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Shigella hijacks the glomulin—clAPs—inflammasome
axis to promote inflammation

Shiho Suzuki®*"

Chihiro Sasakawa>®”"

Abstract

Shigella deploys a unique mechanism to manipulate macrophage
pyroptosis by delivering the IpaH7.8 E3 ubiquitin ligase via its type
Il secretion system. IpaH7.8 ubiquitinates glomulin (GLMN) and
elicits its degradation, thereby inducing inflammasome activation
and pyroptotic cell death of macrophages. Here, we show that
GLMN specifically binds cellular inhibitor of apoptosis proteins 1
and 2 (clIAP1 and clAP2), members of the inhibitor of apoptosis
(IAP) family of RING-E3 ligases, which results in reduced E3 ligase
activity, and consequently inflammasome-mediated death of
macrophages. Importantly, reducing the levels of GLMN in macro-
phages via IpaH7.8, or siRNA-mediated knockdown, enhances
inflammasome activation in response to infection by Shigella,
Salmonella, or Pseudomonas, stimulation with NLRP3 inflamma-
some activators (including SiO,, alum, or MSU), or stimulation of
the AIM2 inflammasome by poly dA:dT. GLMN binds specifically to
the RING domain of both cIAPs, which inhibits their self-
ubiquitination activity. These findings suggest that GLMN is a
negative regulator of clAP-mediated inflammasome activation, and
highlight a unique Shigella stratagem to kill macrophages, promoting
severe inflammation.
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Introduction

Inflammasome activation acts as an important defense mechanism
against microbial infection, since it leads to innate immune

. Toshihiko Suzuki?, Hitomi Mimuro># Tsunehiro Mizushima® &

responses including caspase-1 activation. Upon bacterial infection,
for example, members of the nucleotide-binding oligomerization
domain-like receptor (NLR) family induce the formation of
inflammasomes and initiate innate defense responses. Aberrant
inflammasome activation or its failure to shut down causes tissue
damage and chronic inflammatory disorders [1-4], suggesting that
inflammasome activation is under tight regulation. Several bacteria
including Shigella, Salmonella, Legionella, and Pseudomonas trig-
ger activation of caspase-1 via the NLRC4 inflammasome in
infected macrophages [3,5]. NLRC4 recognizes the bacterial
flagellin [6,7], inner rod protein [8,9], and needle protein [10] of
the bacterial type III secretion system (T3SS). Following recogni-
tion of these bacterial pathogen-associated molecular patterns
(PAMPs), NLRC4 is assembled into the inflammasome complex,
which induces proteolytic maturation of caspase-1 and pro-inflam-
matory cytokines such as IL-1B and IL-18, resulting in a form of
cell death called pyroptosis [3,5]. In recent studies, gasdermin D, a
member of the gasdermin protein family, was identified as the key
caspase-1 substrate leading to pyroptosis [11-13]. Caspase-1 (or
caspase-11) cleaves gasdermin D to separate its N-terminal pore-
forming domain from its C-terminal repressor domain [11,12]. The
oligomerized N-terminal domain of gasdermin D permeabilizes the
plasma membrane by forming large pores in the membrane that
consequently cause membrane rupture and destruction of the cell
(i.e., pyroptosis) [13].

Shigella stimulates NLR inflammasomes by delivering various
effectors and T3SS components into host cells via the T3SS [14-17].
We previously reported that Shigella induces rapid macrophage
pyroptotic cell death, a prerequisite for bacterial egress from macro-
phages, by delivering the IpaH7.8 E3 ubiquitin ligase effector via the
T3SS, thereby activating NLRP3 and NLRC4 inflammasomes and
caspase-1 [18]. In that study, we identified glomulin (GLMN) as an
IpaH7.8 target involved in IpaH7.8 E3 ligase-dependent inflamma-
some activation. Indeed, upregulation or downregulation of GLMN
levels leads to reduced or augmented inflammasome activation,
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respectively. Macrophages stimulated with lipopolysaccharide/ATP
induce GLMN puncta that colocalize with the active form of
caspase-1 [18]. Although the mechanism of how GLMN is involved
in inflammasome activation during Shigella infection remains
unknown, the study suggested Shigella possess some as yet unchar-
acterized mechanisms to manipulate inflammasome activity, via the
interaction of IpaH7.8 and GLMN [18]. Importantly, GLMN was
originally identified through its association with glomuvenous
malformations [19], and later, it was identified as acting as an inhi-
bitor of Cullin-RBX1 E3 ligases [20,21]. Structural and biochemical
analyses showed that GLMN can associate with RBX1-containing
Cullin-RING E3 ligase (CRL) by targeting the RING domain and
masking its E2-binding surface, thereby inhibiting CRL E3 ligase
activity [20,21]. Moreover, there is increasing evidence that ubiqui-
tination modification of inflammasome component proteins is
important for the regulation of inflammasome activity [22-27].
Given the interplay between GLMN and inflammasomes, we
hypothesized that GLMN could have targets involved in modulating
NLR inflammasome activation, for example, by interacting with and
inhibiting certain putative RING-E3 ligases.

Results
GLMN targets clAP1 and clAP2

We screened a subset of host proteins, previously identified proteins
capable of interacting with IpaH7.8 by GST pulldown with GST-
IpaH7.8-coated beads [18], in-gel digestion and LC-TOF/TOF-MS
analyses, for the ability to bind GLMN. Among the 18 proteins, we
found cellular inhibitor of apoptosis protein (cIAP) 1 [also known as
baculoviral IAP repeat-containing (BIRC) 2] bound GLMN in the
yeast two-hybrid system using pPC86-GLMN and pDBleu-cIAP1
(positive control: pDBleu-IpaH7.8; negative control: pDBleu-empty;
Fig 1A). cIAP1 belongs to the IAP family (also known as the BIRC
family), whose members act as E3 ligases [28] and are critical regu-
lators of multiple cellular pathways that control cell death, prolifera-
tion, and differentiation [28,29]. Because GLMN acts as an inhibitor
of E3 ligases [20,21], and cIAP1 and cIAP2 (cIAPs) are required for
efficient caspase-1 activation by NLR inflammasomes [30], we
investigated whether cIAPs interact with GLMN in immunoprecipi-
tation assays. 293T cells were cotransfected with 6myc-cIAPs (or
empty vector) and FLAG-tagged GLMN (or empty vector), and the
cell lysates were precipitated with anti-FLAG M2-conjugated beads.
As shown in Fig 1B, 6myc-cIAP1 and 6myc-cIAP2 precipitated with
FLAG-GLMN (Fig 1B), and coprecipitation was also observed when
cell lysates containing 6myc-cIAP1 (and 6myc-cIAP2) and GFP-
IpaH7.8CA (in which Cys residue 357 in IpaH7.8 is replaced with

Figure 1. GLMN binds to clAPs and forms a complex with Shigella 1paH7.8.
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Ala, resulting in loss of E3 ligase activity) were pulled down with
anti-GFP-conjugated beads (Fig 1C). As shown in Fig 1C, cIAPs
precipitated with GLMN as well as IpaH7.8CA, suggesting that
GLMN can interact with cIAPs in a complex with IpaH7.8. Consis-
tent with this, immunohistochemical image analysis revealed colo-
calization of endogenous GLMN and cIAP2 in bone marrow-derived
macrophages (BMDMs) 1 h after infection with Shigella WT
(Figs 1D and EV1). Note that no binding between GLMN and
X-linked inhibitor of apoptosis protein (XIAP) was detected by
yeast two-hybrid assay (Fig 1A), suggesting that GLMN interacts
specifically with cIAP1 and cIAP2.

clAP1 and clAP2 are involved in activation of NLRC4, AIM2, and
NLRP3 inflammasomes

Two recent studies reported that cIAP1, cIAP2, and XIAP play
important roles in regulating inflammasome activation, although
there were significant discrepancies in their results [30,31]; Labbe
et al reported that cIAP1 and cIAP2 are required for efficient
caspase-1 and NLR inflammasome activation, whereas Vince et al
reported that cIAP1, cIAP2, and XIAP inhibit NLR inflammasome
activation. Therefore, we knocked down cIAP1, cIAP2, or XIAP in
BMDMs using siRNA (Fig EV2A and Table EV1) and then infected
each knockdown with Shigella, Salmonella (Salmonella enterica
serovar. Typhimurium), or Pseudomonas aeruginosa (Figs 2A and
B, and EV2C). The levels of IL-1f, IL-18, and active caspase-1, but
not CXCL2 or IL-6, were decreased by knockdown of cIAP1 or
cIAP2, but not XIAP (Figs 2A and B, and EV2C). The same was
also true in cIAP1/2- or XIAP-knockdown cells treated with stimu-
lators of AIM2 inflammasomes (poly dA:dT, plasmid DNA; Figs 2C
and EV2D) or NLRP3 inflammasomes [silicon dioxide nanoparti-
cles (SiO,), aluminum hydroxide (alum), monosodium urate
(MSU)] (Figs 2D and EV2D). To confirm these findings, we gener-
ated cIAP1-knockout (KO), cIAP2-KO, cIAP1/2-double KO, and
XIAP-KO macrophages using the CRISPR—Cas9 system. The knock-
out cells were infected with Shigella or treated with stimulators of
AIM2 or NLRP3 inflammasomes such as SiO, or Alum. The levels
of IL-1p were decreased in cIAP1-KO, cIAP2-KO, and cIAP1/2-
double KO cells, but not in XIAP-KO cells, in response to these
stimulations (Fig 2E). To further confirm this, we also measured
the levels of IL-1p and active caspase-1 in BMDMs overexpressing
cIAP1, cIAP2, or XIAP (Fig EV2B) infected with Shigella WT or
the T3SS-deficient mutant S325 (mxiA::TnS; Fig 2F and G). The
overexpression of cIAP1 and cIAP2, but not XIAP, augmented the
production of active caspase-1 (Fig 2F) and IL-1B (Fig 2G). Based
on these results, we concluded that cIAP1 and cIAP2, but not
XIAP, functionally participate in activation of NLR inflamma-
somes.

A Yeast two-hybrid assay revealed direct binding between cIAP1 and GLMN. Saccharomyces cerevisiae strain MaV203 was transformed with the plasmid combinations
indicated in the lower panel. The chart in the lower right summarizes the interaction results.
B Immunoprecipitation assay demonstrating the interaction between cIAPs and GLMN.

C clAPs and GLMN co-immunoprecipitated with Shigella IpaH7.8.

D Colocalization of endogenous GLMN (red) and cIAP2 (green) in BMDMs, visualized by confocal microscopy. WT BMDMs were infected with Shigella WT for 1 h and
then subjected to immunohistochemical analysis using anti-clAP2 and anti-GLMN antibodies. Scale bars, 10 um. See also Fig EV1.

Source data are available online for this figure.
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Figure 2. cIAP1 and clIAP2 are important for inflammasome activation.
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A, B WT BMDMs were subjected to siRNA-mediated knockdown of cIAP1, clAP2, and XIAP. Two days after siRNA nucleofection, cells were infected with Shigella for
30 min to 2 h, and then, IL-1p production (A) and caspase-1 activation (B) were measured. (A) IL-1B ELISA. n = 3, *P < 0.01. (B) Immunoblot of active mature form

(P20) of caspase-1.

clIAP1/2- or XIAP-knockdown cells were treated with stimulators of AIM2 inflammasomes (C) or NLRP3 inflammasomes (D). After stimulation, supernatants were

collected and subjected to IL-1 ELISA. n = 3, *P < 0.01, **P < 0.005, ***P < 0.0005.
E clAP1-KO, cIAP2-KO, cIAP1/2-double KO, or XIAP-KO macrophages were generated using the CRISPR—Cas9 system. KO cells were infected with Shigella or treated
with stimulators of AIM2 inflammasomes or NLRP3 inflammasomes, and then, IL-1f production was measured. n = 3, *P < 0.01, **P < 0.005.

F, G

Overexpression of clAPs promotes inflammasome activation induced by Shigella infection. WT macrophages overexpressing cIAP1, clAP2, or XIAP were infected with

Shigella for 1 h, and then, the levels of caspase-1 activation were determined by immunoblotting using anti-caspase-1 P20 antibody (F) and IL-1p levels were

measured (G). n = 3. *P < 0.01.

Data information: The error bars represent the standard deviation (SD) of the measurements. Statistical analyses were performed using the Mann—-Whitney U-test. The
results are representative of three independent experiments. See also Fig EV2 and Table EV1.

Source data are available online for this figure.

GLMN inhibits self-ubiquitination of clAPs

Based on the results described above and those of our previous
study [18], we hypothesized that GLMN acts as an inhibitor of cIAPs
and that Shigella IpaH7.8 E3 ligase-mediated degradation of GLMN
leads to activation of NLR inflammasomes. Therefore, we investi-
gated how GLMN affects cIAP activity. To this end, we knocked
down endogenous GLMN in BMDMs (Fig EV3A and Table EV2),
infected the knockdown cells with Shigella WT or S325, Salmonella
WT [or Salmonella mutant lacking flagella (AfliA)], or Pseu-
domonas, and measured the levels of IL-1B. GLMN-knockdown cells
infected with Shigella WT, Salmonella WT, or Pseudomonas
produced more IL-1f than those treated with non-targeting siRNA
controls (Figs 3A and EV2C). Similarly, treatment of GLMN-knock-
down cells with AIM2 (poly dA:dT) or NLRP3 (SiO,, alum, MSU)
stimulators increased IL-1P levels compared with controls (Figs 3B
and C, and EV2D). The same was true for the mature cleaved form
of caspase-1, which was present at higher levels in GLMN-knock-
down cells than in controls (Fig 3D). These results supported our
hypothesis that GLMN acts as a negative regulator of the NLR
inflammasome.

Recent work showed that GLMN acts as an inhibitor of RING E3
ligase by masking its E2-binding surface [20,32]. We found that
GLMN could bind RING-possessing E3 ubiquitin ligases, including

cIAP1 and cIAP2 (Fig 1A-C), suggesting that GLMN modulates the
E3 ligase activity of cIAPs in this manner. To verify this, we purified
GLMN from Escherichia coli and monitored its ability to inhibit self-
ubiquitination of cIAP2 in vitro. Indeed, GLMN decreased the level
of cIAP2 self-ubiquitination (Fig 3E).

To confirm the physical linkage between GLMN and cIAPs in
macrophages, we investigated the behavior of GLMN and cIAP2 in
BMDMs infected with Shigella. As shown in Fig 1D, in infected
cells the GLMN signal (red) was visible as puncta that colocalized
with cIAP2 foci (green) 1 h post-infection, whereas in uninfected
cells both signals were dispersed throughout the cytoplasm
(Fig 1D, bottom panels). We subsequently investigated GLMN and
cIAP2 localization in caspase-1 KO BMDMs infected with Shigella
WT or AipaH7.8 (Figs 3F and EV3B). Although the GLMN puncta
were still observed in cells infected with Shigella WT, the number
of GLMN-associated cIAP2 puncta was much smaller than in cells
infected with AipaH7.8 (Figs 3F and EV3B). In the cotransfection
of 6myc-clAP2 and GFP-IpaH7.8 (or GFP-IpaH7.8CA) into 293T
cells, the level of GLMN was much lower in lysate containing
6myc-cIAP2 and GFP-IpaH7.8 than that in lysate containing 6myc-
cIAP2 and GFP-IpaH7.8CA (Fig 3G). Similar GLMN degradation
was also observed in BMDMs infected with Shigella, Salmonella,
or Pseudomonas (Fig EV3C). More importantly, when lysates
containing 6myc-cIAP2 and GFP-IpaH7.8 (or GFP-IpaH7.8CA) were

Figure 3. GLMN inhibits self-ubiquitination by clAPs, which results in negative regulation of inflammasomes.

A GLMN-knockdown macrophages were infected with Shigella at an MOI of 5 or Salmonella at an MOI of 1, and IL-1 levels were measured at the indicated time

points. Non-targeting siRNA was used as a control. n = 3, *P < 0.01.
B, C
**p < 0.005.

GLMN-knockdown cells were treated with stimulators of AIM2 (B) or NLRP3 (C) inflammasomes for 16 h, and then, levels of IL-1 were measured. n = 3, *P < 0.01,

D GLMN-knockdown cells were infected with Shigella at an MOI of 5 or Salmonella at an MOI of 1, and then, the active mature form (P20) of caspase-1 was detected

by immunoblotting.

E In vitro ubiquitination assay showing that GLMN inhibits self-ubiquitination by clAP2. Ubiquitination reactions were performed in the presence of purified

ubiquitin, ATP, E1, E2 (UbcH5B), E3 (clAP2), and GLMN.

F Confocal imaging analysis of cIAP2 (green) and GLMN (red) at the late stage of Shigella infection. BMDMs from caspase-1 KO mice were infected with Shigella WT
or AipaH7.8 for 3 h, and then, the GLMN/cIAP2 complex was visualized by immunohistochemistry using anti-clAP2 and anti-GLMN antibodies. White arrows
indicate the localization of GLMN-associated clAP2 puncta. Scale bars, 10 um. Graph indicates the ratios of GLMN-associated clAP2 puncta to total clAP2 puncta in

Shigella-infected BMDMs, expressed as a percentage (%). n = 20, *P < 0.0001.

G 2937 cells were transfected overnight with or without 6myc-tagged cIAP2 and GFP-tagged IpaH7.8 or IpaH7.8CA. 6myc-tagged clAP2 in cell lysates was
immunoprecipitated with anti-Myc antibody and subjected to immunoblot with anti-clAP2 antibody.

Data information: The error bars represent the SD of the measurements. Statistical analyses were performed using the Mann-Whitney U-test. The results are
representative of three similar independent experiments. See also Figs EV2 and EV3, and Table EV2.

Source data are available online for this figure.

© 2017 The Authors
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Figure 4. The serine residue on the clAP RING domain is important for the interaction with GLMN.
A A schematic representation of clAP1 (BIRC2, 618 aa) and clAP2 (BIRC3, 604 aa), and XIAP (BIRC4, 497 aa).

B GST-pulldown assays revealed that GLMN binds to the RING domain of cIAPs.

C Comparison of the RING-domain amino acids of Rbx1, Rbx2, clAP1, clAP2, and XIAP. Amino acids that are identical (black) or similar amino acids (gray) among the five
sequences are shaded. clAP1 and clAP2 have a serine residue in the red-underlined motif that is present in Rbx1 but not Rbx2 or XIAP.

D Point-mutation analysis indicated that the VSV(I)V motif of the clAP RING domain is important for the interaction with GLMN. VSV(I)V motifs were deleted or mutated
as indicated in the upper panel, and the mutants were subjected to pulldown assays.

E Upper panel: RING domain sequences were compared with those of two other E3 ligases, MDM2 and CBLC. An amino acid sequence alignment of the RING domains
of clAP1, cIAP2, XIAP, MDM2, and CBLC is shown. MDM2 and CBLC do not have a serine residue in the motif corresponding to the VSV(I)V motif in the clAPs-RING
domain. Middle panel: schematic representation of point mutations of the serine residue in the VSV(I)V motifs of the clAPs-RING domains. Lower panel: MDM2~R'N¢,
CBLC ®NC and point-mutated RING domains were expressed, purified, and subjected to GST-pulldown assays.

Data information: Data are representative of three similar experiments. See also Fig EV4 and Table EV3.

Source data are available online for this figure.

pulled down by anti-Myc antibody, the rate of self-ubiquitination
of precipitated cIAP2 was higher than that in lysate containing
6myc-clAP2 and GFP-IpaH7.8CA (Fig 3G). These data further
support the premise that GLMN undergoes proteasomal degrada-
tion due to ubiquitination by IpaH7.8 E3 ligase, resulting in upreg-
ulation of cIAP2 E3 ligase activity and activation of NLR
inflammasomes.

A serine residue in the RING domain of clAPs is critical for
interacting with GLMN

cIAP1 and cIAP2 share several domains: three baculovirus IAP repeat
(BIR) domains; the ubiquitin-association (UBA) domain, which allows
interaction with ubiquitin chains; the caspase-recruitment domain

(CARD), which regulates E3 activity; and the RING (really interesting
new gene) domain, which acts as the E2 recruitment domain (Figs 4A
and EV4A) [28,29,33]. Importantly, XIAP shares many of these
domains with cIAP1 and cIAP2, but lacks the CARD domain (Figs 4A
and EV4A). These domains are highly conserved and exhibit remark-
ably high amino acid sequence similarity (94.8%) between cIAP1 and
cIAP2 (Table EV3). In contrast, XIAP is less similar to cIAP1 and
cIAP2, with 55-57% nucleotide identity and 73-74% amino acid simi-
larity with cIAP1 and cIAP2 (Table EV3). The amino acid sequences
of the RING domains are identical (100% similarity) between cIAP1
and cIAP2 (Table EV3). The human IAP family consists of eight
members (Fig EV4B), and phylogenetic analysis revealed that cIAP1
and cIAP2 are closely related to each other, whereas XIAP is on
another branch (Fig EV4C and D).
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Figure 5. Mutation of the serine residue in the clAP VSV(I)V motif exerts a dominant-negative effect on inflammasome activation.

A-C WT macrophages overexpressing clAP1, clAP1%%%A cIAP15%8%F, cIAP2, clAP25°%%" or cIAP2°°°F were infected with Shigella for 0.5-3 h (A), stimulated with poly dA:dT
(B), or treated with NLRP3 stimulators (SiO,, Alum) (C), and then, IL-1p levels were measured. n = 3, *P < 0.05, **P < 0.005. Error bars represent the SD of the
measurements. Statistical analyses were performed using the Mann—-Whitney U-test. The results are representative of three independent experiments.
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A recent study showed that GLMN inhibits CRL1 activity by
masking the RBX1 RING finger that is essential for E2 binding
[20,32], suggesting that GLMN interacts with cIAP1 and cIAP2 via
their RING domains. In agreement with this hypothesis, GST-pull-
down assays revealed that GLMN binds to the RING domains of
both cIAP1 and cIAP2 (Fig 4B). Because GLMN binds to Rbx1 but
not Rbx2 [21], we carefully examined the aligned sequences of
these two proteins. The RING domains are highly conserved
between Rbx1 and Rbx2, except for four amino acids (A61 to T64,
—A-S—-A-T—, in Rbx1; these residues are underlined with red in
Fig EV4E). Therefore, we compared the RING domain amino acids
between Rbx1l, Rbx2, cIAP1, cIAP2, and XIAP and noted that
cIAP1, cIAP2, and Rbxl (which interact with GLMN) share a
serine residue (underlined red in Fig 4C) that is not present in
Rbx2 (which does not interact with GLMN) or XIAP (Fig 4C).
Hence, we hypothesized that the RING-domain amino acids
common to cIAP1, cIAP2, and Rbx1 might play an important role
in the interaction with GLMN.

To test this hypothesis, we constructed a series of point mutants
in which the serine residue of interest was replaced with other
amino acids (Fig 4D, upper panel). Each of the RING-domain
mutants was investigated for its ability to interact with GLMN in a
GST-pulldown assay. Deletion of —V579-S580-V581-V582— of cIAP1
or —V565-S566-1567-V568— of cIAP2 RING domains abolished the
interaction with GLMN (Fig 4D). Similarly, interaction between
GLMN and the cIAP RING domains was greatly diminished by the
amino acid replacement(s) indicated in the upper panel (Fig 4D),
implicating that the VSV(I)V motif of cIAP RING domains is impor-
tant for interaction with GLMN. Therefore, we checked the amino
acid sequences of other E3 ligases possessing RING domains
(MDM2 and CBLC) and found that they do not have the serine
residue of interest (Fig 4E, upper panel). To reinforce our findings,
we compared the interaction of GLMN to the RING domains of
MDM2, CBLC, and cIAPs. We also constructed cIAP1/2-RING point-
mutated clones in which the serine residue was replaced with
alanine (A) or glutamic acid (E). These RING domains were
expressed in E. coli, purified, and subjected to GST-pulldown
assays. The results revealed that the RING domains of MDM2 and
CBLC did not interact with GLMN (Fig 4E, bottom panel). More-
over, the CIAPIRING—SSSOA, CIAPlRING—SSBOE’ CIAPZRING—SSGéA, and
CIAP2RINGSS66E h5int mutants also lacked the ability to interact with
GLMN (Fig 4E, bottom panels). Finally, we created point mutants in
full-length cIAP1 (cIAP15%%%A) cIAP15°%%F) and cIAP2 (cIAP25°°%A
cIAP2%°°°E) in which the key RING domain serine residues were
replaced with alanine or glutamic acid residues. The resulting
mutants were expressed at high levels in macrophages, which were
subsequently infected with Shigella (Fig SA), or stimulated with
poly dA:dT (Fig 5B), SiO,, or alum (Fig 5C). The serine-to-alanine/
glutamic acid mutant cIAPs failed to activate inflammasomes
(Fig 5A-C). The results of the series of experiments suggest that the
serine residue of the RING domain is critical for facilitating interac-
tion with GLMN as well as for inflammasome activation.

Discussion

In this study, we discovered that the GLMN-cIAPs axis controls
inflammasome activation. Our data strongly suggest that the
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Figure 6. A proposed model for the role of GLMN and IAPs in regulation
of inflammasomes.

A schematic representation shows the machinery for the regulation of
inflammasome activation caused by bacterial infection. In this study, we
demonstrated that clAP1 and cIAP2 are important for efficient inflammasome
activation, whereas XIAP acts as a negative regulator of inflammasomes. Recent
work showed that GLMN binds to small RING-finger protein RBX1 (RING-box1,
an component of the Rbx1-Cull E3 ligase), inhibiting its E3 ligase activity by
masking the E2-binding surface. In accordance with these observations, GLMN
binds to the RING domains of clAP1 and cIAP2, thereby inhibiting their functions.
Shigella delivers the T3SS effector IpaH7.8, which targets GLMN at a specific
stage of infection, thereby conferring an advantage on the bacterial invader. In
our model, IpaH7.8 removes the masking GLMN from cIAPs via E3 ligase-
dependent proteolysis, leading to aberrant upregulation of inflammasomes.

IpaH7.8-GLMN-CcIAPs axis (Fig 6) acts as a unique mechanism by
which Shigella can accelerate macrophage pyroptosis causing
severe inflammation. GLMN has recently attracted much attention
due to the discovery of its capacity to directly bind the RING
domain of RBX1, thereby inhibiting the E3 ubiquitin ligase activ-
ity [20,21]. Structural and biochemical analyses indicated that
GLMN adopts a HEAT-like repeat fold that tightly binds the E2-
interacting surface of RBXI1, inhibiting CRL-mediated ubiquitin
chain formation by the E2 [20]. Meanwhile, cIAPs have also been
shown to play pivotal roles in gut homeostasis [34], immunity
[35], inflammation, cell death, and cancer development. Notably,
cIAP1 and cIAP2 are known modulators of the inflammasome
and involved in efficient caspase-1 activation. Together with the
adaptor protein TRAF2, cIAPs interact with caspase-1-containing
complex and mediate the K63-linked non-degradative ubiquiti-
nation of caspase-1 [30]. Deficiency in either cIAP1 or cIAP2,
therefore, severely impairs caspase-1 activation, blunting the
inflammatory reaction to various inflammasome agonists [30]. As
shown in this study, binding of cIAP1 and cIAP2 by GLMN
suppresses inflammasome activation. Upon overexpression of
cIAP1 or cIAP2 in macrophages, the levels of IL-1f and pyroptotic
cell death increased in response to bacterial infection or stimula-
tion with NLR inflammasome agonists. In addition, the levels of
IL-1B and cell death were greatly reduced in cells subjected to
siRNA-mediated knockdown of cIAP1 and cIAP2. Based on these
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results, together with those of previous studies [20,21,30], we
conclude that the GLMN-cIAPs axis is involved in regulating
inflammasome activation. In the context of Shigella-directed
inflammasome activation, where the level of GLMN in macro-
phages can be modified by the IpaH7.8 E3 ligase, leading to the
upregulation of the E3 ligase activities of cIAPs, it is likely that
the GLMN-cIAPs axis may act as a suppression circuit for modu-
lating inflammasome activation. In our study, other pathogenic
bacteria such as Salmonella and Pseudomonas also showed cIAP-
mediated inflammasome activation on infection of macrophages
(Fig EV2C). Some pathogenic bacteria are also known to possess
bacterial effectors that are similar to Shigella IpaHs. For example,
the Salmonella effector, SspH2, is homologous to Shigella IpaH7.8
and shares a similar molecular structure with IpaH7.8. SspH2
may also function in controlling the GLMN—cIAPs—caspl axis, and
this is a subject for future analysis.

Our studies strongly suggest that the GLMN-cIAPs axis plays a
pivotal role in modulating inflammasome activity, governing the
fate of pathogen colonization and host defense, and thus deter-
mining the outcome and severity of disease. Although further
studies are needed to determine what kind of cellular or physio-
logical conditions are necessary for regulation of inflammasome
activity by the GLMN-cIAPs axis, since GLMN is ubiquitously
produced in various cell types, our findings regarding the GLMN—
cIAPs-inflammasome pathway reveal a previously unidentified
mechanism of NLR inflammasomes to be negatively controlled.
Although whether the GLMN-cIAPs axis could directly take part
in terminating inflammasome activation or in preventing excess
inflammation has yet to be determined, it must be an important
mechanism for sustaining tissue homeostasis. cIAPs act as caspase
inhibitors to modulate NF-kB and inflammation, are associated
with many types of cancer, and are involved in chemoresistance,
disease progression, and malignancy (reviewed in [29,33,36]). In
light of these diverse activities of cIAPs, GLMN or the GLMN-
cIAPs axis may become a promising therapeutic target for the
cIAP-related diseases.

Materials and Methods

Macrophages and cells

Primary bone marrow-derived macrophages (BMDMs) obtained
from wild-type (WT) C57BL/6 mice were used in this study. Mice
were housed in a specific pathogen-free facility. All animal stud-
ies followed protocols approved by the Animal Care and Use
Committee of the Institute of Medical Science, The University of
Tokyo (Tokyo, Japan). BMDMs were prepared from femurs and
tibias of mice and cultured for 5 days in RPMI (Gibco) supple-
mented with 30% L-cell supernatant and 10% FCS. For siRNA/
DNA transfection, macrophage cells immortalized by J2 retrovirus
carrying the v-Myc and v-Raf oncogenes were used because such
cells have a very high transfection efficiency. Retroviral super-
natant was harvested from AMJ2-C11 macrophage cell lines
(ATCC CRL-2456) [37]. Immortalized WT macrophages were
generated by infecting primary BMDMs with J2 recombinant
retrovirus. 293T cells were cultured in Dulbecco’s modified
Eagle’s medium (Sigma) containing 10% FCS.
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Bacteria strains and cDNA clones

Shigella flexneri strain YSH6000 [38] was used as the WT strain, and
S$325 (mxiA::TnS) [39] was used as the type III secretion system-
deficient negative control. The Ipa7.8-deficient Shigella strain
(4ipaH7.8) was constructed as previously described [15,40]. The
WT S. enterica serovar Typhimurium SR-11 v3181 and isogenic FliA-
deficient strain (fliA::Tn10; 4fliA) were kindly provided by Dr. Hide-
nori Matsui (Kitasato Institute for Life Science, Tokyo, Japan) [41].
6Myc-tagged cDNA clones of full-length cIAP1, cIAP2, and XIAP in
vector pcDNA3, used in IAP overexpression experiments in macro-
phages and immunoprecipitation studies, were kindly provided by
Dr. Naohiro Inohara (University of Michigan, Ann Arbor, USA).

Antibodies

Rabbit polyclonal antibodies against GLMN and cleaved forms of
caspase-1 (P20) were described previously [18]. Mouse monoclonal
cIAP2 antibody (R&D, MAB817), mouse monoclonal anti-actin
antibody (clone C4, Chemicon, MABI1501), rabbit polyclonal
anti-GAPDH antibody (Sigma), rabbit polyclonal anti-Myc antibody
(A-14, Santa Cruz Biotechnology, sc-789), mouse T7°Tag® mono-
clonal antibody (Merck Millipore, 69522), mouse monoclonal anti-
FLAG antibody (M2, Sigma, F3165), and rabbit polyclonal anti-GFP
antibody (MBL, 598) were purchased from the indicated suppliers.
HRP- or AP-conjugated goat anti-rabbit (Santa Cruz Biotechnology, sc-
2030, sc-2007) and anti-mouse (Santa Cruz Biotechnology, sc-2005, sc-
2008) IgGs were used as secondary antibodies for immunoblotting.
FITC- or TRITC-conjugated goat anti-rabbit and anti-mouse IgGs
(Sigma) were used as secondary antibodies for immunostaining.

Yeast two-hybrid assay

To identify GLMN target protein(s), yeast two-hybrid screening was
performed using the ProQuest Two-Hybrid System (Invitrogen) and
a mouse brain cDNA library (cloned into pPC86 plasmid, Invitro-
gen). Full-length GLMN was cloned into pDBleu plasmid and used
as bait. Saccharomyces cerevisiae strain MaV203 was transformed
with the bait and library plasmids. Activation of the His3 reporter
was assessed by growing yeast in histidine-deficient minimal
medium in the presence of 20-50 mM tri-amino-triazole (3-AT).

Immunoprecipitation

Mouse monoclonal anti-FLAG M2 affinity gel (Sigma), rat mono-
clonal anti-GFP-agarose beads (MBL) or rabbit polyclonal anti-Myc
antibody A-14 (Santa Cruz Biotechnology) were used for immuno-
precipitation. All cell lysates for immunoprecipitation were prepared
using CelLytic M buffer (Sigma) and complete protease inhibitor
cocktail (Roche). For anti-FLAG immunoprecipitation, 293T cells
were cotransfected with 6Myc-tagged cIAPs (or an empty vector
control) and FLAG-tagged GLMN (or an empty vector control) for
20 h, and then, the cell lysates were prepared and mixed with anti-
FLAG M2-conjugated beads. For anti-GFP immunoprecipitation,
293T cells were cotransfected with 6myc-tagged cIAPs and GFP-
tagged IpaH7.8CA, and then, cell lysates were mixed with anti-GFP-
conjugated agarose beads. For anti-Myc immunoprecipitation, 293T
transfectants expressing 6myc-tagged cIAPs and GFP-tagged IpaH7.8
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(or IpaH7.8CA) were lysed in CelLytic M buffer and reacted with
anti-Myc antibody for 1 h and then mixed with protein G Sepharose
(GE Healthcare). After overnight incubation with gentle rotation,
beads were washed with CelLytic M buffer, mixed with SDS sample
buffer (10% glycerol, 0.1% bromophenol blue, 62.5 mM Tris-HCl,
pH 6.8, 5% 2-mercaptoethanol, and 2% SDS) and boiled at 100°C
for 6 min. The samples were subjected to immunoblot analysis with
anti-Myc, anti-GFP, anti-GLMN, and anti-cIAP2 antibodies.

Immunofluorescence staining

For immunofluorescence studies, infected cells were fixed and
immunostained as previously described [18], and images were
captured in a single confocal plane with a confocal laser-scanning
microscope (Carl Zeiss).

Bacterial infection

The procedure for Shigella infection was described previously
[9,18]. Shigella strains were pre-cultured overnight in Mueller—
Hinton broth (Difco) at 30°C. Bacterial cultures were inoculated into
brain-heart infusion broth (Difco) and incubated for 2 h at 37°C
prior to infection. Macrophages were stimulated with 0.1 pg/ml LPS
(from E. coli O55:B5, Sigma) for 2 h and then infected with Shigella
at an MOI of 5-10. The plates were centrifuged at 700 g for 5 min to
synchronize infection, and gentamicin (100 pg/ml) and kanamycin
(60 pg/ml) were added after 20 min. At the indicated times after
infection, cytokine levels in culture supernatants were measured
using specific ELISA kits (R&D Systems, eBioscience). Active forms
of caspase-1 (P20) were assessed by immunoblotting. To compare
protein levels, bands were quantitated by densitometry, analyzed
using the ImageJ software, and normalized against actin or GAPDH
protein levels. Error bars represent standard deviations.

Stimulation of Nirp3 and AIM2 inflammasomes

Si0, (Sigma), alum (Sigma), and monosodium urate (MSU,
Adipogen) were used to stimulate the Nlrp3 inflammasome. Macro-
phages were seeded overnight in a CO, incubator at 37°C. They
were pre-stimulated with 0.1 pg/ml LPS for 2 h to upregulate IL-1§
mRNA levels and then treated with SiO,, alum, and MSU. To stimu-
late the AIM2 inflammasome, macrophages were transfected with
poly (dA:dT; Sigma) or plasmid DNA using Lipofectamine 2000
(Invitrogen). After stimulation for 24 h, supernatants were
collected, and cytokine levels were measured by ELISA.

siRNA and DNA transfection

siRNA/DNA transfection into macrophages was performed on an
Amaxa Nucleofector system (Lonza) using Kit V and program
D-032. siRNAs specific for mouse cIAP1, cIAP2, XIAP, and GLMN
were prepared by RNAI Inc. (Tokyo, Japan). Non-targeting siRNAs
were purchased from Dharmacon. For siRNA transfection, two to
four siRNAs per targeting gene were constructed, mixed, and trans-
fected into cells to increase the knockdown efficiency. Two days
after siRNA nucleofection, cells were infected with bacteria or
treated with stimulators. For overexpression of cIAP1, cIAP2, and
XIAP, macrophages were nucleofected with pcDNA vectors carrying
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cDNAs of cIAP1, cIAP2, and XIAP. One day after nucleofection, cells
were subjected to the experiments. For transfection into 293T cells,
FuGENE 6 (Roche) or Lipofectamine 2000 (Invitrogen) was used.
The standard error was calculated based on at least three indepen-
dent experiments.

RT-PCR

Total RNA was prepared from cells using the RNeasy mini kit (Qia-
gen) and RNAse-free DNase (Qiagen). To prepare templates for
PCRs, total RNA was converted to cDNA using the SuperScript™ III
First-Strand Synthesis System (Invitrogen) with random hexamers.
cDNA templates (100 ng) were used for PCRs with Ex Tag DNA
polymerase (TaKaRa) and specific primer sets. Bands were scanned,
and their intensities were quantitated using the ImageJ software.
mRNA levels were normalized against the corresponding level of
actin mRNA.

Generation of KO cells using the CRISPR-Cas9 system

cIAP1-KO, cIAP2-KO, cIAP1/2-double KO, and XIAP-KO macro-
phages were generated using the IDT Alt-R® CRISPR—Cas9 System
(Integrated DNA Technologies). CRISPR-Cas9 ribonucleoprotein
(RNP) complex, containing Alt-R® CRISPR-Cas9 crRNA:tracrRNA
and a Cas9 enzyme, was prepared following the manufacturer’s
instructions. Two RNA oligos (ctrRNA and tracrRNA) were mixed in
equimolar concentrations in a tube to a final duplex concentration
of 100 uM. The tube was heated at 95°C for 5 min and then cooled
to room temperature to allow for the formation of the crRNA:-
tracrRNA duplex. The duplex was diluted in PBS and incubated with
purified recombinant Streptococcus pyogenes Cas9 nuclease (Inte-
grated DNA Technologies) at room temperature for 10-20 min to
form the RNP complex. Subsequently, the CRISPR-Cas9 RNP
complex was delivered into immortalized WT macrophages by elec-
troporation using the Amaxa® Nucleofector® system (Lonza). The
same molar concentration of Alt-R Cas9 electroporation enhancer
(Integrated DNA Technologies) was added to improve electropora-
tion efficiency. After incubation for 2 days, individual cells were
isolated by limiting dilution. Isolated cells were expanded, and
Cas9-mediated mutagenesis of the target genes was confirmed by a
T7E1 assay following the manufacturer’s protocol (Integrated DNA
Technologies).

In vitro ubiquitination assays

In vitro ubiquitination assays were performed as previously
described [18]. Samples were analyzed by immunoblotting using
anti-cIAP2 and anti-GLMN antibodies.

Expression and purification of recombinant proteins

Point-mutated strains of IAPs-RING domains (amino acid residues
composing the VSV(I)V motif were replaced with another amino
acids) were created with a QuikChange site-directed mutagenesis kit
(Agilent Technologies). To express GST-fusion proteins, E. coli BL21
Rosetta (DE3) strain harboring the pGEX-6P-1 derivatives was
cultured for 8 h at 25°C in L-broth supplemented with ampicillin
(50 g/ml). Protein expression was induced by adding 1 mM IPTG
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and incubating the cells for 20 h at 25°C. Bacteria were disrupted by
sonication and lysozyme treatment. GST-fusion proteins were puri-
fied by affinity chromatography with Glutathione Sepharose 4B (GE
Healthcare). The GST tag was removed by treating the beads that
had bound the GST-fusion protein with PreScission protease (GE
Healthcare).

GST-pulldown assay

Cell lysates of transfectants were prepared using CelLytic M buffer
(Sigma) containing complete protease inhibitor cocktail (Roche).
Glutathione Sepharose 4B beads (GE Healthcare) bound to GST-
fusion proteins or control GST were mixed with lysates and incu-
bated overnight at 4°C. The beads were then washed with CelLytic
M buffer and analyzed by immunoblotting.

Statistical analyses

The error bars represent the standard deviation (SD) of the measure-
ments. Statistical analyses were performed using the Mann-Whitney
U-test. Differences were considered significant at P < 0.05. All
results shown in figures are representative of at least three indepen-
dent experiments.

Expanded View for this article is available online.
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