H3K27 methylation is balanced by the two 

counteracting enzymes: the methyltransferase EZH2 (enhancer of zeste homolog 2) (64) and 

the lysine (K)-specific demethylase family 6 (the jumnonji D3 (JMJD3) and UTX) (65). 

H3K27 methylation by EZH2 is crucial for survival of leukemia cells (66); whereas, JMJD3 

and UTX play key roles in transcriptional activation of inflammatory genes (67) and 

macrophage differentiation (68–70). A previous study showed that RAW264.7 cells pre-

exposed to lipopolysaccharide induce JMJD3, which is maintained in LeTx-exposed 

surviving cells (22). Induction of JMJD3 in toxin tolerant cells likely causes H3K27 

demethylation and gene expression. However, the study did not show whether JMJD3 

expression was crucial for the tolerance. Also, LeTx alone does not induce JMJD3 

expression, suggesting that up-regulation of JMJD3 is induced by LPS treatment. The role of 

JMJD3 and H3K27 methylation in LeTx-resistance in LPS exposed cells warrants further 

studies.

Epigenetic regulation in expression of the mitochondrial death genes BNIP3, BNIP3L and 

MLN64 is not well understood. In ventricular myocytes, BNIP3 expression is inhibited by 

HDAC1 through direct interaction with NF-κB, a non-histone mediated mechanism (71). 

Certain tumors suppress expression of BNIP3 and BNIP3L through promoting histone 

deacetylation and subsequent methylation (72–74), particularly at H3K9 (75). We also 
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detected decreased levels of H3K9Ac in TIR cells (Fig. 5A), but its role in the down-

regulation of the mitochondrial death genes expression and LeTx resistance remains to be 

explored. Here we showed that HDAC8 suppressed BNIP3 and BNIP3L expression at the 

transcription level (Fig. 4B), and H3K27 deacetylation by HDAC8 could be involved in the 

suppression of BNIP3 and MLN64 expression (Fig. 5B–C).

In summary, this study demonstrated that epigenetic reprogramming mediated by HDAC8 

played a key role in TIR. The epigenetic reprogramming described in this study provides a 

new venue for manipulating susceptibility of macrophages to pyroptosis induced by LeTx 

and possibly by other inflammasome-induced pyroptosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The HDAC inhibitor panobinostat induces expression of the mitochondrial death genes, 
and sensitizes to LeTx-induced mitochondrial dysfunction and pyroptosis in TIR RAW264.7 cells
(A) TIR RAW264.7 cells were cultured in the presence or absence of different 

concentrations of panobinostat (PN) for 24 h. Equal number of cells were re-plated on a 96-

well plate with fresh media and treated with LeTx (500 ng/ml LF and 1μg/ml PA) for 5 h. 

Cell death was measured using MTT assays as described in Experimental Procedures. (B) 

TIR cells were transfected with scrambled (si-scramble) or caspase-1 (si-Casp-1) siRNAs 

for 24 h and then treated with PN (50 nM) or none for 16 h. These cells were then exposed 

to LeTx (500ng/ml LF and 1 μg/ml PA) for 5 h. Cell death, and caspase-1 mRNA and 

protein levels were measured using MTT assays (left panel), RT-qPCR (right upper panel) 

and Western bot (right lower panel) analysis, respectively, as described in Experimental 

Procedures. (C) Similarly, mRNA levels of the mitochondrial cell death genes BNIP3, 

BNIP3L and MLN64, were measured in TIR cells non-treated or treated with PN (50 nM) 

for 16 h. Levels of mRNAs were expressed as fold of change relative to those of wild-type 

non-treated RAW264.7 cells (dotted line). (D) Wild-type and TIR cells were pre-exposed to 

si-scramble or si-Casp-1 for 24 h. Cell were then treated with none or PN (50 nM) for 16 h, 

followed by LeTx (500ng/ml LF and 1 μg/ml PA) for 3 h. Mitochondrial ROS production 

was measured using Mito-SOX-red. Data were acquired by flow cytometry using Cellquest 

software and data shown are representative results of 3 independent experiments. (A–C) 

Data are expressed as means ± SD (n=3), * P < 0.05 (Student’s t-test); ** P < 0.01.
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Figure 2. High levels of HDAC8 expression are correlated with the extent of TIR, and involved in 
suppression of the mitochondrial death genes expression and in resistance to LeTx-induced 
mitochondrial dysfunction/pyroptosis in TIR cells
(A) Total RNAs were purified from wild-type cells (open dots) and five TIR clones (closed 

dots) with different degrees of LeTx sensitivities. Expression of HDAC8 was analyzed by 

RT-qPCR and plotted against the extent of LeTx susceptabily (500 ng/ml LF and 1 μg/ml PA 

for 5 h). Correlation of coefficiency (R2) was calculated using the GraphPad Prism® 

program. Results are expressed as means and ± SD (n=3). (B) TIR cells were treated with 

various concentrations of the HDAC8-specific inhibitor PCI-34051 for 24 h. Wild-type and 

PCI-34051-treated cells exposed to LeTx (500ng/ml LF and 1 μg/ml PA) for 5h and cell 

death was measured by MTT assays. (C) TIR cells were transfected with scrambled (si-

scramble), caspase-1 (si-Casp-1), HDAC8 targeting (si-HDAC8) or both caspase-1 and 

HDAC8 siRNAs for 40 h, followed by LeTx (500ng/ml LF and 1 μg/ml PA) treatments for 5 

h. Cell death was measured using MTT assays as described in Experimental Procedures. 

Knock down efficiencies of si-Casp-1, si-HDAC8 in TIR cells were examined by RT-qPCR 

analysis. Statistical analysis was performed using two-way ANOVA test, followed by 

Tukey’s test (left panel) or Student’s t-test (middle and right panels). Data are expressed as 

means ± SD (n=3). (D) Wild-type and TIR RAW264.7 cells were transfected with si-

scramble or si-HDAC8 for 40 h and expression of HDAC8 was measured by Western blots. 

(E–F) Similarly, TIR cells were transfected with si-scramble or si-Casp-1 for 40 h. (E) 

mRNA levels of BNIP3, BNIP3L and MLN64 were measured by RT-qPCR analysis and 

expressed as fold of change relative to those of wild-type si-scramble-treated RAW264.7 

cells (dotted line). (F) Cells were then treated with LeTx (500ng/ml LF and 1 μg/ml PA) for 

3 h and mitochondrial transmembrane hyperpolarization was analyzed by measuring 

mitochondrial uptake of DiOC6 dye. Data were acquired by flow cytometry using Cellquest 

software and data shown are representative results of 3 independent experiments. (E) Data 

are expressed as means ± SD (n=3), * P < 0.05 (Student’s t-test).
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Figure 3. Overexpression of HDAC8 renders resistance to LeTx-induced pyroptosis in wild-type 
RAW264.7 cells
RAW264.7 cells stably transfected with pEGFP or pEGFP-HDAC8 were exposed to LeTx 

(500 ng/ml LF and 1 μg/ml PA) for 5 h and extents of cell death were measured by flow 

cytometry using propidium iodide (PI) staining. Data presented are representative 

histograms from 3 independent experiments (left panel) and statistical analysis of cell death 

is presented in the bar graph (right panel). Data are expressed as means ± SD (n=3), * P< 

0.05 (Student’s t-test).
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Figure 4. TIR RAW264.7 cells and HDAC8-overexpressing wild-type RAW264.7 cells have 
limited accessibility of the RNA polymerase II (Pol-II) to the promoter regions of BNIP3, 
BNIP3L and MLN64
Accessibility of Pol-II to the promoter regions of BNIP3, BNIP3L and MLN64 was 

analyzed by ChIP-qPCR assays. DNAs prepared from RAW 264.7 wild-type cells and TIR 

cells (A), and RAW 264.7 wild-type cells stably overexpressing pEGFP or pEGFP-HDAC8 

(B) were sonicated and immunoprecipitated using Pol-II antibodies or rabbit IgG. Power 

SYBER Green qPCR (for MLN64) and TaqMan® qPCR analysis using the ZEN™ 

quencher system (for BNIP3 and BNIP3L) were used to quantify the amounts of 

immunoprecipitated DNAs using primers and an internal probe, as described in the 

Experimental Procedures. ChIP efficiency is represented as % of input DNA recovered by 

immunoprecipitation. Rabbit IgG serum was used as an immunoprecipitation control. Data 

are expressed as means ± SD (n=3), * P< 0.05; ** P < 0.01 (Student’s t-test).
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Figure 5. HDAC8-dependent decrease of H3K27Ac levels in TIR RAW264.7 cells is correlated 
with increase of HDAC8 recruitments to the H3K24Ac-associated genomic regions of BNIP3 and 
MLN64
(A) Immunoreactivities of pan-specific acetylated histone H3 and various residue-specific 

histone H3 acetylation antibodies were measured in total cell lysates prepared from wild-

type and TIR RAW 264.7 cells using Western blots. β-actin and histone H3 were used as 

loading controls. Intensities of the bands were analyzed by NIH Image J program. 

Immunoreactivities in TIR cells were expressed as fold of change relative to those of wild-

type cells (dotted line). (B) Wild-type RAW264.7 cells, TIR RAW264.7 cells, TIR 

RAW264.7 cells treated with panobinostat (100nM; PN) and TIR RAW264.7 cells treated 

with either scrambled (si-scramble) or HDAC8 (si-HDAC8) siRNAs for 40 h were 

harvested, and levels of H3K27Ac were analyzed by Western blots. Data are representative 

images of three independent experiments. (C) Levels of H3K27Ac association with the 

genomic regions of the BNIP3, BNIP3 and MLN64 were evaluated by ChIP-qPCR analysis. 

DNAs from wild-type and TIR RAW 264.7 cells were sonicated, and immunoprecipitated 

using antibodies against H3K27Ac and rabbit IgG. Immunoprecipitated DNAs were 

analyzed by qPCR using primers targeting the genomic regions of BNIP3, BNIP3L, and 

MLN64, as described in Experimental Procedures. (D) Similarly, levels of HDAC8 (upper 

panel) and HDAC3 (lower panel) recruitments to the promoter and genomic regions of 

BNIP3 and MLN64 were analyzed using antibodies against HDAC8 and HDAC3, followed 

by qPCR targeting the genomic and promoter regions of BNIP3 and MLN64. Recruitments 

of HDAC8 and 3 to the promoter region of GAPDH were analyzed as controls. For ChIP 

efficiency, % of input DNA recovered by immunoprecipitation, was determined by qPCR. 

Rabbit IgG serum was used as a background control. Data are expressed as means ± SD 

(n=3), * P< 0.05; ** P < 0.01; N.S., not significant (Student’s t-test).
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Figure 6. The chemical HAT inhibitor anarcardic acid or si-RNAs targeting p300 and CBP, but 
not PCAF, render resistance to LeTx-induced cell death and decrease H3K27 acetylation in wild-
type RAW264.7 cells
(A) RAW264.7 cells were pretreated with or without anacardic acid for 14 h and then 

exposed to LeTx (500 ng/ml LF and 1 μg/ml PA) for 5 h. (B) RAW264.7 cells stably 

expressing EGFP or HDAC8-EGFP were transfected with si-scramble, si-P300, si-CBP or 

both si-p300/si-CBP for 40 h. Cells were then treated with LeTx (500 ng/ml LF and 1 μg/ml 

PA) for 5 h. (A–B) Cell death was measured by MTT assays as described in Experimental 

Procedures and the extent of cell death was expressed as % of cell death relative to that of 

non-treated cells. Data are expressed as means ± SD (n≥3). (C) Levels of H3K27 

acetylation, and stable expression of EGFP and HDAC8-EGFP were analyzed by Western 

blots. Data are representative images of three independent experiments. Intensities of 

H3K27Ac were analyzed by NIH Image J program and results are expressed as means ± SD 

(n=3).
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Figure 7. HDAC8 and p300/CBP are involved in determining susceptibility to LeTx in BMDMs 
as in RAW264.7 cells
BMDMs from 129/S1/Svlmj mice were treated with a sub-lethal dose of LeTx (100 ng/ml 

LF and 100 ng/ml PA) for 24 h. Surviving cells were then re-plated onto new dishes or 96-

well plates with fresh media and used as TIR BMDMs. (A) Wild-type and TIR BMDMs 

were harvested for Western blot analysis for MEK1 and p38 (upper panel), or treated with a 

lethal dose of LeTx (250 ng/ml LF and 500 ng/ml PA) for 5 h. (B) TIR BMDMs were 

transfected with scramble (si-scramble) or Caspase-1 targeting (si-Casp-1) siRNAs for 16 h, 

followed by PN or none for another 9 h. These cells were then treated with LeTx (250 ng/ml 

LF and 500 ng/ml PA) for 5 h. (C) TIR BMDMs were treated with none or panobinostat 

(PN; 50 nM) for 9 h and expression of BNIP3 and BNIP3L was analyzed by real-time 

qPCR. (D) TIR BMDMs were treated with scramble (si-scramble) or HDAC8 targeting (si-

HDAC8) with or without caspase-1 (si-Casp-1) siRNAs for 24 h. These cells or wild-type 

BMDMs treated with si-scrample were exposed to LeTx (250 ng/ml LF and 500 ng/ml PA) 

for 5 h. (E) BMDMs were pre-exposed to LeTx with a sublethal dose of LeTx (100 ng/ml 

LF and 100 ng/ml PA) for 24 h, and surviving TIR cells were then transfected with scramble 

(si-scramble) or HDAC8 targeting (si-HDAC8) siRNAs for 24 h. Expression of BNIP3, 

BNIP3L and MLN64 was analyzed by RT-qPCR, and levels of mRNAs were expressed as 

fold of change relative to those of wild-type BMDMs (dotted line). (F) Wild-type BMDMs 

were treated with si-scramble or p300 (si-p300), CBP (si-CBP) or PCAF (si-PCAF) 

targeting siRNAs for 24 h, and then exposed to LeTx (250 ng/ml LF and 500 ng/ml PA) for 

5 h. Cell death was measured by MTT assays and the extent of cell death was expressed as 

% of cell death relative to that of non-treated (A, B) or wild-type BMDMs treated with si-

scramble but without LeTx treatments (D, F). Data are expressed as means ± SD (n=3), * P< 

0.05; ** P < 0.01 (Student’s t-test).
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Figure 8. A diagram illustrating the proposed epigenetic reprogramming in modulating 
susceptibility to LeTx-induced pyroptosis
TIR cells induce expression of HDAC8 which favors deacetylation of histones, such as 

H3K27, and induce closed conformation of chromatin in the genomic regions of BNIP3, 

BNIP3L and MLN64. Suppression of the mitochondrial death genes renders resistance to 

LeTx-induced pyroptosis. Reversely, HATs such as p300 and CBP favor acetylation of 

histones (eg. H3K27) and induce open conformation of chromatin, consequently rendering 

macrophages susceptible to LeTx.
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