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Abstract

IRGM, a human immunity related GTPase, confers autophagic defense against intracellular 

pathogens by an unknown mechanism. Here we report the unexpected mode of IRGM action. 

IRGM showed differential affinity for mitochondrial lipid cardiolipin, translocated to 

mitochondria, affected mitochondrial fission and induced autophagy. Mitochondrial fission was 

necessary for autophagic control of intracellular mycobacteria by IRGM. IRGM influenced 

mitochondrial membrane polarization and cell death. Overexpression of IRGMd but not IRGMb 

splice isoforms caused mitochondrial depolarization and autophagy-independent but Bax/Bak-

dependent cell death. By acting on mitochondria IRGM confers autophagic protection or cell 

death, explaining IRGM action both in defense against tuberculosis and in damaging inflammation 

in Crohn's disease.

Introduction

Autophagy enables cells to sequester portions of their cytosol or damaged and surplus 

organelles into autophagosomes and degrade them in autolysosomes1. Autophagy promotes 
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cell survival under starvation by digesting cell's own cytoplasm and resupplying essential 

anabolic functions2. Autophagy affects cell death 3, 4 through interactions with cell death 

pathways albeit its intrinsic pro-death action is debated5. Autophagy impacts aging, 

neurodegeneration, myodegeneration, and cancer1, and immunity6, 7. It contributes to 

control of intracellular pathogens7 including major human diseases tuberculosis8 and 

AIDS9, 10. Autophagy is an effector of Th1/Th2 polarization11, affects B and T cells12, 13, 

fuels endogenous antigen presentation6, assists pattern recognition receptors (PRR) by 

delivering cytosolic microbial products to endosomal Toll-like receptors14, suppresses IL-1β 

activation15, and acts as a PRR effector16. Autophagy affects central tolerance13 and chronic 

inflammatory illnesses such as Crohn's disease 15, 17, 18.

Autophagy is implicated8, 19-21 in the mechanism of control of intracellular pathogens by 

immunity related GTPases (IRG) 22. The mouse IRG family23 consist of 20 interferon-

controlled complete IRG genes, Irgm1-Irgm3, Irgb1-Irg6, Irgb8-Irgb10, Irga1-Irga4, Irg6-

Irga8 and Irgd. Their expression is driven by IRES (interferon-stimulated response 

sequences) and GAS (γ-activated sequences) elements. The abundant murine IRGs contrast 

with a derth of IRGs in humans23. The human genome encodes a single paralog of murine 

IRGs, IRGM23. IRGM traces back to prosimian IRGM9 with roots shared with the mouse 

Irgm124. IRGM is not under IFN-γ control, and is expressed from the human endogenous 

retrovirus element, ERV923. Nevertheless, IRGM is required for IFN-γ-induced autophagy 

and control of Mycobacterium tuberculosis in human macrophages20, whereas IRGM 

polymorphisms are a risk factor for tuberculosis25. IRGM has been identified26-28, along 

with another autophagy factor ATG16L129, as a risk locus for Crohn's disease. The roles of 

IRGM in autophagy, defense against mycobacteria, and inflammation in Crohn's disease 

require a definition of IRGM action. In this study, we report the surprising finding that 

IRGM translocates to mitochondria where it regulates autophagy in association with 

mitochondrial fission. We also show that a subset of IRGM splice variants can cause 

mitochondrial depolarization and cell death.

Results

IRGM localizes in mitochondria

We investigated intracellular distribution of IRGM by sedimentation velocity separation of 

intracellular organelles. IRGM was enriched in U937 macrophage fractions containing the 

endoplasmic reticulum (ER) protein calnexin and mitochondrial protein cytochrome c (Fig. 

1a). A mitochondrial proteomics kit placed IRGM in mitochondrial fractions (Fig. 1b), with 

calnexin in mitochondrial preparation likely originating from associated membranes whereas 

IRGM was absent from ER and plasma membrane fractions (Fig. 1b). IRGM showed similar 

distribution relative to another ER marker, KDEL (Fig. 1c). An identical pattern was 

obtained with HeLa cells (Suppl. Fig. S1a). Endogenous IRGM in HeLa was analyzed by 

microscopy with antibody against an epitope present in all IRGM splice isoforms20. There 

was no colocalization of IRGM with the ER marker calnexin (Fig. 1d, panels i-iii) or 

markers for trans-Golgi network and Golgi (syntaxin 6 and Golgi 58 kDa protein G58K), 

early endosomes, late endosomes, lysosomes and recycling endosomes (EEA1, Lamp2, 

CD63, CI-MPR, transferrin receptor), and autophagy organelles (p62 and LC3) (Suppl. Fig. 
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S1b). A partial juxtaposition between IRGM and GFP-LC3 was noted (Suppl. Fig. S1b). 

IRGM colocalized with the mitochondrial dye MitoTracker Red (MTR) and with 

cytochrome c (Fig. 1d, panels iv-xii). IRGM colocalzied with mitochondrial inner 

membrane cytochrome oxidase complex IV (COX IV; Fig. 1d, panels x-xi, and e). IRGM 

also colocalized with mitochondria in primary human macrophages (Fig. 1d, panels xiii-xv).

We used proteinase K-accessibility method for IRGM suborganellar localization in 

mitochondria (Fig. 2a). When mitochondrial preparations were digested with proteinase K, 

IRGM remained intact although Mfn2 (mitochondrial outer membrane tracer) was degraded 

(Fig. 2a, Pr.K). Upon osmotic shock to access intermembrane space, cytochrome c was 

degraded but IRGM remained undigested (Fig. 2a, Pr.K+OS). Calnexin was degraded when 

mitochondrial preparations were subjected to osmotic shock (Fig. 2a), indicating that 

calnexin and IRGM are not in the same compartment. Both inner membrane/matrix marker 

Hsp60 and IRGM were degraded when the membranes were solubilized with detergent (Fig. 

2a, Pr.K+TX-100) or disrupted by freeze-thaw cycles (Fig. 2b). The IRGM protease-

accessibility pattern indicated mitochondrial inner membrane or matrix localization. Finally, 

we subjected intracellular organelles to isopycnic separation and IRGM co-fractionated with 

mitochondria in two separate peaks (possibly reflecting two morphological or physiological 

states of mitochondria) (Fig. 2c).

IRGM control of autophagy is associated with mitochondrial fission

IRGs are remotely related to dynamins including the mitochondrial fission protein Drp130. 

Mitochondria are dynamic organelles undergoing fission and fusion, with fission or fission 

proteins promoting autophagy31-34. We tested whether IRGM affects mitochondrial 

dynamics. IRGM knockdown in HeLa (Fig. 3a) altered mitochondrial morphology (Fig. 

3b,c) from reticulotubular plus punctiform to abnormally elongated mitochondria with few 

punctiform mitochondria (Suppl. Fig. S2b shows morphotypes), similarly to DRP1 

knockdown. Thus, IRGM, like DRP1, supports mitochondrial fission.

Autophagic machinery is implicated upstream of mitochondrial fragmentation35. No 

increase in % of cells with elongated mitochondria following ATG7 or BECN1 (human 

Beclin 1) knockdowns was observed, in contrast to DRP1 or IRGM knockdowns (Fig 3c). A 

knockdown of fusion proteins MFN1 and MFN2 caused fragmentation of mitochondria 

whereas a concurrent knockdown of IRGM reversed these effects (Fig. 3d). Thus, IRGM 

effects on mitochondrial morphology are not indirect via inhibition of autophagy or 

mitofusins.

Mitochondrial fission has been linked to the generation of reactive oxygen species (ROS)36 

whereas ROS generated by mitochondria induce autophagy through Atg4 37. We knocked 

down IRGM and examined ROS production in cells induced for autophagy by starvation 

using intracellular ROS indicator DFC (Suppl. Fig. S2b-d). The % of double positive cells 

(MTR+DCF+) increased in starved cells but was reduced upon IRGM knockdown (Suppl. 

Fig. S2b-d). Thus, IRGM supports generation of ROS under autophagy-inducing conditions.
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Mitochondrial fission proteins are required for autophagic output

IRGM supports autophagy induction by diverse agonists (starvation, IFN-γ)20, suggesting a 

role in a core process, e.g. relationships between mitochondrial fission and autophagy31-34, 
38. We compared effects of IRGM knockdowns on IFN-γ- and starvation-induced autophagy 

with those of mitochondrial fission regulators FIS139 and DRP130. LC3 puncta formation in 

response to IFN-γ or starvation was diminished in cells subjected to IRGM knockdown, 

similarly to FIS1 or DRP1 knockdowns (Fig. 4a-c). MFN1 and MFN2 knockdown increased 

LC3 puncta (Fig. 4d). Thus, fission proteins promote autophagy whereas mitofusins inhibit 

autophagy.

If autophagic control of intracellular mycobacteria depends on IRGM via mitochondrial 

fission, it should also depend on DRP1 and FIS1. Cells that were knocked down for DRP1 

or FIS1 failed to increase M. tuberculosis var. bovis BCG (BCG) phagosome maturation 

induced by starvation, similarly to IRGM silencing (Fig. 4e). A knockdown of DRP1 or 

FIS1 inhibited starvation-induced killing of BCG (Suppl. Fig. S3a) and virulent M. 

tuberculosis H37Rv (Fig. 4f).

Analysis of IRGM isoforms

IRGM has 4 different splice isoforms, IRGMa, IRGMb, IRGMc/e (referred herein as 

IRGMc) and IRGMd 23 differing chiefly within C-terminal tails, showing presence (IRGMb 

and IRGMd) or absence (IRGMa and IRGMc) of the putative G5 (SAK) motif (Fig. 5a). 

Endogenous expression of all IRGM isoform RNAs was detected in all cells tested (Suppl. 

Fig. S4a). Fluorescent protein fusions with IRGM isoforms were generated and tested at the 

RNA, protein, and cytoplasmic distribution levels (Suppl. Fig. S4b-f). Intracellular 

distribution of IRGM isoforms was quantified for: (i) diffuse cytosolic vs punctate (Suppl. 

Fig. S4g, inset); (ii) colocalization with mitochondrial markers (MTR and COX IV) and ER 

markers (calnexin and protein disulfide isomerase; PDI) (Suppl. Fig. S4g, main graph). The 

highest colocalization with mitochondria (COX IV) was seen with both endogenous IRGM 

and IRGMd (Suppl. FigS4g). A small subset of cells showed endogenous IRGM 

colocalization with PDI (Suppl. Fig. S5a, panels i-iii vs iv-vi; suggestive of a specialized 

subcompartment of ER). Time-lapse analyses following transfection with GFP-IRGMd 

showed transition to puncta associated with mitochondria (Movie 1). Thus, IRGMd was 

representative of a significant fraction of the endogenous IRGM detected in mitochondria.

IRGMd can induce mitochondrial depolarization

Cells transfected with GFP-IRGMd (but not with YFP-IRGMb) showed a progressive loss 

of mitochondrial capacity to stain with MTR, a Δψm (mitochondrial membrane potential) 

dependent dye. At 48 h posttransfection, cells expressing GFP-IRGMd were MTR− and 

rounded (Fig. 5b,c), preceded by mitochondrial clumping (Suppl. Fig. S5b). Knocking down 

endogenous IRGM affected Δψm, as measured by DiOC6(3): a trend was observed as 

transient protection (at 1.5 h, lost at 3 h) against mitochondrial depolarization caused by 

staurosporine (Fig. S5c). A mutant IRGMd (S47N; corresponding to inactive GTPases) did 

not cause MTR− and rounded phenotype (Fig. 5b,d). This was not due to decreased 

expression or stability of GFP-IRGMdS47N relative to the wild type (Fig. S4c,d). Cells 

transfected with YFP-IRGMb also did not show loss of MTR staining (Fig. 5b,d).
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IRGMd binds to the mitochondrial lipid cardiolpin

IRGMd has no identifiable mitochondrial localization motifs (MITOPORT and 

PREDOTAR algorithms). IRGMa, IRGMb, IRGMc/e and IRGMd contain no obvious 

hydrophobic patch, amphipathic α-helices or cystein-motifs for targeting to mitochondria 40. 

We asked whether lipid binding preferences of IRGMd might explain its localization. 

Purified GST-IRGMd (Fig. S1c) was subjected to lipid dot-blot binding assays (Fig. 5e). 

IRGMd showed selective binding to the mitochondria-specific lipid cardiolipin (Fig. 5e), 

confirmed in assays with cardiolipin-agarose beads (Fig. 5f). Increasing GST-IRGMd 

concentration confirmed IRGMd preferential binding to cardiolipin (Fig. 5g, Suppl. Fig. 

S1d). No binding was observed to PtdIns(3,4,5)P3 and PtdIns(3,4)P2. reported to bind 

murine Irgm1 (LRG-47)41. Inspection of data in lipid blots by Tiwari et al.,41 revealed that 

Irgm1 (depicted in Fig. 4a) too had a capacity to bind cardiolipin. The IRGMdS47N mutant 

(GST-IRGMdS47N; Suppl. Fig. S1e) showed reduced binding to cardiolipin (Fig. 5g and 

Suppl. Fig. S1g). Instead, it displayed binding to phosphatidic acid when compared to GST-

IRGMd (Fig. 5g) and GST alone (Suppl. Fig. S1d). Purified GST-IRGMb (Fig. S1f) did not 

bind cardiolipin (Fig. 5g and Suppl. Fig. S1g). Neither IRGMdS47N nor IRGMb caused 

MTR− mitochondrial phenotype (Fig. 5b,d), correlating binding to cardiolipin with effects 

on mitochondrial morphology.

IRGMd promotes mitochondrial fission and autophagy

Before mitochondria lost Δψm due to GFP-IRGMd transfection, cells showed increased 

MTR+ punctiform (dots) (Fig. 6a,b) and clumped mitochondria (Suppl. Fig. S5b). In 

contrast, cells transfected with cardiolipin non-binders (IRGMdS47N and IRGMb) showed 

no significant change in mitochondrial morphology (Fig. 6c and d), in keeping with absence 

of IRGMdS47N and IRGMb effects on Δψm (Fig. 4b,d). GFP-IRGMd expression increased 

LC3-II levels over the bafilomycin A1-sensitive fraction (Suppl. Fig. S5d), indicating that 

IRGMd expression promotes autophagy. These findings are complementary to endogenous 

IRGM knockdowns that inhibited autophagy.

IRGMd effects on mitochondrial fission requires DRP1

Knocking down DRP1 inhibited mitochondrial fission (Fig. 6e) and loss of Δψm (Fig. 6f) 

induced by GFP-IRGMd. DRP1 acts on mitochondrial outer membrane whereas IRGM, 

based on its localization to the inner membrane or matrix and binding to cardiolipin 

(localized to the inner mitochondrial membrane albeit present at outer membrane-inner 

membrane contact sites42) may function synergistically on the inner membrane.

IRGMd translocation to mitochondria

The majority of the endogenous IRGM appeared associated with mitochondria, whereas the 

majority of overexpressed GFP-IRGMd was diffuse cytosolic early upon transfection. We 

tested whether newly made IRGMd transfers to mitochondria akin to Drp1 translocation. 

Drp1 is predominantly cytosolic and is recruited to mitochondrial outer membrane for 

fission43 and appears as dots44 (Fig. 6g sub-panel i). At 3 h - 6 h post-transfection, most of 

the GFP-IRGMd appeared diffuse cytosolic (Fig. 6g sub-panel ii). GFP-IRGMd translocated 

to mitochondria with time (Fig. 6g sub-panels iii-iv). As with Drp1, GFP-IRGMd changed 
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from diffuse cytosolic to punctate distribution. The co-localization of GFP-IRGMd with 

MTR was less frequent than in the case of GFP-Drp1 (Fig. 6g, sub-panels i vs. iv). The 

punctate GFP-IRGMd shared only few points of colocalization as dots juxtaposed to or on 

MTR+ mitochondria (Fig. 6g, sub-panel iv) but displayed clear colocalization with CoxIV 

(Fig. 6g, sub-panels v-vii), indicating that many of the GFP-IRGMd+ MTR− puncta are 

mitochondria that have lost Δψm. Not all GFP-IRGMd puncta were mitochondrial in nature, 

as a small proportion of the GFP-IRGMd colocalized with peroxisomes (Suppl. Fig. S6a). 

This inidicates additional similarities between Drp1 and IRGMd versus intracellular 

organelles, since Drp145 and Fis146 show partial association with peroxisomes.

IRGMd-induced loss of Δψm requires apoptotic but not autophagic factors

IRGMd-dependent induction of autophagy and accessibility of fragmented mitochondria 

could lead to excessive autophagic mitochondrial elimination, a processes described as 

mitoptosis or programmed mitochondrial clearance47-49. However, the positive staining for 

mitochondrial Hsp60 in the MTR− cells expressing IRGMd (Suppl. Fig. S3d) ruled out en 

masse removal of mitochondria and suggested Δψm loss instead. The loss of Δψm in cells 

overexpressing IRGMd could be due to direct IRGMd action on mitochondria or due to 

processes downstream of IRGM-induced autophagy. This was addressed by knocking down 

ATG7 or BECN1 (Beclin 1) (Suppl. Fig. S3b,c) in GFP-IRGMd expressing cells. Blocking 

autophagy did not reverse the IRGMd-induced MTR− phenotype (Fig. 6h). Atg7−/− mouse 

embryonic fibroblasts (MEF) showed equal frequency of GFP-IRGMd MTR− phenotype as 

Atg7+ MEF (Fig. 6i). Thus, IRGMd induces loss of Δψm independently of autophagy.

Mitochondrial fission proteins have been functionally linked to Bax/Bak-dependent 

apoptosis43, 44, 47, 50, 51 whereas GFP-IRGMd induces cell rounding. Hence, we compared 

Bax/Bak wild type (W2) and Bax/Bak−/− (D3) isogenic cell lines52. IRGMd induced loss of 

mitochondrial MTR staining in W2 cells but not in the Bax/Bak−/− D3 cells (Fig. 6j). Thus, 

IRGMd-provoked loss of Δψm requires pro-apoptotic proteins Bax/Bak.

IRGMd expression causes cell death

A connection with pro-apoptotic systems was further reflected in the sensitivity of the 

IRGMd-induced MTR− phenotype to the caspase inhibitor z-VAD (Fig. 6k). One of the 

earliest events associated with mitochondrial outer membrane permeabilization is that 

caspases gain access to a specific target within the electron transport chains in the 

mitochondrial inner membrane thus bringing about a loss of Δψm
53. In addition to cell 

rounding (Figs. 5b, 7a), cell death was assessed with 7AAD staining. IRGMd transfected 

cells after 48 h were 7AAD-positive, confirming that IRGMd induced cell death (Fig. 7b). 

IRGMdS47N and IRGMb yielded fewer 7AAD-positive cells (Fig. 7c). IRGMd wild type 

induced higher cell death by PI-staining compared to IRGMdS47N (Fig. 7d). Endogenous 

IRGM also showed a role in cell survival in response to staurosporine-induced cell death 

(Fig. S6b).

GFP control transfectants remained negative for active caspase stain (fluorochrome inhibitor 

of caspases; FLICA) (Fig. 7e, top row). Staurosporine treatment activated caspases 3 and 7 

(Fig. 7e, middle row). GFP-IRGMd expressing cells stained positive for FLICA (Fig. 7e, 
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bottom row). The IRGMd-induced cell death was accompanied by release from the nucleus 

of HMGB1 (Fig. 7f), a nuclear protein released primarily during necrosis but also released 

from some apoptotic cells54-56. Cells were rescued from IRGMd-induced cell death in the 

absence of DRP1, showing diminished 7-AAD staining (Fig. 7g) and rounding (Fig. 7h). 

Nuclear HMGB1 was partially recovered upon depletion of DRP1 in IRGMd overexpressing 

cells (Fig. 7i). Thus, IRGMd, in addition to inducing mitochondrial fission and autophagy, 

can cause mitochondrial depolarization and cell death in cooperation with other 

mitochondrial fission factors.

We examined the remaining IRGM isoforms, IRGMa and IRGMc (Fig. 8). Overexpression 

of IRGMa induced potent loss of MTR staining, with substantial conversion to MTR− 

phenotype by 24 h of transfection (Fig. 8a). IRGMc resembled IRGMd showing only mild 

effects at 24 h and strong Δψm effects at 48 h post-transfection (Fig. 8a,b). IRGMa caused a 

major rounding of cells at 24 h (Fig. 8c), whereas IRGMc and IRGMd cought up with this 

effect at 48 h post-transfection (Fig. 8d). IRGMa caused at 24 h, and IRGMc and IRGMd at 

48 h, appreciable increase in % of 7-AAD+ cells (Fig. 8e,f). Equal HMGB1 release was 

found in IRGMa-, IRGMc-, and IRGMd-overexpressing cells (Fig. 8g,h). Thus, the majority 

of IRGM isoforms, with the exception of IRGMb, when overexpressed can cause cell death 

with different kinetics but similar end points.

Discussion

IRGM, the sole sensu stricto human immunity related GTPase and a genetic risk factor in 

Crohn's disease26, 27 and tuberculosis25, localizes to mitochondria and in addition to 

autophagy20 affects mitochondrial fission, mitochondrial Δψm, and cell death. The 

mitochondrial localization and function of IRGM, while unexpected given the prior history 

of IRG studies, explains its mode of action. The presence of IRGM on mitochondria is in 

keeping with recognition of mitochondria as core regulators of autophagy32, 37, 48, 49. The 

effects of mitochondrial fission in regulating innate immunity defenses are not limited to 

IRGM, since other previously characterized mitochondrial fission regulators, DRP1 and 

FIS1, as shown here, play a role in autophagic control of mycobacteria. These, previously 

unappreciated functions of mitochondrial fission factors indicate a general nature of the 

relationship between mitochondrial division and autophagy in its role of a cell-autonomous 

defense against microbes. An emerging model posits that IRGM immune function is via 

effects on mitochondria, a mechanism compatible with the absence of IRGM from 

mycobacterial phagosomes (Suppl. Fig. S6c). The effects of IRGM on mitochondrial 

morphology, autophagy, and cell death, suggest that IRGM may have roles in cellular 

homeostasis beyond innate immunity.

IRGM displays specific affinity for mitochondrial lipid cardiolipin, providing in part the 

molecular basis for IRGM partitioning to mitochondria: (i) Cardiolpin is a key 

mitochondrial lipid known to affect, aside from its other roles, import into the 

mitochondria57. (ii) An IRGM isoform that does not bind to cardiolipin shows diffuse 

cytosolic distribution and no mitochondrial phenotypes. (iii) The IRGM isoform IRGMd 

that binds to cardiolipin causes mitochondrial and cellular phenotypes. (iv) An IRGMd 

mutant that no longer binds cardiolipin has no mitochondrial or cellular phenotypes. 
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Furthermore, dependence of IRGM on cardiolipin may link the physiological state of 

mitochondria with IRGM localization and action. Cardiolipin, abundant in the mitochondrial 

membranes, affects diverse processes (Suppl. Fig. S7a) from mitochondrial protein import57 

to apoptosis42, 58. Cardiolipin binds to electron transport chain components and regulates 

their function and cytochrome c membrane association42, 58. Cardiolipin is a fusogenic lipid 

and affects oligomerization of GTPases controlling mitochondrial inner membrane fusion59. 

The IRGM effects on mitochondria reported here parallel many of the previously identified 

functions of cardiolipin42, 58, 59.

The large number of murine IRG genes contrasts with the dearth of IRG genes in humans 

(Suppl. Fig. S7b). Why the evolution led to IRG family reduction in primate evolution, 

leaving only IRGM as the sole somatic cell member of the IRG family in humans (Suppl. 

Fig. S7b) is puzzling. IRGM, with its truncated domain organization, may have augmented 

its mitochondrial, autophagic and cell death functions relative to more primitive species (e.g. 

murine IRGs that display full length N- and C-terminal domains; Fig. 5a). The low baseline 

IRGM expression suggests that it is tightly regulated, as enhanced expression of IRGM 

isoforms a, c and d can be detrimental to the cell. Thus, IRGM may act as a double-edged 

sword, protecting against invading microbes via autophagy when expressed in moderation 

but causing cell death and inflammation when its isoforms IRGMa, c or d are overexpressed. 

In contrast, IRGMb overexpression is not overtly harmful to the cells, indicating that there 

may be a diversification of functions among IRGM isoforms. Whereas human IRGM 

expression is uncoupled from IFN-γ (unlike murine IRG genes), IFN-γ can nevertheless 

promote mitochondrial morphology changes (Suppl. Fig. S7c). Hence, IFN-γ and IRGM 

actions remain functionally linked since IRGM is required for IFN-γ-induced autophagy in 

human cells20.

When overexpressed, IRGMd promotes mitochondrial fission (observed before Δψm loss), 

followed by a loss of Δψm and cell death. This is reflected in the sequence of events: (i) 

First, presence of diffuse cytosolic GFP-IRGMd; (ii) Second, formation of GFP-IRGMd 

puncta associated with mitochondria; (iii) Third, most of the mitochondria associated with 

GFP-IRGMd puncta become depolarized and only a few GFP-IRGM+ mitochondria remain 

MTR+; (iv) Fourth, once mitochondria that have recruited GFP-IRGMd lose Δψm and MTR-

staining, they can be revealed as COXIV-positive GFP-IRGM-positive depolarized 

mitochondria. During these events, IRGM interactions with cardiolipin may affect 

cardiolipin or its remodeling products and alter fusion potential of mitochondrial membranes 

(thus promoting fission), electron transport chain and mitochondrial polarization, and 

unbalance apoptosis suppression42, 58, 59.

Our studies show that IRGM partakes in autophagy as a cell survival process and in cell 

death processes in addition to its role in control of intracellular pathogens. When IRGMd 

expression enhanced cell death, this was independent of autophagy and instead required 

apoptotic machinery (caspases, Bax and Bak). IRGM may contribute to cell death in a 

manner proposed for other mitochondrial fission proteins participating in apoptosis43, 44, 47, 
50, 51. Mitochondrial fission is the only universally conserved process that accompanies 

programmed cell death including the species (e.g. nematodes, flies) where apoptosis 

proceeds in the absence of release of cytochrome c from mitochondria60. Our findings 
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furthermore suggest a hierarchy of events, with autophagy being downstream of IRGM 

during cell's initial responses, followed by cell death processes that can outrun autophagy 

upon increased expression of the majority of IRGM isoforms.

The IRGM functions in autophagy, Δψm, and cell death suggest that there are two faces 

(protective and inflammatory) of IRGM as a cell-autonomous autophagic effector against M. 

tuberculosis20, a tuberculosis risk locus in human populations25, and a Crohn's disease risk 

locus17, 27, 28. We also found that IRGM induced cell death was associated with the release 

of HMGB1, a major pro-inflammatory alarmin/DAMP, normally present in the nucleus of 

live cells but released from necrotic and some apoptotic cells54-56. This points to a potential 

but hitherto unappreciated role in Crohn's disease of HMGB154-56. Our findings pose 

broader questions regarding the relationship between mitochondria, autophagy, and 

apoptosis in innate immunity. Mitochondria are central players in many cellular functions 

including oxidative metabolism, autophagy, and programmed cell death, and are believed to 

have originated as symbiont α-proteobacteria of the pre-eukaryotic cell. We propose that 

mitochondrial fission, controlled by Drp1 in all eukaryotic cells and, as shown here, affected 

by IRGM in human cells, may have been a primordial signal of microbial presence in the 

cytosol, and that it has become evolutionarily hardwired into induction of autophagy as a 

mechanism for elimination of intracellular pathogens, or, when autophagic elimination fails, 

elimination of infected cells by cell death, either way limiting the spread of infection.

Online Methods

Cell culture, transfections, DNA constructs, siRNA knockdowns and fluorogenic probes

Human U937, THP-1 cells and HeLa cells were from ATCC. Atg7−/− and Atg7 wild type 

MEF were from Juntendo University, Japan. Baby mouse kidney (BMK) wild type (W2) 

and Bax/Bak−/− (D3) cell lines were previously described 52. U937 cells were transfected by 

nucleoporation using Nucleofector Reagent Kit C (Amaxa biosystems), HeLa and BMK 

cells were transfected with Kit V. IRGM splice variants IRGMa, IRGMb, IRGMc/e, IRGMd 

and IRGMd-S47N were cloned by DNA synthesis and insertion into SacI and SalI 

restriction sites of pCFP-C1 (IRGMa), pYFP-C1 (IRGMb) and pEGFP-C1 (IRGMc, IRGMd 

and IRGMd S47N). GFP-Drp1 was from A. van der Bliek. For knockdowns, cells were 

transfected with siGENOME SMARTpool reagent (Dharmacon) for human mRNAs 

encoding IRGM (CCACAACCCUGGAGAACUA; CCAAAGAUGUGCCUCCUAU; 

GCAAUGGGAUGUCCACCUU; AGAAGGAGCGGGUAUGUGA), DRP1 

(GAAAGAAGCAGCUGAUAUG; GGAGCCAGCUAGAUAUUAA; 

CAAAGGCAGUAAUGCAUUU; CGUAAAAGGUUGCCUGUUA), FIS1 

(CGAGAAGGCCUUAAAGUAC; CCAAGAGCACGCAGUUUGA; 

ACUACCGGCUCAAGGAAUA; CGGACAAGGUACAAUGAUG), MFN1 

(GAAGAGCUCUGUUAUCAAU; GCACAGAUGUCACUACAGA; 

GAUACUAGCUACUGUGAAA; CUGGAUAGCUGGAUUGAUA), MFN2 

(ACUAUAAGCUGCGAAUUAA; GAUCAGGCGCCUCUCUGUA; 

GGUUACCUAUCCAAAGUGA; GGUUACCUAUCCAAAGUGA; 

CAACUAUGACCUAAACUGU), ATG7 (CCAAAGUUCUUGAUCAAUA; 

GAUCAAAGGUUUUCACUAA; GAAGAUAACAAUUGGUGUA; 
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CAACAUCCCUGGUUACAAG), and BECN1 (human Beclin 1; 

GGAUGACAGUGAACAGUUA; UAAGAUGGGUCUGAAAUUU; 

GCCAACAGCUUCACUCUGA; UUGAAAACCAGAUGCGUUA). Non-targeting siRNA 

pool was used as a control. Cells were transfected with 1.5 μg of siRNA by nucleoporation 

as described above. Propidium iodide (PI), 5,6-carboxy-2′,7′dichlorodihydrofluorescein 

(DCF), MTR, 7-amino actinomycin D (7-AAD), and DiOC6(3) were from Molecular 

Probes.

Subcellular fractionation, immunoblot analysis, and antibodies

The following panel of independent organelle purification and subcellualr compartment 

separation methods were used: (i) A previously applied method to study IRG subcellular 

distribution 61. (ii) Proteome-grade purification protocol using Qproteome Mitochondria 

Isolation kit (QIAGEN). (iii) Isopycnic separation by sucrose density equilibrium 

centrifugation 62. Cells were homogenized in 210 mM manitol, 70 mM sucrose, 1 mM 

EDTA, 10 mM HEPES-NaOH, pH 7.5 (MB). The postnuclear supernatant was centrifuged 

at 13,000 g for 10 min. The pellet fraction was resuspended in MB and layered on top of a 

pre-formed sucrose gradient consisting of 1.2 M sucrose, on top of 1.6 M sucrose. The 

sample was centrifuged at 28,000 rpm in a Beckman SW 40 rotor at 4 °C. Fractions were 

collected from the top of the gradient and washed in MB for further analysis. IRGM is a 

very low abundance protein (when its expression is slightly elevated this can lead to cell 

death). Hence, when crude extracts are examined by immunoblotting additional bands in the 

35-50 kDa range show up on films. These additional bands correspond to cytosolic cross-

reactive proteins, and once membranous fractions are separated, they are no longer the most 

prominent bands on blots; these cross-reactive bands are not susceptible to IRGM siRNA 

knockdowns. Subcellular fractions were analyzed by Western blotting using the previously 

reported antibodies against IRGM (Singh et al., 2006), used interchangeably for 

immunoblotting of subcellular organelles with Abcam (ab69494) IRGM antibody (side-by-

side comparisons are shown in Suppl. Fig. S7d). Peptide competition characterization is 

shown in Suppl. Fig. S7e,f, and endogenous IRGM vs. GFP-IRGMd distribution in Suppl. 

Fig. S7g. Subcellular fractions were analyzed in parallel with antibodies to calnexin (Santa 

Cruz Biotechnology), cytochrome c (BD biosciences), LC3 (Sigma), syntaxin 6 

(Transduction labs) and Rab7 (L. Huber); staining was revealed with Super Signal West 

Dura chemiluminescent substrate (Pierce).

Sub-compartment localization by accessibility to proteinase K

Purified mitochondria were resuspended in reaction buffer (250 mM sucrose, 10mM Tris 

pH7.4) and were incubated with or without Proteinase K (40 μg). For osmotic shock, 

mitochondria were incubated with 20 mM HEPES for 30 min on ice to remove the outer 

mitochondrial membrane. 1% TX-100 was used to solubilize proteins. Following incubation 

at 37°C for 30 min, PMSF was added to the final concentration of 2 mM to stop the reaction. 

The samples were boiled in SDS sample buffer and probed for mitochondrial proteins with 

anti-cytochrome c, anti-IRGM, anti-Mfn-2 (Abcam) and anti-Hsp60 (Abcam).
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IRGM protein purification and IRGM-lipid binding

GST-IRGM fusions were expressed in E. coli and purified by affinity chromatography 

(Suppl. Fig. S1). Nitrocellulose filters spotted with a panel lipids (Echelon) were blocked 

with 1% nonfat-dry milk in PBS for 1 1h at room temperature. Filters were incubated with 

90 nM of GST (Abcam) or GST-IRGM for 1 h in blocking buffer, followed by three washes 

with PBS, 0.1% Tween-20. Filters were incubated with goat anti-GST (HRP) (Abcam) 

(1/2,000) for 1 h. After three washes, GST was detected using ECL kit (Pierce). Cardiolipin 

bound agarose beads and control beads (Echelon) were incubated with 5 μg of GST 

(Abcam) or GST-IRGMd overnight at 4°C, followed by five washes in 10 mM HEPES, 150 

mM NaCl, 0.25% Igepal. To elute proteins, equal volume of 2X Laemmli buffer was added 

to beads, samples boiled for 2 min, and proteins analyzed by Western blotting using 

antibodies to IRGM (Abcam).

Confocal microscopy

HeLa, BMK and MEF were transfected with GFP-IRGMd for 48 h followed by staining 

with 200 nM MTR (Invitrogen) for 10 min. Cover slips were mounted in a 5% CO2 

humidified chamber, with temperature maintained at 37°C, and imaged using a Zeiss LSM 5 

Live microscope (laser wavelength, 488 nm and 543 nm). Fixed cells were imaged using a 

Zeiss LSM 510 Meta confocal microscope. For immunofluorescence analysis of endogenous 

IRGM, antibody described by Singh et al. 20 was used (peptide competition characterization 

and co-analysis in GFP-IRGMd transfected cells are shown in Suppl. Fig. S7c,d).

Mycobacterial phagosome maturation and mycobacterial survival

LysoTracker Red staining, morphomterics, and microbiological analyses of bacterial 

viability were carried out as previously described 8, 20, 63.

Autophagic and cell death assays

FLICA (Serotec) was used to stain intracellular active caspase 3 and caspase 7. LC3-GFP 

puncta assay, LC3-I-to-LC3-II conversion in the presence of baffilomycin A1, 7-AAD 

staining, and HGMB1 staining were carried as previously described 54, 64.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. IRGM localizes to mitochondria
a. Subcellular compartments (U937 cell extracts) were separated by sedimentation velocity 

on discontinuous sucrose gradient and probed for IRGM and indicated markers. b. 
Immunoblot analysis of mitochondria purified by Qproteome Mitochondria Isolation Kit 

(Qiagen). c. Analysis of KDEL vs IRGM distribution in fractions as in panel b. d. 

Intracellular localization of IRGM analyzed by confocal microscopy. Panels i-xi: 

Endogenous IRGM localization in HeLa cells relative to calnexin, Mitotracker Red (MTR), 

Cytochrome c, and COX IV. Panels xii-xiv: IRGM localization in primary human 

macrophages relative to mitochondria revealed with Cytochrome c antibody. e. analysis of 

IRGM (green) and COX IV (red) overlap along the line shown in the inset; the profiles 

correspond to panel ix.
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Fig. 2. IRGM co-fractionates with mitochondria and localizes to their inner membrane or matrix
a. Purified mitochondria were untreated or subjected to osmotic shock (OS), or total protein 

solubilized with TX-100, and preparations digested with Proteinase K (Pr.K) and analyzed 

by immunoblotting. b. Mitochondrial preparations as in e were subjected to membrane 

disruption by freeze-thaw cycles and accessibility of proteins to Proteinase K examined by 

digestion followed by immunobloting. c. Immunoblot analysis of membranous organelles 

from U937 cells separated by isopycnic sucrose density gradient centrifugation.
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Fig. 3. IRGM affects mitochondrial fission
a. Knockdowns of IRGM and DRP1; cells were transfected with control siRNA or with 

siRNA to IRGM and DRP1 for 48 h and protein samples were analyzed by Western blotting 

with anti-IRGM and anti-Drp1 antibodies. Actin, loading control. b. HeLa cells treated with 

siRNA to either IRGM or DRP1 were labeled with MTR and analyzed by live microscopy. 

c. Cells were treated with either control siRNA or with DRP1, IRGM, ATG7 or BECN1 

(Beclin 1) siRNAs, labeled with MTR and the % of cells with mitochondrial morphologies 

ranging from normal, punctiform (dots) and elongated were quantified. Definition of mito-

morphologies and quantification criteria are given in Suppl. Fig. S2 legend. d. Cells were 

transfected with either control siRNA or with siRNA to MFN1&2, IRGM or IRGM and 

MFN1&2, labeled with MTR and analyzed for mitochondrial morphologies. Data, means ± 

SEM (n=3 panel c, n=4 panel d).*P<0.05, **P<0.01, †P>0.05 (t-test).
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Fig. 4. Relationship between mitochondrial fission and autophagy and roles of IRGM, DRP1 and 
FIS1 in autophagic control of mycobacteria
a and b. (a) U937 cells were transfected with GFP-LC3 and siRNA to FIS1, DRP1, IRGM 

or control and autophagy was induced with hIFN-γ (300 u/ml) for 24 h, and (b) LC3 puncta 

per cell quantified. c. As in (b) except that autophagy was induced by starvation (4 h). d. 
LC3 puncta per cell were quantified in cells transfected with either control or MFN1&2 

siRNA. e. siRNA treated cells were infected with BCG, autophagy induced by starvation 

and phagosome maturation \ analyzed using LysoTracker (LTR), as a reporter of 

acidification 8, 20. f siRNA treated U937 were infected with virulent M. tuberculosis H37Rv, 

autophagy induced by starvation (4 h) or kept in full medium. CFU were counted to assess 

bacterial survival. Data, means ± SEM (n=6; two independent transfections, 6 independent 

infections; SD values are given in Supplementary Table S1). *P<0.05, **P<0.01, †P>0.05 

(t-test).
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Fig. 5. IRGMd binds to cardiolipin and causes loss of mitochondrial membrane potential
a. Splice variants of IRGM. G1-G5, GTPase motifs. The S47N mutation is indicated in blue. 

b. HeLa cells were transfected with IRGMb, IRGMd-WT (wild type IRGMd, unaltered) or 

IRGM-S47N mutant (SN) for 48 h, labeled with MTR and imaged by live microscopy. c. 
Fluorescence intensity analysis of green and red channels along a line drawn through two 

adjacent cells, one GFP-IRGMd positive and one GFP-IRGMd negative. d. Quantification 

of GFP+MTR+ cells. e,f. Analysis of GST-IRGMd binding to lipids by lipid protein binding 

dot blots (e) and cardiolipin bound agarose bead pull down assay (f; details in Methods). g. 
IRGMd, IRGMdS47 mutant, and IRGMb isoform concentration-dependent analysis of 

binding to lipids on strip blots (numbers identifying lipids correspond to the legend in panel 

e). GST control is in Suppl. Fig. S1d. Membranes in e-g were probed with anti-GST 

antibody.
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Fig. 6. IRGMd translocates to mitochondria, induces mitochondrial fragmentation and causes 
loss of mitochondrial Δψm independent of autophagic but dependent on apoptotic machinery
a. HeLa cells transfected with GFP or GFP-IRGMd for 24 h were stained with MTR and 

imaged. b-d. Quantification of mitochondrial morphologies in cells transfected with 

IRGMd, IRGMdS47N, or IRGMb fusions. e,f. IRGM acts in concert with DRP1. Cells were 

transfected with siRNAs (48 h) and GFP-IRGMd, and mitochondrial morphologies (e; 24 h) 

or MTR staining (f; % of GFP+ cells that were also MTR+ at 48 h) quantified. g. IRGMd 

translocates (ii-iv) from the cytosol to mitochondria and colocalizes with COX IV (v-vii). 

Cytosol-to-mitochondria translocation and mitochondrial localization was compared with 

the typical appearance of steady state Drp1 distribution (i). h. HeLa cells, co-transfected 

with GFP-IRGMd and control, BECN1 (Beclin 1) or ATG7 siRNA, were labeled with MTR 

48 h post-transfection, imaged by live microscopy, and % of GFP+ cells that were MTR+ 

quantified. i. Atg7 wild type (WT) or Atg7−/− MEF transfected with GFP-IRGMd for 48 h 

were analyzed for mitochondrial staining as in g. j. Wild type W2 (Bax/Bak+/+) or mutant 

D3 (Bax/Bak−/−) BMK cells were transfected with GFP-IRGMd for 48 h and % of GFP+ 

cells that were MTR+ quantified. k. HeLa cells were transfected with GFP-IRGMd, treated 

with z-VAD, and after 48 h stained with MTR. Data, means ± SEM (n=3). 

†P≥0.05,*P<0.05, **P<0.01, (t-test).
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Fig. 7. IRGMd induces cell death
a. Fraction (%) of HeLa cells transfected with GFP or GFP-IRGMd that were rounded 48 h 

post-transfection. b. HeLa cells transfected with GFP or GFP-IRGMd for 48 h were stained 

with 7-AAD and % of GFP+ cells that were 7-AAD+ quantified. c. Comparison of 7-AAD 

staining in cells transfected with IRGMd vs. IRGMDS47N mutant and IRGMb (expressed 

as fluorescent protein fusions). d. Comparison of propidium iodide staining in cells 

transfected with IRGMd vs. IRGMDS47N mutant and IRGMb (expressed as fluorescent 

protein fusions). e. GFP-IRGMd transfected cells were stained for active caspases 3 and 7 

using FLICA dye (Serotec). Staurosporine was used as a positive control. f. GFP-IRGMd 

transfected cells were immunostained for HMGB1 (absence of nuclear HMGB1 stain is a 

marker of HMGB1 release). g-i. Cells were transfected for 48 h with GFP or IRGMd plus 

control or DRP1 siRNA, and % of 7-AAD+ cells (g), rounded cells (h) and cells with 

HGMB1+ nuclei quantified. Data, means ± SEM (n=3). *P<0.05, **P<0.01 (t-test).
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Fig. 8. Comparison of IRGMa, b and c effects
HeLa cells were transfected with GFP, IRGMa, IRGMc or IRGMd for 24 h (a) or 48 h (b), 
stained with Mitotracker Red, and % of GFP+ that were also MTR+ cells quantified. c and d. 
% of IRGMa, IRGMc, IRGMd or GFP transfected cells that were rounded 24 h and 48 h 

after transfection. e and f. Cells were transfected with IRGMa, c or d isoforms for 24 h (e) 

or 48 h (f), labeled with 7-AAD and % of GFP+ cells that were 7-AAD+ determined. g and 

h. Cells transfected with indicated plasmids for 24 h (g) or 48 h (h) were processed by 

immunofluorescence to assess retention of HGMB1 in the nucleus. Data, means ± SEM 

(n=3 a-f; n=4 g,h). *P<0.05, **P<0.01 (t-test).
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