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SUMMARY

IRGM, encoded by a uniquely human gene conferring risk for inflammatory diseases, affects
autophagy through a hitherto unknown mechanism. Here we show how IRGM controls autophagy.
IRGM interacts with ULK1 and Beclin 1 and promotes their co-assembly thus governing the
formation of autophagy initiation complexes. We further show that IRGM interacts with pattern
recognition receptors including NOD2. IRGM, NOD2 and ATG16L1, all of which are Crohn’s
disease risk factors, form a molecular complex to modulate autophagic responses to microbial
products. NOD2 enhances K63-linked polyubiquitination of IRGM, which is required for
interactions of IRGM with the core autophagy factors and for microbial clearance. Thus, IRGM
plays a direct role in organizing the core autophagy machinery to endow it with antimicrobial and
anti-inflammatory functions.

INTRODUCTION

Autophagy is a cellular homeostatic mechanism with broad roles in human health and
disease (Mizushima et al., 2008). Autophagy is at the intersection of metabolic (Mizushima
et al., 2008) and anti-microbial processes (Deretic et al., 2015; Levine et al., 2011). Thus,
the system responds to a range of inputs such as starvation (Mizushima et al., 2008), and
endogenous danger associated molecular patterns and microbial products commonly referred
to as pathogen-associated molecular patterns (PAMPS) (Deretic et al., 2015). Autophagic
responses to PAMPS lead to direct antimicrobial action through a process termed xenophagy
and control of inflammation and other immune processes (Deretic et al., 2015; Levine et al.,
2011).
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Among the better-established links between autophagy and human diseases are the genetic
polymorphisms in ATG16L1 and IRGM conferring risk for Crohn’s disease (CD), an
intestinal inflammatory disorder (Consortium, 2007; Craddock et al., 2010). The human
population polymorphisms in IRGM have been linked to autophagy (Consortium, 2007;
Craddock et al., 2010) and to its effector outputs including direct antimicrobial defense
(Brest et al., 2011; McCarroll et al., 2008). In keeping with its autophagy-mediated
antimicrobial role, IRGM is additionally a genetic risk factor for tuberculosis in different
human populations (Intemann et al., 2009; Song et al., 2014) and may afford protection in
leprosy (Yang et al., 2014). However, the molecular mechanism of IRGM’s function in
autophagy has remained a mystery.

IRGM has no homologs among the Atg genes in yeast, which makes it difficult to assign to
it an autophagy-specific function; instead, IRGM has been considered to affect autophagy
indirectly (Singh et al., 2006; Singh et al., 2010). A complicating factor in understanding the
exact function of IRGM is that it is distinctly a human gene (Bekpen et al., 2009). Its
orthologs are present only in African great apes and Homo sapiens but active alleles are
absent in ancestral evolutionary lineages leading up to them (Bekpen et al., 2009). The
mouse genome encodes a large family of immunity related GTPase (21 IRG genes)
compared to a single gene (IRGM) in humans; furthermore, all murine IRGs encode ~40-
kDa proteins that are much larger than the human IRGM (21 kDa). The prevailing view of
the murine IRGs is that they have predominantly non-autophagy functions (Choi et al.,
2014). Thus the significant information gathered in the murine systems may have limited
import on how the human IRGM works.

Given the significance of IRGM in human populations and the notoriously high prevalence
of diseases such as CD and tuberculosis, it is surprising that IRGM’s mechanism of action in
autophagy remains unknown. Here we report that IRGM physically interacts with key
autophagy regulators, ULK1, Beclin 1, ATG14L and ATG16L1. We also show that IRGM
links inputs from PAMP sensors by making molecular complexes with NOD2, another
genetic risk factor in CD (Hugot et al., 2001; Ogura et al., 2001). The formation of NOD2-
IRGM complex is stimulated in response to PAMPSs, whereas increased association of
NOD2 with IRGM promotes IRGM-directed assembly of autophagy regulators.

IRGM activates the core regulators of autophagy

Prior work has indicated that IRGM affects autophagy through processes influencing
mitochondrial function, including mitochondrial fission and membrane potential collapse
(Singh et al., 2010). Similar changes in mitochondrial function often lead to AMPK
activation (Romanello et al., 2010; Turkieh et al., 2014). Thus, we tested the activation
status of AMPK. A knockdown of IRGM reduced the total amounts of AMPK in both
control or starved cells (Figure 1A) and decreased the levels of the activated form of AMPK
phosphorylated at Thr-172 (Figure 1A). Overexpression of IRGM increased levels of
Thr-172 phosphorylated AMPK (Figure 1B).

Mol Cell. Author manuscript; available in PMC 2016 May 07.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chauhan et al.

Page 3

AMPK has been previously shown to induce autophagy by directly phosphorylating ULK1
(Egan et al., 2011; Kim et al., 2011) and Beclin 1(Kim et al., 2013). When we tested the
phosphorylation status of ULK1 and Beclin 1, we observed that the expression of IRGM,
which caused induction of autophagy (Figure S1A), enhanced phosphorylation at activating
sites of Beclin 1 at Ser93/96 (Kim et al., 2013), and ULK1 at Ser-555 (Egan et al., 2011) and
at Ser-317 (Kim et al., 2011) (Figure 1B,C).

IRGM assembles the core regulatory machinery for autophagy

The entire signaling cascade described above could explain how IRGM induces autophagy,
e.g. by its effects on AMPK and activation of downstream autophagy regulators. However,
IRGM showed a further, more direct role by interacting with the key regulators of
autophagy. We found that IRGM co-immunoprecipitated and co-localized with both
endogenous and overexpressed ULK1 and Beclin 1 (Figure 1D-G and S1B-C) but not with
AMPK (Figure S1D). IRGM complexes with ULK1 were enriched for the activated,
AMPK-dependent Ser-317, form of ULK1 relative to the inhibitory, mTOR-dependent,
Ser-757 form (Figure 1H). Furthermore, expression of IRGM enriched ULK1 in the
immunoprecipitated Beclin 1 complexes (Figure 11 and S1G). In keeping with this, cells
overexpressing IRGM also showed increased Beclin 1 Ser-15 phosphorylation, the
phosphorylated form of Beclin 1 dependent on ULK1 activity (Kim et al., 2013) (Figure 1J).

IRGM determines the composition of the Beclin 1 complex

We found that IRGM complexes also included autophagy-enhancing Beclinl interactors,
AMBRAL (Figure 1D and S1E), ATG14L (Figure 1K) and UVRAG (Figure S1F) but not
the autophagy inhibitory factor Rubicon (Figure S1F) (Fimia et al., 2007; Itakura et al.,
2008; Matsunaga et al., 2009). Next, we mapped Beclin 1 regions required for interaction
with IRGM (Figure 1M). IRGM interacted with two Beclin 1 regions: (i) BH3-containing 1-
125 N-terminal portion, and (ii) a segment encompassing CCD and ECD, whereas it did not
bind to the intervening CCD domain alone (Figure 1L,M).

Incidentally, two Beclinl negative regulators Bcl-2 and Rubicon bind respectively to the
regions spanning Beclin 1’s BH3 domain and Beclin 1’s CCD and ECD domains, whereas
ATG14L, a factor enabling Beclin 1 to activate the initiation complex (Kim et al., 2013),
binds to the CCD domain of Beclin 1(Sun et al., 2008). This domain occupancy on Beclinl
is compatible with simultaneous binding of IRGM and ATG14L and exclusion of autophagy
negative regulators. When IRGM was overexpressed, it dis-enriched Rubicon and Bcl-2
from Beclin 1 and enriched ATG14L in Beclin 1 complexes (Figure 1N).

The above data indicate that IRGM forms protein complexes with the central regulators of
autophagy and activates Beclin 1 by displacing its negative regulators (Figure 10, Right).
This, taken together with IRGM’s ability to sponsor the phosphorylation cascade that
activates ULK1 and Beclin 1, shows how IRGM promotes autophagy (Figure 10, Left).

IRGM affects levels of autophagy regulators

As observed with AMPK (Figure 1A), IRGM affected the levels of a number of other
autophagy regulators. IRGM knockdown in U937 monocytic cells (Figure S2A) reduced
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total amount of ULK1 (Figure 2A,B, Figure S2B), ATG14L (Figure 2C, Figure S2B), and
AMBRAL1 (Figure 2C, Figure S2B). In contrast to the above suite of autophagy regulators,
Beclin 1 was not affected (Figure S2C). In addition to Beclin 1, IRGM did not alter
cytoplasmic levels of ATG5-ATG12 conjugates (Figure 2C). However, the physical
organization of ATG5-ATG12 was affected, since the numbers of its puncta, revealed by
ATG5 immunofluorescence, were reduced upon IRGM knockdown (Figure 2D).

ATGS5 puncta formation is governed by ATG16L1 (Mizushima, 2003). We thus looked at
the effects of IRGM on ATG16L1 levels and observed that they were reduced in IRGM
knockdown cells (Figure 2E,F). This prompted us to test whether IRGM might interact with
ATG16L1. IRGM was in complexes with endogenous Atg16L1 (Figure 2G). Further
domain mapping showed that IRGM primarily interacted with the WD repeats region of
ATG16L1 (Figure 2H,1). The residual weak interaction between IRGM and ATG16L1
outside of the WD repeats (construct ATG16L.1(1-341)) was not due to FIP200, previously
shown to bridge ATG16L1 with ULK1 (Gammoh et al., 2013) since interaction was not
reduced upon FIP200 knockdown, and if anything was slightly increased (Figure S2D). In
summary, in addition to directing the assembly of key autophagy-specific regulators, IRGM
also stabilizes them. Furthermore IRGM interacts with and stabilizes ATG16L1, a
component of the ATG5-Atg12/ATG16L1 E3 complex, which governs LC3 conjugation and
autophagosome formation (Mizushima, 2003).

Expression of IRGM and its assembly with autophagy factors responds to microbial

signals

Infection with CD-associated adhesive invasive Escherichia coli (AIEC) LF82 (Lapaquette
et al., 2010) or treatment with LPS or muramyl dipeptide (MDP) induced IRGM expression
in U937 cells (Figure 3A-C). The induction of IRGM was similar to other physiological
inducers of autophagy: starvation and IFN-y (Gutierrez et al., 2004) which acted in a cell
type-dependent manner, and, in the case of starvation, showed AMPK dependence (Figure
3D, Figure S3A-I). When autophagy was induced by LPS (Figure S3J) or MDP (Figure
S3K) (Cooney et al., 2010), a knockdown of IRGM (Figure S3L) precluded LC3B-II
conversion and LC3B puncta formation in response to these stimuli (Figure 3E-H). Thus,
IRGM is required for autophagy elicited by microbial products.

In experiments with endogenous proteins, we could not detect interactions of IRGM with
ULK1 and ATG16L1 under basal conditions (Figure 31, untreated lane). However, when a
monocytic cell line (THP-1) was infected with E. coli LF82, immunoprecipitates of
endogenous IRGM contained ULK1 and ATG16L1 (Figure 31, AIEC lane). Similar effects
were observed with MDP and LPS (Figure 31). Of note, MDP (a NOD2-cogante ligand) was
a stronger promoter of these effects than LPS. In contrast to ULK1 and ATG16L1, which
showed interactions with endogenous IRGM only in samples from cells infected or treated
with MDP or LPS, AMBRAL showed association with endogenous IRGM even under basal
conditions (Figure 31). Thus, exposure of cells to microbes or their products affects IRGM
expression and also influences interactions with the autophagic apparatus (Figure 3J).

Mol Cell. Author manuscript; available in PMC 2016 May 07.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chauhan et al. Page 5

Three Crohn’s disease risk factors, NOD2, IRGM, and ATG16L1 interact

A known receptor for MDP is NOD?2, a risk factor for familial CD (Ogura et al., 2001).
Furthermore, ATG16L1, harboring an important CD-associated polymorphism (Consortium,
2007), interacts with NOD2 (Cooney et al., 2010; Travassos et al., 2010). Hence, we
wondered whether IRGM, a third genetic CD risk factor (incidentally co-discovered with
ATG16L1) (Consortium, 2007), is a part of this complex. Endogenous and overexpressed
IRGM immunoprecipitates contained both NOD2 and ATG16L1 (Figure 4A, B). IRGM
increased interactions between NOD2 and ATG16L1 (Figure S4A). In contrast, co-
expression of NOD2 did not affect IRGM-ATG16L1 interactions (Figure S4B), suggesting
that IRGM is important for promoting the assembly of the tri-partite complex.
Morphologically, NOD2 co-expression changed IRGM intracellular distribution from
diffuse cytosolic to punctate (Figure S4C). A subset of these profiles colocalized with
mitochondrial markers (Tom20; Figure S4D, E), in keeping with a partial NOD2
colocalization with mitochondrial antiviral signaling protein MAVS (Sabbah et al., 2009),
and the previously reported partial IRGM localization to mitochondria (Singh et al., 2010).

All three factors, IRGM, ATG16L1, and NOD2 co-localized in co-transfected cells (Figure
4C). Mapping of interaction domains revealed that association of IRGM with NOD2 is
likely a regulated event. A region containing the two CARD domains of NOD2 was required
for IRGM interaction (Figure 4D,E). A deletion of the LRR domains in NOD2 enhanced
interactions between IRGM and NOD?2 (Figure 4D,E). The LRR domain region is known to
be inhibitory to the previously established NOD?2 activities (Tanabe et al., 2004) by keeping
NOD?2 in a closed conformation until it is activated through stimuli such as MDP (Tanabe et
al., 2004). IRGM and NOD?2 interaction was confirmed by proximity ligation assay (PLA;
Figure S4F), which reports direct protein-protein interactions in situ. Positive PLA readouts
of direct in situ interactions between proteins appear as fluorescent dots, the products of in
situ PCR that generates a fluorescent product physically attached to antibodies against the
two proteins that are <16 nm (FRET distance) apart. A deletion of the CARD domains in
NOD2 reduced the NOD2-IRGM PLA signal (Figure S4F), in keeping with the importance
of CARD:s for the interactions between IRGM and NOD2. We carried out additional
interaction experiments with purified GST-IRGM protein (Singh et al., 2010), prepared from
insect cells (Figure S4G, isoform d, used in all experiments in this work), and Flag-NOD2
(full length and its variants ACARD and ALRR) prepared from 293T overexpressing cells.
The results show that IRGM interacts with full length NOD2 and ALRR NOD2, but not with
ACARD NOD?2 (Figure 4F). These findings demonstrate that the NOD2 CARD domain is
key for interactions with IRGM.

Fluorescently labeled MDP co-localized with NOD2 and IRGM in the cells (Figure 4G). In
the presence of MDP, interactions between IRGM and NOD2 were enhanced (Figure 4H).
These findings are consistent with the inhibitory action of LRRs in the resting state of
NOD?2, and with the observation that following activation with MDP, NOD2 becomes
available for interactions with IRGM (Figure 41). In summary, IRGM, NOD2, and
ATG16L1 form a complex, with IRGM-NOD2 assembly being controlled by MDP, thus
rendering the IRGM autophagy-promoting system responsive to microbial products.
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NOD2 enhances IRGM interactions with ULK1 and Beclin 1

NOD?2 affected IRGM quaternary structure. Co-expression of NOD2 and IRGM induced
IRGM oligomerization within protein complexes (Figure 5A). NOD2 furthermore promoted
interactions between IRGM and ULKZ1 as well as between IRGM and Beclin 1 (Figure
5B,C). Incidentally, NOD2 was also found in complexes with ULK1 (Figure S5A). IRGM
co-expression increased ULK1-NOD2 complexes (Figure S5A). Thus, NOD2 modulates
IRGM interactions with ULK1 and Beclin 1, in contrast to the above-described (Figure S4B)
absence of NOD2 effects on IRGM-ATG16L1 complex formation. Based on these and
above observations, IRGM is a pivotal organizer of the core parts of the autophagy initiation
machinery (ULK1/Beclinl and ATG16L 1) along with NOD2.

Polyubiquitination of IRGM promotes its assembly with ULK1 and Beclin 1

In the co-immunoprecipitation experiments of NOD2 with IRGM, we observed the presence
of multiple GFP-IRGM bands (Figure S5B). NOD2 is known to promote ubiquitination of
several target proteins (Abbott et al., 2007; Hasegawa et al., 2008). We tested whether
IRGM was ubiquitinated and observed that it can be polyubiquitinated whereas NOD2
enhanced IRGM ubiquitination (Figure 5D). To determine which ubiquitination linkage was
involved, we co-expressed GFP-IRGM with two HA-tagged ubiquitin variants, one that can
be ubiquitinated only at K63 and another one that can be ubiquitinated only at K48. The
IRGM ubiquitination showed a much stronger signal with the HA-Ub-K63 (Figure 5E).
Endogenous IRGM as well as a construct with a tag smaller than GFP (V5 tag; IRGM-V5)
were K63 polyubiquitinated (Figure S5C, S5D). The K63 ubiquitination of IRGM was
strongly enhanced in the presence of NOD2 (Figure 5E). Overexpression or downregulation
of TRAF6, an E3 ligase known to work in concert within the NOD2 pathway (Abbott et al.,
2007; Yang et al., 2007) increased or decreased IRGM ubiquitination (Figure S5E and S5F)
suggesting a role for TRAF6 in IRGM ubiquitination. However, TRAF6 knockdown
destabilized NOD?2, so it was not possible to conclude that TRAF6 was the only E3 ligase
responsible for IRGM ubiquitination. Next, we mapped which of the NOD2 domains are
necessary for effective ubiquitination of IRGM, and found that deletion of the CARD
domain in NOD2 prevented IRGM ubiquitination, consistent with IRGM’s ability to bind to
that region of NOD2 (Figure 5F). Moreover, when the CARD domain of NOD2 was
expressed alone, it enhanced IRGM K63 ubiquitination (Figure 5F).

Mutation of either individual or small clusters of K (Lys) residues in IRGM did not prevent
K-63 linkage ubiquitination of IRGM in the presence of NOD2 (Figure S5G). In the absence
of NOD?2, the low level ubiquitination (see Figure 5E) of the same series of K mutants of
IRGM also persisted (Figure S5H). A similar phenomenon, i.e. an absence of a dominant
ubiquitination residue, has been described for several proteins including p53 (Chan et al.,
2006) and cyclins (Fung et al., 2005). Paradoxically, mutation of the K-23/K-27 cluster in
IRGM, enhanced K-63 linkage ubiquitination (Figure S5H); it nevertheless reduced K-48
linked ubiquitination (Figure S51) suggesting that K-23/K-27 cluster may be a dominant
K-48 ubiquitination site, and that its elimination enhances K-63 ubiquitination of IRGM.
Thus, multiple K residues in IRGM are K63-ubiquitinated. When we mutated all twelve
lysine residues in IRGM (IRGM-KMUt: K residues converted to R), the GFP-IRGM fusion
lost ubiquitination capacity (Figure 5G). Nevertheless, GFP-IRGM-K™Ut still bound
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ATG16L1 equally well as the wild type IRGM (Figure 5I). In contrast to its unaltered
association with ATG16L1, GFP-IRGM-K™Ut showed a reduced ability to oligomerize
within protein complexes (revealed by using IRGM with two different tags; Figure 5H) and
displayed diminished capacity for interactions with ULK1, Beclin 1 and AMBRA1 (Figure
51). In addition, NOD2 could not increase Beclin 1-IRGM-K™MUt interactions, although
NOD?2 increased Beclin 1 interactions with wild type IRGM (Figure S5J). Thus,
polyubiquitination of IRGM is important for the assembly of the core regulatory machinery
centered on ULK1 and Beclin 1, and this modification of IRGM is under the control by
NOD?2.

Polyubiquitinated IRGM inversely controls NOD2 and ULK1 protein levels

We observed that co-expression of GFP-IRGM had an effect on NOD2 protein amount, by
diminishing its levels relative to control (Figure 6A). IRGM promoted NOD2 degradation,
which was partially blocked by bafilomycin A1, commonly used to inhibit autolysosomal
degradation (Figure 6B). The IRGM-KMt variant of IRGM displayed a decreased ability to
commit NOD2 for degradation (Figure 6C). In contrast to the destabilizing effects of IRGM
on NOD2, expression of IRGM increased co-expressed myc-ULK1 in a dose-dependent
manner (Figure 6D). The total amount of ULK1 was not increased when the IRGM-KMUt
variant was co-expressed (Figure 6E). This effect was ULK1-specific, since Beclin 1 levels
were not affected when IRGM vs IRGM-KMUt were compared, corroborating with a related
finding that IRGM did not affect Beclin 1 stability (Figure S3B). Thus, polyubiquitinated
IRGM protects ULK1 and promotes degradation of NOD2 (Figure 6F). This represents a
negative feedback regulatory loop, which induces autophagy but at the same time limits
NOD2’s ability to continue unabated stimulation of this process (Figure 6G).

IRGM affects antimicrobial and inflammatory outputs and interfaces with several innate
immunity systems

IRGM has been shown to control intracellular bacteria (Brest et al., 2011; McCarroll et al.,
2008](Singh et al., 2006). Using a model system of transfected epithelial cells previously
developed by others (Brest et al., 2011; Lapaquette et al., 2010) for monitoring autophagic
handling of invasive bacteria, we tested how IRGM-K™MU, the mutant form of IRGM
disabled for ubiquitination and examined for its effects in molecular relationships above,
affected a subset of IRGM’s immune outputs. Co-expression of NOD2 with IRGM-KMut
resulted in increased NF-xB p65 nuclear translocation in response to E. coli LF82 (a CD
isolate of adherent invasive E. coli) (Lapaquette et al., 2010) relative to NOD2 co-
expression with IRGM wild type (Figure 7A,B, Figure S6A). Consistent with this
observation, a monocytic cell line THP-1 infected with E. coli LF82 showed elevated pro-
inflammatory response (increased IL-1f transcription) when IRGM was knocked down
(Figure 7C, Figure S6B). The increased NF-kB response with IRGM-K™Ut (Figure 7A,B)
was mirrored in the effects of expressing IRGM or IRGM-K™MUt on bacterial survival,
reflected in the diminished ability of IRGM-K™MU to control E. coli LF82 (Figure S6C).
Although IRGM expression on its own enhanced bacterial elimination, this was increased by
co-expression with NOD2, an effect that was diminished when IRGM-K™Ut was employed
(Figure S6C). Although the overall magnitude of the effects on bacterial killing was subtle,
it was in keeping with the known limitations of the system (Brest et al., 2011; Lapaquette et
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al., 2010) as reflected in its maximum output (upon starvation induction) of bacterial control
by autophagy (Figure S6D). Based on the above experiments with IRGM-K™Ut the
properties of IRGM that are essential for the assembly of the core autophagy machinery
affect its antimicrobial and inflammatory outputs.

We also tested localization of IRGM relative to the CD isolate E. coli LF82 (Lapaquette et
al., 2010). We observed that without the co-expression of NOD2, IRGM had a diffuse
cytosolic localization even when the cells were infected with bacteria (Figure S7A).
However, when NOD2 was co-expressed with GFP-IRGM, IRGM was recruited to the
invading bacteria (Figure S7B), in keeping the previously observed recruitment of
ATG16L1 and NOD?2 to bacterial entry sites (Travassos et al., 2010). While studying IRGM
interacting partners, we observed a further ability of IRGM to engage other pattern
recognition receptors (PRRs), such as NOD1, RIG-I, and TLR3 (Figure 7D-F). In contrast,
IRGM did not interact with TLR4 (Figure S7C). Similarly to NOD2, NOD1, RIG-I, and
TLR3 induced IRGM ubiquitination (Figure 7G). In conclusion, not only does IRGM
assemble the core autophagy machinery to control innate immune responses to NOD2
agonists, but IRGM potentially has a broader repertoire of interactors among the PRR
systems.

DISCUSSION

In this study we have shown that human IRGM, hitherto believed to have indirect effects on
autophagy, directly governs the assembly of the principal autophagy regulators.
Furthermore, it physically links the microbial sensors, including NOD2, to the core
autophagic apparatus. This solves the long-standing puzzle regarding how IRGM works, and
places it mechanistically at the center of action in autophagic responses to microbes.

IRGM assembles ULK1 and Beclin 1 in their activated forms to promote autophagy. Of
relevance for how these proteins become activated is that IRGM also stimulates AMPK by
stabilizing it in its Thr-172 phosphorylated form, which is required for AMPK activation
(Mihaylova and Shaw, 2011). This is likely due to effects of IRGM on mitochondria (Singh
et al., 2010), which activates AMPK (Romanello et al., 2010; Turkieh et al., 2014), and may
involve specific kinases upstream of AMPK including TAK1 (Criollo et al., 2011) and
CAMKKSp (Hoyer-Hansen et al., 2007) that have been shown to phosphorylate AMPK at
Thr-172 (Mihaylova and Shaw, 2011) and activate autophagy (Criollo et al., 2011; Hoyer-
Hansen et al., 2007). The stabilization of phospho-Thr-172 AMPK likely contributes to
AMPK-dependent phosphorylation and activation of ULK1 (Egan et al., 2011; Kim et al.,
2011) and Beclin 1 (Kim et al., 2013). Consistent with this, IRGM increases total activated
ULK?1 phosphorylated at Ser-317 and Ser-555 by AMPK (Egan et al., 2011; Kim et al.,
2011), and the activated form of Beclin 1 that is phosphorylated at Ser-15 by ULK1 (Kim et
al., 2013) and at Ser-93 and Ser-96 by AMPK (Kim et al., 2013). IRGM has a second effect
on autophagic regulators by assembling the activated ULK1 with Beclin 1. Thus, IRGM
promotes phosphorylation cascade of key autophagy regulators and assembles them into
autophagy initiation complexes (Figure 7J).
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Of interest is that IRGM increases levels of a number of autophagy regulators (ULK1,
ATG14L, AMBRAL, and ATGL1) but does not affect the stability of others (Beclin 1 and
the ATG5-ATG12 complex). The apparent absence of effects on Beclin 1 stability may be
explained by the bulk of Beclin 1 being predominantly in non-autophagy related hVPS34
complexes whereas ATG14L-associated Beclin 1 represents a minority of Beclin 1 species
in the cell (Kim et al., 2013). IRGM also has an effect on NOD2 levels. However, IRGM
reduces NOD?2 levels, in contrast to IRGM-dependent stabilization of autophagy regulators.
We interpret this dichotomy as a part of the well tuned circuitry in response to microbial
challenge: whereas autophagy is activated as an antimicrobial effector mechanism, the
stimulatory inputs into the system mediated by NOD2 are downregulated lest the system
overcommits, which in turn may result in detrimental consequences for the host. PAMP (e.g.
MDP) tolerance is an important mechanism to avoid septic shock, which is in part achieved
by NOD?2 degradation (Zurek et al., 2012).

It has been previously shown that ATG16L1 and NOD?2 interact (Cooney et al., 2010;
Travassos et al., 2010). This has placed two of the Crohn’s disease-genetic risk factors
together, but has left the role of IRGM unexplained. The data presented here show that
IRGM is in complexes with ATG16L1 and NOD2 and that IRGM enhances assembly of
Atgl6L1 with NOD2. Moreover, IRGM affects the stability of each of the components of
this complex. Although bringing ATG16L1 to the bacterial entry site marked by NOD?2 is a
previously known important step (Travassos et al., 2010), how this links up with the core
autophagy regulators including ULK1 and Beclin 1 has not been addressed in prior studies.
In this work we show that IRGM plays that bridging role by stimulating phosphorylation
and activation of key autophagy regulators and placing them together with ATG16L1
(Figure 7J). This point is not trivial, as for example it has not been easy to connect the two
seemingly separate systems of autophagy initiation: ULK1-Beclinl complexes vs. LC3-11
conjugation and localized autophagosomal membrane build up. Only recently a part of this
key issue has been solved for conventional (non-immunological) autophagy by showing that
ATG16L1 and WIPI2 directly interact (Dooley et al., 2014), with WIPI2 recognizing the
lipid modification products of the Beclin 1-directed hVPS34 activity. We propose here that
IRGM acts with a similar purpose by bridging ULK1-Beclin 1 complexes with the
autophagy conjugation machinery, as shown here for ATG16L1. This can additionally
explain why ATGS5 is found in IRGM complexes (Gregoire et al., 2011).

Ubiquitination has been implicated in autophagy in several ways primarily in targeting of
substrates for autophagic elimination (Stolz et al., 2014). However, the role of K63-linked
polyubiquitination has also begun to be appreciated as a mechanism for stabilization of large
autophagy-initiating complexes (Nazio et al., 2013; Shi and Kehrl, 2010). Polyubiquitination
of IRGM and its role in autophagy (Figure 7J) does not play a role in targeting substrates for
autophagy; instead, it stabilizes multi-protein autophagy initiation complexes. The
ubiquitination of IRGM is under the control by NOD2. NOD2 enhances association of
ubiquitination-competent IRGM with ULK1 and Beclin 1, whereas NOD2 has no similar
effect on the ubiquitination-null mutant of IRGM (IRGM-KMUt), Importantly, IRGM-KMUt
retains certain activities: it maintains the ability to bind ATG16L1 equally well as the
ubiquitination-competent IRGM.
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IRGM gene expression is cell-type dependent and responds to both starvation and microbial
products. IRGM is particularly inducible in cells (intestinal epithelial cells and macrophages)
derived from tissues affected in diseases where IRGM has been implicated as a genetic risk
factor: CD and tuberculosis (Consortium, 2007; Craddock et al., 2010; Intemann et al.,
2009). PAMPs induce autophagy in macrophages through IRGM linking the PAMP
detection by NOD2 with the autophagic machinery activation (Figure 7J). IRGM controls
not just initiation of autophagy but may also affect its maturation. IRGM complexes include
UVRAG, a regulator of autophagic maturation (Itakura et al., 2008). IRGM displaces
Rubicon, known to inhibit maturation complexes (Matsunaga et al., 2009). Thus, IRGM
controls several points along the autophagy pathway and contributes to efficient xenophagy.

In conclusion, IRGM orchestrates antimicrobial autophagic responses. We have shown here
how IRGM does that and what are the exact molecular processes that IRGM controls. This
explains the hitherto mysterious role of IRGM in autophagy, places it at the center of
molecular complexes controlling and executing autophagy, and molecularly connects
biological inputs with autophagic outputs. Finally, our findings indicate that IRGM links up
not only with NOD2 but also with several other PRRs, such as NOD1, RIG-I and TLR3.
Thus, IRGM and possibly its distant IRG homologs in other vertebrates may act as
transmission modules between a selective sub-repertoire of innate immune responses and the
autophagy machinery.

EXPERIMENTAL PROCEDURES
Antibodies, plasmids, and siRNA

Antibodies were from Cell Signaling (AMPK, AMPK Thr-172, ULK1, ULKZ1 p-Ser 317, p-
Ser 757, p-Ser555, NOD2, Beclin 1 p-Ser-93/96 and ATG5), MBL international corp.
(ATG16L1, ATG14L, Rubicon and UVRAG), Abcam (GFP, IRGM, LPS, TRAF6 and
BCL2), Sigma (LC3B, Flag), Millipore (V5 tag and HA tag), Abbiotec (Beclin 1 p-Ser15)
and Novus biological (AMBRAL). GFP-tagged IRGM expression plasmid (GFP-IRGMd)
was described previously (Singh et al., 2010). GFP-IRGM-K™MUt was generated from GFP-
IRGM(d plasmid by replacing wild type IRGMd gene with synthetic mutated IRGMd gene
(GeneScript) with all lysine residues mutated to arginine. Flag-IRGM and IRGM-V5 were
generated by Gateway cloning (Life technologies). HA-UbiquitinC, HA-UbiquitinC-K63
(all lysine mutated except K63, Plasmid 17606), HA-UbiquitinC-K48 (all lysine mutated
except K48, Plasmid 17605), Flag-TLR3 (Plasmid 13084) and YFP-TLR4 (Plasmid 13018)
were from Addgene. Flag-NOD?2 and variants were from Dr. Thomas Kufer (University of
Cologne, Germany). Flag-ATG16L1 and variants were from Dr. Ramnik Xavier
(Massachusetts General Hospital, Boston). Flag-TRAF6 was from Dr. Edward Harhaj
(Johns Hopkins School of Medicine, US). IRGM siRNA, TRAF6 siRNA, AMPKa2 siRNA
were from Dharmacon (siGENOME SMART pool).

Autophagy induction

U937 cells were treated with LPS (500 ng/ml) for 4 h or by transfecting MDP (5 pg/ml) with
calcium phosphate for 8 h. For induction of autophagy by starvation, cells were cultured in
EBSS.
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Protein interactions analyses

For co-immunoprecipitation assays, the cells were lysed using NP-40 buffer containing
protease inhibitor cocktail and PMSF. Lysates were incubated with antibody for 2 h
followed by incubation with proteinG Dynabeads (Life technologies) for 2 h. Beads were
washed for four times with 1XPBS and then boiled with SDS-PAGE buffer for analysis of
interacting protein by Immunoblotting. Immunoblots were quantified using Image J
software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. IRGM activates AMPK signaling and interacts with core autophagy machinery
(A) Lysates from HT-29 colon epithelial cells transfected with control and IRGM siRNA

were subjected to Western blotting with antibodies to phospho-AMPK (Thr-172), AMPK,
IRGM and actin. (B) Levels of phospho-AMPK (Thr-172) and phospho-Beclin 1
(Ser-93/96) in lysates from HEK293T cells co-expressing Flag-Beclin 1 and GFP or GFP-
IRGM. (C) Levels of active phospho-ULK1 (Ser-555 and Ser-317) in lysates of HEK293T
cells co-expressing Myc-ULKZ1 and either GFP or GFP-IRGM. Numbers beneath bands in
B, C, quantification of phosphorylated proteins relative to the total abundance of the same
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protein. (D) Co-immunoprecipitation (Co-IP) analysis of interaction between IRGM and
endogenous ULK1 and AMBRAL in HEK293T lysates of cells expressing GFP or GFP-
IRGM. (E) Top, confocal microscopy images of HEK293T cells expressing IRGM-V5 and
Myc-ULK1 subjected to starvation for 2 h. Arrowheads, co-localization. Bottom,
fluorescence intensity line tracing. (F) Co-IP analysis in lysates of HEK293T cells
expressing indicated proteins. (G) Confocal microscopy images of HEK293T cells
transiently expressing V5-IRGM and Flag-Beclinl subjected to starvation for 2 h. Details as
for panel E. (H) Lysates of HEK293T cells expressing GFP or GFP-IRGM with Myc-ULK1
subjected to immunoprecipitation with anti-GFP and blots probed with phospho-ULK1
Ser-317 or Ser-757 antibodies. (I) Lysates of cells expressing Myc-ULKZ1, Flag-Beclin-1
and increasing concentrations of GFP-IRGM subjected to immunoprecipitation with anti-
Flag; blots probed as indicated. (J) HEK293T cell lysates co-expressing GFP-IRGM and
Flag-Beclin 1 subjected to Western blotting with antibody to phospho-Beclin 1 (Ser-15) and
antibodies as indicated. (K) Co-IP analysis of Flag-IRGM and endogenous ATG14. (L, M)
Mapping of Beclin 1 regions interacting with IRGM. (L) Lysates of HEK293T cells co-
expressing GFP-IRGM and Flag-Beclin 1 variants in panel M were subjected to
immunoprecipitation with anti-Flag and blots probed as indicated. (M) Beclin 1 domain
organization indicating its interacting proteins along with deletion constructs used in Co-IP
analysis in panel L. (N) Co-IP analysis of the effects of IRGM overexpression on the
interaction of Beclin 1 with its regulatory proteins. Lysates of HEK293T cells co-expressing
GFP-IRGM and Flag-Beclin 1 were subjected to immunoprecipitation with anti-Flag and
blots probed as indicated. (O) Model of IRGM-dependent autophagy induction based on the
results obtained in Figure 1 and Figure S1. See also Figure S1.
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Figure 2. IRGM is required for stable levels of the autophagy initiation proteins
(A,C,E) U937 cells transfected with control or IRGM siRNAs, untreated or treated with

LPS (500 ng/ml for 4 h) were lysed and subjected to Western blotting with antibody to (A)
ULKY, (C) ATG14L, AMBRAL and ATGS, and (E) ATG16L1. IRGM knock down
efficiency and quantifications are shown in Supplementary Figure S2A,B. (B,D,F) Left,
confocal images of U937 cells transfected with control or IRGM siRNA treated with LPS
(500 ng/ml for 4 h), Immunofluorescence analysis was performed with (B) phopho-ULK1
(Ser-317), (D) ATGS5, and (F) ATG16L1. Graphs, means + SD (corrected total cell
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fluorescence of cells; > 30 cells from 5 fields measured using Image J). *, p < 0.05
(Student’s unpaired t test). (G) Lysates from HEK293T cells expressing GFP or GFP-IRGM
were subjected to immunoprecipitation with anti-GFP and blot probed with indicated
antibodies. (H) Schematic of ATG16L1 domain structure indicating IRGM interacting
regions mapped in panels I. (1) Lysates of HEK293T cells co-expressing GFP-IRGM and
the indicated Flag-ATG16L1 variants in panel H were subjected to immunoprecipitation
with anti-Flag and blots probed as indicated. Results, representative of three independent
experiments. See also Figure S2.
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Figure 3. IRGM is required for PAMPs induced autophagy
(A) Abundance of IRGM mRNA (relative to GAPDH) in THP-1 cells (control or infected

with invasive E. coli LF82) determined by quantitative real-time PCR (QRT-PCR). (B)
Effect of LPS (30 min) or (C) MDP exposure (16 h) on IRGM mRNA levels in U937 cells.
Gene expression (QRT-PCR) was normalized relative to GAPDH. Data, means + SD (n>3);
*, p< 0.05 (Student’s unpaired t test). (D) Schematic summary of the physiological signals
activating IRGM expression based on data in panels A—C and in Figure S3A-H. (E, F) Left,
Western blot analysis of LC3-11 abundance in U937 cells transfected with control or IRGM
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siRNA: (E) treated or not with LPS (500 ng/ml; 4 h); (F) treated or not with MDP (5 pg/ml
for 8 h). Right, densitometric analysis of Western blots using ImageJ software. (G, H) Left,
confocal images of LC3 puncta in LPS treated (500 ng/ml; 4 h) (G) or MDP-treated (5
pg/ml; 8 h), (H) U937cells transfected with control or IRGM siRNA. Graphs (right of panels
G and H), represent mean corrected total cell fluorescence + SE (25-35 cells from 10-15
fields measured using ImagelJ. *, p<0.05 (ANOVA). (1) Analysis of endogenous interactions
(Co-IP) using THP-1 lysates infected with invasive E. coli LF82 (1 h) or stimulated with
LPS (2 ug/ml, 2 h) or MDP (10 pg/ml, 2 h). Lysates were subjected to immunoprecipitation
with IRGM antibody or control IgG and probed as indicated. (J) Schematic summary of the
results obtained in Figure 3E-I. See also Figure S3.
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Figure 4. IRGM interacts and co-localizes with ATG16L1 and NOD2
(A, B) Co-IP analysis of endogenous (A) or overexpressed (B) IRGM, with NOD2 and

ATG16L1 in (A) starved HT29 cells and (B) HEK293T cells. (C) Top, confocal microscopy
images of HEK293T cells transiently expressing GFP-IRGM and Flag-NOD2. Bottom,
fluorescence intensity line tracing corresponding to dashed line. (D) Schematic of NOD2
domain organization along with deletion constructs used in Co-IP analysis in panel E. (E)
Left panel, lysates of HEK293T cells coexpressing GFP-IRGM and the Flag-NOD?2 variants
shown in panel D subjected to immunoprecipitation with anti-Flag and blot probed with
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antibodies as indicated. Right panel, densitometric analysis of Western blots (IP blot/Input
blot). (F) Flag tag pull-down assays performed with affinity purified NOD2 variants from
293T cell lysates and purified recombinant GST-IRGM shown in the schematic (left panel).
(G) Top, confocal microscopy images showing co-localization of GFP-IRGM and Flag-
NOD?2 and Rhodamine-MDP in HEK293T cells. Bottom, fluorescence intensity line tracing
corresponding to red line. (H) Effect of MDP (10 pg/ml, 8 h) on GFP-IRGM and Flag-
NOD?2 interactions in HCT116 cells. (I) Model of IRGM-NOD?2 interactions. See also
Figure S4.
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Figure 5. NOD2 promotes K63-linked polyubiquitination of IRGM, enhancing its interactions
with autophagy initiation factors

(A-C) Effects of NOD2 expression on IRGM self-association (A), and IRGM’s interaction
with Beclin 1 (B) or with ULK1 (C) in HEK293T cells. (D, E) Analysis of IRGM
ubiquitination in HEK293T cells. Cells co-expressing GFP or GFP-IRGM and (D) HA-
tagged Ubiquitin C or (E) HA-tagged Ubiquitin C mutated for all lysines except lysine 48
(HA-K48) or Lysine 63 (HA-K63) and Flag-NOD2 were subjected to immunoprecipitation
with GFP antibody and blots probed with indicated antibodies. Blot in (E) was processed to
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remove irrelevant lanes (dashed vertical line). (F) Cells co-expressing GFP-IRGM, HA-K63
and Flag-NOD2 deletion variants as in Figure 4D were subjected to immunoprecipitation
analysis with anti-GFP and blot probed with indicated antibodies. (G) Cells co-expressing
GFP or GFP-IRGM or GFP-IRGM-K™MUt (IRGM variant with all lysine residues mutated to
alanine) and HA-K63 were subjected to immunoprecipitation analysis with anti-GFP and
blot was probed with indicated antibodies. Blot was processed (dashed vertical line) to
remove irrelevant lanes. (H) Lysates of cells co-expressing GFP or GFP-IRGM or GFP-
IRGM-K™MUt and Flag-IRGM were subjected to immunoprecipitation with anti-GFP and blot
probed with indicated antibodies. (I) Lysates of cells expressing GFP or GFP-IRGM or
GFP-IRGM-KMUt were subjected to immunoprecipitation with anti-GFP and blots probed
with indicated antibodies. Results representative of three independent experiments. See also
Figure S5.
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Figure 6. Ubiquitination of IRGM is required for NOD2 degradation and ULKZ1 stability
(A) Effects of IRGM expression on NOD2 levels in transfected HEK293T cells. Data,

means + SE; *, p< 0.05 (Student’s unpaired t test). (B) Lysates of HEK293T cell co-
expressing GFP or GFP-IRGM and Flag-NOD2, untreated/treated with Bafilomycin Al
(100 nM for 8 h) were subjected to Western blotting. (C) Lysates of cells co-expressing
Flag-NOD2 and GFP, GFP-IRGM, or GFP-IRGM-KMUt were subjected to Western blotting.
(D, E) Lysates from HEK293T cells co-expressing Myc-ULK1 and either GFP or increasing
amounts of GFP-IRGM were subjected to Western blotting as in (D) with the relative
abundance of Myc-ULK1 shown in (E). Blot was processed (dashed vertical ling) to remove
irrelevant lanes. (F) HEK293T cells transfected with plasmids encoding GFP, GFP-IRGM,

b & Flag-Beclint
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or GFP-IRGM-K™MUt and either Myc-ULK1 or Flag-Beclin 1 were lysed and subjected to
Western blotting. Data from densitometric analyses of Western blots (B, C, E), means + SE,
n=3*, p< 0.05 (ANOVA). (G) Depiction of the role of IRGM ubiquitination in NOD2
degradation and ULK1 stabilization. See also Figure S6.
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Figure 7. Ubiquitination of IRGM is important for preventing inflammation
(A) Effect of IRGM (WT and K™Ut) expression with and without NOD2 on the nuclear

localization of NF-xB-p65 in HeLa cells upon E. coli LF82 infection. (B) Graph, mean %
cells with NFxB-p65 nuclear localization (from 10 microscopic fields) + SD; *, p< 0.05
(ANOVA). (C) Effect of E. coli infection on IL-1 mRNA expression in THP-1 cells
subjected to IRGM knockdown (gRT-PCR normalized to GAPDH). Data, means £ SD
(n>3); *, p< 0.05 (ANOVA). (D, E, F) Lysates of cells co-expressing either GFP or GFP-
IRGM and (D) Flag-NOD1, (E) Flag-Rig-I, or (F) Flag-TLR3, subjected to
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immunoprecipitation with anti-GFP (D, E) or anti-Flag (F); blots were probed with indicated
antibodies. (G) Effect of FLAG-tagged NOD1, RIG-I, or TLR3 expression on IRGM
ubiquitination (K63-linked) in HEK293T cells. (H) Model of IRGM-mediated xenophagy.
IRGM expression is induced by physiological cues including starvation, microbes, or
microbial products (PAMPs). IRGM protein increases the abundance of active AMPK,
which subsequently promotes autophagy by activating ULK1 and Beclin 1. Not only does
IRGM amplify this fundamental autophagy signaling but it also assembles the core
autophagy machinery. Association of IRGM with NOD2, which is enhanced in the presence
of MDP, promotes IRGM ubiquitination and the assembly of autophagy initiation factors.
Together, these molecular events promote antimicrobial autophagy and suppress excessive
inflammatory responses. See also Figure S7.
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