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secretion and higher levels of ASC in the cytosol.

alleviate IL-1B-mediated diseases.
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(Background: ASC is the common adaptor of caspase-1 activation in several inflammasomes.
Results: A novel interaction between PML and ASC is identified. PML-deficient macrophages display enhanced levels of IL-13

Conclusion: PML retains ASC in the nucleus limiting inflammasome activation.
Significance: Understanding the regulation of inflammasome components will aid in the development of therapeutics to
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The apoptosis-associated speck-like protein containing a
caspase-activating recruitment domain (ASC) is an essential com-
ponent of several inflammasomes, multiprotein complexes that
regulate caspase-1 activation and inflammation. We report here an
interaction between promyelocytic leukemia protein (PML) and
ASC. We observed enhanced formation of ASC dimers in PML-
deficient macrophages. These macrophages also display enhanced
levels of ASC in the cytosol. Furthermore, IL-1f3 production was
markedly enhanced in these macrophages in response to both
NLRP3 and AIM2 inflammasome activation and following bone
marrow-derived macrophage infection with herpes simplex
virus-1 (HSV-1) and Salmonella typhimurium. Collectively, our
data indicate that PML limits ASC function, retaining ASC in the
nucleus.

Inflammasomes are large cytoplasmic multiprotein com-
plexes that act to regulate the activation of caspase-1, the
enzyme that processes the pro-forms of the cytokines IL-1f3
and IL-18 into their active forms (1). Six pathogen recognition
receptors are known to drive inflammasome formation. These
are the cytoplasmic nucleotide-binding oligomerization domain-
like receptors, NLRP1, NLRP3, NLRP6, and NLRC4, and cer-
tain proteins of the pyrin and HIN domain (PYHIN) family
termed AIM2-like receptors such as AIM2 and IFI16 (2). The
recruitment of pro-caspase-1 to the inflammasome is facili-
tated by the adaptor protein, apoptosis associated speck-like
protein (ASC)? containing a CARD (also known as PYCARD or
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TMS1) (3, 4). ASC is a 22-kDa protein containing an N-termi-
nal pyrin domain and a C-terminal CARD (3, 4). During NLRP3
and AIM2 inflammasome activation, homotypic interactions
are formed between the pyrin domain of ASC and those of
NLRP3 or AIM2 (5, 6). Subsequently, the CARD domain of
ASC recruits pro-caspase-1 leading to its auto-cleavage and
activation (5, 7). Deletion of the ASC gene in mice abolishes
caspase-1 activation and secretion of IL-1f3 in response to Sal-
monella typhimurium (8), lipopolysaccharide (LPS) (9), and
influenza virus (10), highlighting its central role in inflam-
masome function.

Overexpression systems have been used to study and visual-
ize the formation of an ASC aggregate or “speck” indicative of
inflammasome assembly (3, 11). Splice variants of ASC are also
known to exist and have been shown to compete with full-
length ASC for association with NLRP3, hampering the pro-
cessing of IL-13 (12, 13). ASC has been shown to be primarily in
the nucleus of resting monocytes, and upon pathogen infection,
it rapidly redistributes to the cytosol (14). ASC has also been
shown to redistribute to the cytoplasm along with the p20 sub-
unit of caspase-1 following infection of endothelial cells with
Kaposi sarcoma-associated herpesvirus (15). Furthermore,
ASCredistribution has been detected in THP-1 cells stimulated
with microbial lipopeptides (16). Nothing is known about the
mechanisms controlling ASC trafficking from the nucleus to
the cytosol.

Here, we report an interaction between ASC and the nuclear
body component promyelocytic leukemia protein (PML). PML
acts as a scaffold protein for subnuclear structures termed PML
nuclear bodies. It is a member of the tripartite motif protein
family and contains a characteristic tripartite domain termed
RBCC consisting of a RING (R), one or two B-boxes (B), and a

PML, promyelocytic leukemia protein; CARD, caspase-activating recruit-
ment domain; BMDM, bone marrow-derived macrophage; m.o.i., multi-
plicity of infection; co-IP, co-immunoprecipitation.
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predicted coiled-coil region at its N terminus. The PML tran-
script undergoes alternative splicing to generate several iso-
forms, all of which differ solely in their C-terminal region (17,
18). In this regard, a nuclear export sequence is present and
retained in the C-terminal portion of PMLI. This allows PMLI
to shuttle between the nucleus and the cytoplasm (19). Here, we
report that the interaction between PML and ASC is involved in
the retention of ASC in the nucleus. We have found that PML is
a negative regulator of ASC, attenuating inflammasome activa-
tion by retaining ASC in the nucleus.

EXPERIMENTAL PROCEDURES

Plasmids and Reagents—pBabe-GFP-PMLI was a kind gift
from Prof. Avri Ben-Ze’ev, Department of Molecular Cell Biol-
ogy, Weizmann Institute of Science, Israel. 12-Myristate 13-ac-
etate, puromycin, poly(deoxyadenylic-thymidylic) acid sodium
salt (poly(dA-dT)), and adenosine 5’'-triphosphate disodium
salt hydrate (ATP) were purchased from Sigma. The following
antibodies were used: rabbit anti-ASC (AL177) (AdipoGen),
mouse anti-f3-actin, mouse anti-GFP, or mouse anti-GAPDH
(Sigma) and lamin B (AbCam), mouse monoclonal PML anti-
body (PG-M3), GFP antibody, and protein A/G-plus-agarose
beads were purchased from Santa Cruz Biotechnology. Horse-
radish peroxidase (HRP)-conjugated secondary antibodies
were purchased from Jackson ImmunoResearch. Ultrapure
rough LPS (from Escherichia coli, serotype EH100) was pur-
chased from Alexis. Lipofectamine 2000™ was from Invitro-
gen. StrataClean™ resin was from Agilent Technologies.
TNFa and IL-18 ELISA DuoSet® kits were purchased from
R&D Systems. For viral infection, herpes simplex virus (HSV-1)
(a gift from I. Julkunen) was used. S. typhimurium UK-1 strain
was obtained from Dr. Sinead Corr (Trinity College Dublin,
Ireland).

Cell Culture—The human embryonic kidney T cell (HEK-
293T) and the human acute monocytic leukemia (THP-1) cell
lines were purchased from the European Cell Culture Collec-
tion. HEK293 cells and THP-1 parental cells were maintained
in DMEM and RPMI, respectively, supplemented with 10%
(v/v) ECS and 1% (v/v) penicillin/streptomycin solution. Bone
marrow from wild type and PML ™/~ 129Sv mice was differen-
tiated for 7 days in DMEM supplemented with 10% (v/v) FCS
and 1% (v/v) penicillin/streptomycin solution and M-CSF (20%
(v/v) L929 mouse fibroblast supernatant). For experiments, dif-
ferentiated BMDM were seeded at 5 X 10° cells/ml.

Mass Spectrometry—Cell-free extracts were prepared from
THP-1 cells as described previously (20). Samples were diluted
in immunoprecipitation buffer (20 mm HEPES-KOH, pH 7.5,
50 mm NaCl, 0.3% CHAPS, 10 mm KCI, 1.5 mm MgCl,, 1 mm
EDTA, 1 mm EGTA, I mm dithiothreitol, 2 pug/ml aprotinin, 1
pg/ml leupeptin, and 250 um phenylmethylsulfonyl fluoride)
and precleared with protein A/G-agarose beads (Santa Cruz
Biotechnology) at 4 °C for 1 h. Precleared cell-free extracts were
incubated with fresh protein A/G-agarose beads (Santa Cruz
Biotechnology) and anti-ASC antibody (Adipogen) overnight
at4 °C. Captured complexes were washed three times in immu-
noprecipitation buffer and eluted into two-dimensional gel
sample buffer (8 M urea, 4% CHAPS, 0.05% SDS, 100 mm dithio-
threitol, 0.03% bromphenol blue, 0.2% ampholytes). Proteins

6430 JOURNAL OF BIOLOGICAL CHEMISTRY

TABLE 1

Proteins associating with ASC as identified by mass spectrometry from
cell-free extracts of THP-1 cells

MS FIT
Protein M, SCORE
QI9NX36 ] domain-containing protein C21orf55 458 483
043586  PSTPIP1 47.5 453
Q8NB25 Uncharacterized protein C6orf60 119 23080
P29590 PML 97.5 12915
015327  Type Il inositol 3,4-biphosphate-4-phosphate  104.7 5169
Q9Y2U8 Inner nuclear membrane protein Manl 99.9 4665
Q9WJR  HER V-K-19q12 povirus ancestral Pol protein 108 4564
QI9UPN4  5-Azactidine-induced protein 1 122 4533
Q8NENO Armadillo repeat-containing protein 2 96 3817
000159  Myosin 118 3814
P40189  IL-6 receptor subunit 3 precursor 103 3361
P33991  DNA replication licensing factor MCM4 96 3345
QI9NRE2 Teashirt homolog 2 115 2263
P57740  Nuclear pore complex protein Nup107 106 2172
Q8N475  Follistatin-related protein 5 precursor 95 2171
Q9BXJ9 NMDA receptor-regulated protein 1 101 1711
Q8IY82  Coiled-coil domain-containing protein 135 135 1663
P49916  DNA ligase 3 102 1583
Q13873  Bone morphogenetic protein receptor type-2 115 1435
precursor

P98073  Enteropeptidase precursor 112 1381
P67936  Tropomyosin a-4 chain 285 1115

were separated using two-dimensional gel electrophoresis and
silver-stained, and in-gel protein digestion and protein identi-
fication by MALDI-TOF using a Voyager DE-PRO mass spec-
trometer were carried out as described previously (20).

Co-immunoprecipitation Assay—HEK-293T cells were
seeded at 2 X 10° cells/ml in 10-cm dishes. 24 h later, cells were
transfected with a total of 8 ug of the indicated plasmids using
GeneJuice® and cultured for a further 48 h before harvesting. 50
wl of each sample was removed as whole cell lysate. Co-immu-
noprecipitations (co-IPs) were performed with GFP-TRAP
beads (Chromotek) according to the manufacturer’s instruc-
tions. Cell lysates were incubated with the beads at 4 °C for 1-2
h. Following this, the lysate and beads were centrifuged at
2,200 X g for 3 min at 4 °C; the supernatant was removed, and
the beads were washed three times in 1 ml of wash bulffer.
Immune complexes were eluted by the addition of 50 ul of
SDS/Laemmli buffer and boiling the samples. Co-IPs were ana-
lyzed by SDS-PAGE and Western blotting.

PML Truncations—The PML truncations PML(1-166),
PML(1-223), PML(1-286), and PML(1-491) were generated
by PCR amplification of inserts with primers incorporating
restriction sites for BamHI and EcoRI (primers shown in Table
1). Resulting BamHI and EcoRI fragments were ligated into
pBabe-puro. The PML truncations PML(1-166), PML(1-223),
PML(1-286), and PML(1-491) were generated by PCR ampli-
fication of inserts with primers incorporating restriction sites
for BamHI and EcoRI. Resulting BamHI and EcoRI fragments
were ligated into pBabe-puro. PML truncation primers used are
as follows: sense (all), CTGAGGATCCATGGTGAGCAAGGG-
CGAGGAGCTG, and antisense, 1-166, ATTAGAATTCCTAT-
GCTAGGGGCCGGGCCTCGTGCTTGAGGAA; 1-223, ATT-
AGAATTCCTACTGTGGCTGCTGTCAAGGAGCGCGCAC-
GAGCA; 1-286, ATTAGAATTCTACGTGAGCTACCACCT-
GGCGCACGCGCTC; and 1-491, ATTAGAATTCCTAGAC-
TCCATCTTGATGACCTTCCTGGGGCACTGGGTCTG.

Enzyme-linked Immunosorbent Assay—For cytokine mea-
surements, BMDM were seeded at 5 X 10° cell/ml in a 12-well
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plate and stimulated in triplicate. Supernatants were
removed and analyzed for IL-18 and TNF-q, IL-6 (R&D Sys-
tems) or IL-18 (eBiosciences) using enzyme-linked immu-
nosorbent assay (ELISA) kits according to the manufactur-
ers’ instructions.

Viral and Bacterial Infection—BMDM cells were seeded at
5 X 10° cells/ml in 12-well plates and left to rest overnight. Cells
were then left unstimulated or stimulated with LPS (100 ng/ml)
for 3 h and then mock-infected or infected with HSV-1 (m.o.i.
10) for 22 h. For infection with S. typhimurium, BMDM were
stimulated with 10 ng/ml LPS for 3 h followed by infection with
S. typhimurium (m.o.i. 20) for 2 h. Cells were stimulated
in triplicate. Supernatants were removed and analyzed by
enzyme-linked immunosorbent assay for IL-183, TNF-«, and
IL-6 or lactate dehydrogenase as described.

Cytotoxicity Assay—A CytoTox96® nonradioactive cytotox-
icity assay kit was used according to the manufacturer’s instruc-
tions (Promega) to determine lactate dehydrogenase release
from cells.

Western Blotting—Cell lysates were prepared by direct lysis
in 5X Laemmli sample buffer. The protein content of superna-
tants was concentrated using StrataClean™" resin according to
the manufacturer’s instructions. Protein samples were resolved
on 12 or 15% SDS-polyacrylamide gels and transferred onto
polyvinylidene difluoride (PVDF) membranes using a semi-dry
transfer system (Cleaver Scientific). Membranes were blocked
in 5% (w/v) dried milk in TBS-T (50 mm Tris/HCI, pH 7.6, 150
mM NaCl, and 0.1% (v/v) Tween 20) for 1 h at room tempera-
ture (RT). Membranes were incubated with antibodies against
ASC (AL177), B-actin, lamin B, GFP, IL-183, or GAPDH at a
1:1000 dilution in 5% (w/v) dried milk in TBS-T overnight at
4 °C. Membranes were probed for PML using mouse anti-PML
(PG-M3) at a 1:500 dilution in 5% (w/v) BSA in TBS. Mem-
branes were then incubated with the appropriate HRP-conju-
gated secondary antibody diluted 1:2000 in 5% (w/v) dried milk
in TBS-T for an hour before being developed by enhanced
chemiluminescence (ECL) according to the manufacturer’s
instructions (Cell Signaling Technology, Inc.). Some mem-
branes were stripped using Restore™ PLUS Western blot
stripping buffer according to the manufacturer’s instructions
(Thermo Fisher Scientific Inc.) before being reprobed.

Quantitative Real Time RT-PCR—Total RNA samples were
isolated using RNeasy mini kit (Qiagen, MD) according to the
manufacturer’s instructions. For quantitative real time PCR,
c¢DNA was transcribed using the High Capacity cDNA reverse
transcription kit (Applied Biosystems). Primers for human
PMLI were purchased from MWG, and probes for human and
mouse PML (encompassing exons common to all PML iso-
forms) were purchased from Applied Biosystems.

Stable Cell Line Generation—The shRNAmir clones were
purchased from Open Biosystems (V3LHS_304380 and V3LHS_
400341). 293T cells were seeded at 2 X 10° cells/ml in 10-cm
dishes. Plasmids encoding shRNA (4 ug) or nonsilencing con-
trol (4 ug) and viral proteins pSPAX2 (3 ug) and pMD2 (1 pg)
were transfected into 293T cells using GeneJuice according to
the manufacturer’s protocol. 48 h post-transfection, viruses
containing supernatants were harvested and replaced with
fresh media. Collected supernatants were centrifuged, filtrated
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with 0.2-um filters, and stored at 4 °C. The harvesting step was
repeated after 24 h, and supernatants were mixed together.
THP-1 target cells were plated at 2 X 10> cells/ml in 10-cm
dishes. After 24 h, cells were replated with 50% RPMI culture
medium with 10% (v/v) FCS and 1% (v/v) penicillin/streptomy-
cin solution and 50% harvested virus-containing supernatants.
4 ug of Polybrene (Sigma) was added into the cells. Transduced
cells were cultured for 48 h. Puromycin selection (3 pug/ml) was
initiated after another 48 h. THP1-stable PML knockdown cells
were maintained in RPMI. All media contained 10% (v/v) FCS,
1% (v/v) penicillin/streptomycin solution, and 3 ug/ml puro-
mycin. Knockdown efficiency was assessed by real time PCR as
described.

ASC Oligomerization Assay—2 X 10° BMDM cells were
seeded per well in a 6-well plate. The following day, cells were
stimulated with 100 ng/ml LPS for 3 h followed by the addition
of 5mm ATP for 1 h or transfection of 1 ug/ml poly(dA-dT) for
5 h. Supernatants were removed, and cells were rinsed in ice-
cold PBS. 500 ul of ice-cold buffer (20 mm HEPES-KOH, pH
7.5, 150 mm KCl, 1% Nonidet P-40, 0.1 mm PMSF, 1 pg/ml
leupeptin, 11.5 ug/ml aprotinin, and 1 mm sodium orthovana-
date) was added. Cells were removed using a cell scraper and
transferred to microcentrifuge tubes. Cells were lysed by shear-
ing 10X through a 21-gauge needle. 50 ul of lysate was removed
for Western blot analysis. The lysates were centrifuged at 330 X
g for 10 min at 4 °C. The pellets were washed twice in 1 ml of
ice-cold PBS (centrifuged 330 X g for 3 min at 4 °C) and resus-
pended in 500 ul of PBS. 2 mm disuccinimidyl suberate (from a
fresh 100 mm stock prepared from disuccinimidyl suberate
equilibrated to RT and made up in dry DMSO) was added to the
resuspended pellets, which were incubated at RT for 30 min
with rotation. The samples were then centrifuged at 330 X g for
10 min at 4 °C. The supernatant was removed, and cross-linked
pellets were resuspended in 40 ul of Laemmli sample buffer.
The samples were boiled for 5 min at 99 °C and analyzed by
Western blotting.

Subcellular Fractionation—Subcellular fractionations were
performed using the nuclear extraction kit as per the manufac-
turer’s instructions (Active Motif). Briefly, 8 X 10° cells were
isolated by scraping off the dish and washing in ice-cold PBS.
Cells were resuspended in hypotonic buffer and incubated for
15 min on ice before addition of 0.5% final Nonidet P-40. The
use of Nonidet P-40, which is ionic, ensures a high stringency
lysis of cells and the nuclear compartment. Homogenates were
briefly centrifuged, and the supernatant containing the cyto-
plasmic fraction was stored at —80 °C. Pellets were resus-
pended in complete lysis buffer and incubated on ice for 30 min
while rocking. Lysates were centrifuged for 10 min at 14,000 X
g at 4°C. Supernatants containing the nuclear fraction were
stored at —80 °C.

RESULTS

PML Interacts with ASC in the Nucleus—To identify proteins
that interact with ASC, we isolated ASC by immunoprecipita-
tion from whole cell lysates prepared from THP-1 cells. Pro-
teins in the complex were identified by MALDI-TOF mass
spectrometry. Peak lists were submitted to databases MASCOT
and MS-FIT. A highly significant MS-FIT score was obtained
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FIGURE 1. PML interacts with ASC. A, HEK293T cells were transfected with plasmids encoding empty vector green fluorescent protein (EV-GFP), PMLI-GFP,
and/or ASC as indicated. 48 h post-transfection, cells were lysed, and 50 ul of whole cell lysate was kept for analysis. The remainder was immunoprecipitated
(IP) with GFP-TRAP™ beads for 1-2 h at 4 °C. Whole cell lysates and immunoprecipitated samples were analyzed by Western blotting using anti-GFP and
anti-ASC (AL177) antibodies. GFP pulldown resulted in the precipitation of PML-GFP (st and 2nd lanes, 3rd panel) as expected and also ASC (7st lane, top panel).
B, PML truncations were generated to identify the domains involved in the interaction with ASC. C, HEK293T cells were transfected with plasmids encoding ASC
and EV-GFP or PML truncations as indicated. Proteins were precipitated as in A and analyzed by Western blotting. GFP pulldown resulted in the precipitation
of ASC with PML(1-223), PML(1-491), and PML-FL. C, top panel, * denotes nonspecific band. Results presented are representative of four (A) and three (C)

independent experiments. /B, immunoblot.

for PML (Table 1). We confirmed this interaction by co-IP.
Co-1Ps were performed in HEK293T cells transiently overex-
pressing ASC and PMLI-GFP. ASC immunoprecipitated with
PMLI-GFP and not with EV-GFP (Fig. 14, top row, compare
first and second lanes). These results confirmed the interaction
between PML and ASC identified by mass spectrometry.
Next, we generated truncated mutants of PML-GFP to iden-
tify the regions of PML that interact with ASC. A schematic of
the truncations is shown in Fig. 1B. Expression levels of the
different mutants varied as can be seen in Fig. 1C, middle panel.
The full-length form (Fig. 1C, lane 2) and PML-491 were
equally expressed. PML-286 (Fig. 1C, lane 4) and PML-166
(lane 6) had low expression, whereas PML-223 was highly
expressed (lane 5). PML-491 showed a stronger interaction
with ASC than the full-length form (Fig. 1C, top panel, compare
lane 3 with lane 2), possibly indicating an inhibitory region
between amino acids 491 and 641. PML-223 could still interact
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with ASC (Fig. 1C, lane 5) indicating that the interaction could
be occurring with the RING, BBOX1, or BBOX2 domains.

Effect of PML on Inflammasome-induced ASC Oligomerization—
We next examined the effect of PML deficiency on ASC oligo-
merization. The formation of ASC dimers and higher order
oligomers can be detected in cross-linked cell pellets analyzed
by Western blotting. As shown in Fig. 24, activation of the
NLRP3 inflammasome with LPS and ATP led to ASC dimer
formation (lane 2), an effect that was enhanced in PML-deficient
macrophages (lane 5). This was also the case with activation of the
AIM2 inflammasome (Fig. 24, compare lane 3 for wild type with
lane 6 for PML-deficient macrophages). Densitometric analysis of
oligomerization is shown in Fig. 2A (right panel).

We confirmed this effect in two PMLI-deficient stable
THP-1 cell lines generated by lentiviral infection of short hair-
pin RNA, sh380 and sh341. A greater amount of dimer was
detected in both sh380 and sh341 cell lines stimulated with
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FIGURE 2. Loss of PML enhances NLRP3- and AIM2-stimulated ASC oligomerization. A, left panel, primary BMDM from 129Sv wild type (WT) and PML-
deficient mice were left unstimulated or stimulated with 100 ng/ml LPS for 3 h with or without the addition of 5 mm ATP for 1 h or transfected with 1 ug/ml
poly(dA-dT) for 5 h as indicated. Cell pellets were washed and resuspended in PBS and then cross-linked by incubation with 20 mm DSS for 30 min. Cross-linked
pellets and cell lysates were analyzed by Western blotting with anti-ASC antibody (AL177). Right panel, densitometry of oligomerization experiments is
presented. Each dimer band was normalized to whole cell lysate ASC content, and the relative intensity (R/) of the dimer band (47.5 kDa) over the whole cell
lysate (set at 1) was calculated. The data shown are representative of three independent experiments. CTL, control. B, left panel, all three THP-1 cell lines were
differentiated with 12-myristate 13-acetate for 16 h. Following this, cells were stimulated with 2 ug/ml poly(dA-dT) for 5 h. Cell lysates were centrifuged at
330 X g for 10 min at 4 °C. Cell pellets were again analyzed for ASC by Western blotting as in A. Right panel, top row, densitometry of oligomerization in THP-1
cells lines with stable knockdown of PML. Each band was normalized to its corresponding whole cell lysate ASC content, and the relative intensity (R/) of the
dimer band (47.5 kDa) over the whole cell lysate (set at 1) was calculated. The data shown are representative of two independent experiments. Right panel,
bottom row, mRNA knockdown of PMLIin THP-1 cell lines generated using two shRNA lentiviral vectors (sh380 and sh341). Nonsilencing lentiviral vector pGIPZ

was used for generation of nontargeting control cell line, shGPZ.

poly(dA-dT) compared with the nonsilencing control, shGPZ
(Fig. 2B, left panel, compare 4th and 6th lanes with 2nd lane).
The relative knockdown of PMLI mRNA is shown in Fig. 2B
(right panel, bottom) along with densitometric analysis of
oligomerization Fig. 2B (right panel, top).

Subcellular Localization of ASC in Wild Type Versus PML-
deficient BMDM—We next considered that if PML retains ASC
in the nucleus, then resting PML-deficient cells would have a
different subcellular pattern of ASC compared with wild types.
Subcellular fractionation was performed on PML-deficient and
wild type BMDM. Levels of ASC in the nuclear fraction of PML-
deficient cells was markedly lower than that detected in WT
controls (Fig. 3, left panel, top row, compare lane 2 with lane I).
Antibodies to lamin B and GAPDH were used as nuclear and
cytoplasmic loading controls, respectively. Densitometric anal-
ysis of fractionation experiments is presented (Fig. 3, right

MARCH 7, 2014 «VOLUME 289-NUMBER 10

panel). This result indicates that the inhibitory effect of PML on
ASC dimerization following NLRP3 or AIM2 activation (which
occurs in the cytosol) may in part be due to retaining ASC in the
nucleus.

Enhanced IL-1B and IL-18 Secretion in PML-deficient Bone
Marrow-derived Macrophage—W'e next tested if the interac-
tion between ASC and PML might have a functional conse-
quence for IL-1f and IL-18 production. As shown in Fig. 4, A
and C, the amount of IL-13 and IL-18, respectively, produced
by BMDM stimulated with lipopolysaccharide (LPS) and the
NLRP3 activator ATP was markedly enhanced in PML-defi-
cient cells compared with wild type (WT) controls. Similarly,
elevated levels of IL-18 and IL-18 were detected in PML-defi-
cient cells stimulated with LPS and the AIM2 activator
poly(dA-dT). This effect on IL-13 and IL-18 secretion was spe-
cific as no significant effect was observed on TNFa production
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FIGURE 4. PML-deficient BMDM display enhanced levels of IL-1 and IL-18 in response to NLRP3 and AIM2 inflammasome activation. Primary BMDM
from 129Sv wild type (WT) and PML ™/~ mice were left unstimulated or stimulated with 100 ng/ml LPS for 3 h alone with or without the addition of 5 mm ATP
for 1 h or transfected with 1 wg/ml poly(dA-dT) for 5 h as indicated. Supernatants were analyzed by ELISA for IL-18 (A), TNF« (B), and IL-18 (C) or by Western
blotting for pro-IL-13 and the mature subunit IL-18 p17 (D). Densitometric analysis of IL-18 p17 levels in WT versus PML-deficient cells is also presented (right
panel). BMDMs were also assessed for PML deficiency by Western blot (E). A representative blot from one of three independent experiments is shown (D and
E). Relative mRNA expression of caspase-1in WT and PML ™'~ primary BMDMs in response to specific NLRP3 and AIM2 activation is also shown (F). RNA was
isolated and the quantity of caspase-1 analyzed by real time PCR. A-C, results are expressed as mean = S.D. for triplicate determinations. Results are repre-
sentative of three individual experiments, ***, p < 0.001; **, p < 0.01;*, p < 0.05 PML™’~ versus WT controls (CTL).

in response to NLRP3 activation, and only a very marginal pl7 (Fig. 4D, left panel). PML deficiency was confirmed by
enhancement in TNFa production in response to AIM2 activa-  Western blot (Fig. 4E), with poly(dA-dT) causing an apparent
tion was observed (Fig. 4B). This effect on IL-1B was further induction of PML in WT macrophages (lane 4). We were
confirmed by Western blotting for the mature subunit of IL-13- unable to obtain consistent blots for the plO subunit of
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FIGURE 5. PML deficiency enhances levels of IL-18 in response to HSV-1 and S. typhimurium and has no effect on caspase-1-dependent pyroptosis. A,
for infection with HSV-1, BMDMs were left unstimulated and mock-infected or stimulated with LPS (100 ng/ml) for 3 h and infected with HSV-1 (m.o.i. 10) for
22 h. Supernatants were analyzed by ELISA for IL-18 and TNFe. B, for S. typhimurium infection, cells were stimulated with 10 ng/ml LPS for 3 h followed by
infection (m.o.i. 20) for 2 h. Supernatants were analyzed for IL-18 and TNF« by ELISA (left and middle panel) and lactate dehydrogenase cytotoxicity (right panel).
Results are expressed as mean = S.D. for triplicate determinations. N.D., not detected; N.S., not significant. Results are representative of three individual

experiments, **, p < 0.01; ¥, p < 0.05 PML™~ versus WT controls (CTL)

caspase-1. However, comparable levels of caspase-1 mRNA was
detected in WT and PML /" cells following activation of the
inflammasome with LPS + ATP and LPS + poly(dA-dT) (Fig.
4F). Comparable levels of caspase-1 were also observed follow-
ing infection with S. typhimurium (data not shown).

Finally, we tested the ability of a virus and bacterium to
induce IL-18 in PML-deficient BMDM. Herpes simplex virus-1
(HSV-1) is a strong inducer of IL-18 in macrophages with in
vitro experiments highlighting a role for the NLRP3 inflam-
masome (24, 25). As can be seen in Fig. 5A (left panel), induc-
tion of IL-13 by HSV-1 was markedly enhanced in PML-defi-
cient BMDM with no enhancement in TNFa production.
TNFa production was slightly lower in the PML-deficient
BMDM (Fig. 5A, right panel). This indicated that PML would
also limit inflammasome activation in response to a virus.

Furthermore, an ASC-independent caspase-1 complex has
been found to induce pyroptotic cell death in response to S.
typhimurium (26). To confirm that the interaction between
PML and ASC has a specific effect on the inflammasome com-
plex and not the “pyroptosome,” we examined the effect of S.
typhimurium on pyroptotic cell death in PML ™/~ BMDM. As
expected, there was no difference in ASC-independent caspase-
1-dependent pyroptotic cell death in PML ™/~ cells compared
with WT controls (Fig. 5B, right panel). There was, however,
significantly enhanced secretion of IL-18 (p < 0.01) (Fig. 5B, left
panel) in PML ™/~ cells in response to S. typhimurium chal-
lenge in accordance with our earlier findings (Figs. 44 and 5A).
There was no significant effect on TNFa in response to S. typhi-
murium (Fig. 5B, middle panel).

DISCUSSION
The redistribution of ASC from the nucleus to the cytosol

during inflammasome activation is well documented (14 -16).
Although the exact molecular mechanism governing this pro-
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cess remains elusive, in this study we identify a role for PML in
the localization of ASC to the nucleus. ASC was shown to inter-
act with PML, and PML deficiency led to decreased localization
of ASC in the nucleus. Furthermore, several experimental
approaches in this study highlighted the enhanced activation of
the inflammasome upon stimulation in PML-deficient macro-
phages. In PML-deficient cells, there was enhanced formation
of ASC dimers in response to NLRP3 and AIM2 activation. This
was also observed in THP-1 cells in which PMLI was stably
knocked down. Importantly, enhanced levels of IL-13 were
detected upon activating NLRP3 and AIM2 inflammasomes in
PML-deficient cells. Therefore, we conclude that PML plays a
role in the localization of ASC to the nucleus limiting its capac-
ity to activate the inflammasome.

PML may retain ASC in the nucleus simply to prevent exac-
erbated activation of inflammasomes. That which would trig-
ger the dissociation of ASC from PML in the nucleus was not
explored here. However, several viruses have been shown to
disrupt PML-nuclear bodies with a subsequent mislocalization
of PML to the cytosol (27), and this could be a mechanism by
which viruses enhance inflammasome activation. Furthermore,
PML protein expression is most notably reduced or abolished
in several cancers, including prostate cancer, adenocarcinoma,
non-Hodgkin lymphoma (28), and gastric cancer (29). The loss
of PML in these cancers may contribute to the inflammatory
potential of cells via altered localization of ASC to the cytosol.
This could have a pro-tumor effect because IL-18 has been
shown to have a role in the development of tumors in the afore-
mentioned cancers (30 -32).

It is also possible that PML might play a role in the recently
characterized nuclear inflammasome. The PYHIN protein
[FI16 was found to facilitate the activation of a nuclear inflam-
masome via the recruitment of ASC and caspase-1 in response

JOURNAL OF BIOLOGICAL CHEMISTRY 6435



PML Limits Inflammasome Activation

to Kaposi sarcoma-associated herpesvirus infection (15). PML
could also limit the function of this inflammasome. It will also
be of interest to examine individual PML isoforms as regulators
of ASC. Alternative splicing in the C terminus of PML generates
isoforms I-VII (19). Specifically, PMLVI], also known as cyto-
plasmic PML (cPML/PMLVII) (33), could influence ASC in the
cytosol.

During the preparation of this manuscript, Lo et al. (34),
published data demonstrating that PML can promote NLRP3
inflammasome activation suggesting that instead of limiting the
inflammasome PML might promote its function. The study did
not examine an interaction between PML and ASC. The reason
for this difference is not clear but could be related to the differ-
ent genetic background of the mice (C57BL/6 versus 129Sv) or
the different functions of the multiple isoforms of PML. As Lo
et al. (34) mentioned, PML appears to inhibit NF-«B, a tran-
scription factor required for induction of pro-IL-18, so why it
would then have a positive role in NLRP3 activation is unclear.
More work is clearly needed, but overall both studies confirm
an interaction between PML and the NLRP3 inflammasome
and highlight the complexity already associated with the many
functions of PML.

In summary, our study has identified PML as a novel regulator
of ASC localization acting to limit its function. This could have
consequences for the role of ASC in cancer and inflammation.
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