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SUMMARY

ECSIT is a mitochondrial complex I (CI)-associated protein that has been shown to regulate the 

production of mitochondrial reactive oxygen species (mROS) following engagement of Toll-like 

receptors (TLRs). We have generated an Ecsit conditional knockout (CKO) mouse strain to study 

the in vivo role of ECSIT. ECSIT deletion results in profound alteration of macrophage 

metabolism, leading to a striking shift to reliance on glycolysis, complete disruption of CI activity, 

and loss of the CI holoenzyme and multiple subassemblies. An increase in constitutive mROS 

production in ECSIT-deleted macrophages prevents further TLR-induced mROS production. 

Surprisingly, ECSIT-deleted cells accumulate damaged mitochondria because of defective 

mitophagy. ECSIT associates with the mitophagy regulator PINK1 and exhibits Parkin-dependent 

ubiquitination. However, upon ECSIT deletion, we observed increased mitochondrial Parkin 

without the expected increase in mitophagy. Taken together, these results demonstrate a key role of 

ECSIT in CI function, mROS production, and mitophagy-dependent mitochondrial quality control.

In Brief

Macrophages rely on fine-tuning their metabolism to fulfill their anti-bacterial functions. Carneiro 

et al. show that the complex I assembly factor ECSIT is an essential regulator of the balance 
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between mitochondrial respiration and glycolysis and the maintenance of a healthy mitochondrial 

pool through mitophagy.

INTRODUCTION

ECSIT (evolutionarily conserved signaling intermediate in Toll pathways) was originally 

identified as a highly conserved TRAF6-binding protein (Kopp et al., 1999; Xiao et al., 

2003). Further studies showed that ECSIT is ubiquitinated by TRAF6 and has a role in 

intracellular bacterial clearance (West et al., 2011). ECSIT was shown to localize to 

mitochondria (Vogel et al., 2007) and regulate mitochondrial reactive oxygen species 

(mROS) production that occurs following engagement of Toll-like receptors (TLRs) (West et 

al., 2011). Phagocytosis of bacteria by macrophages results in ECSIT-dependent recruitment 

of mitochondria to the phagosomal membrane (Geng et al., 2015). There, ECSIT-dependent 

mROS production promotes activation of the phagosomal nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase system and ROS-dependent killing of engulfed microbes (West 

et al., 2011). ECSIT has also been described as a mitochondrial oxidative phosphorylation 

(OXPHOS) complex I (CI)-associated protein (Vogel et al., 2007). However, the link 

between ECSIT function as a CI accessory protein and innate immune signaling has 

remained unclear.

CI is the largest of the five OXPHOS complexes in the mitochondrial inner membrane. CI 

consists of 44 core and accessory subunits encoded in the mitochondrial and nuclear 

genomes. Its assembly is a highly complicated process that involves at least 14 additional 

assembly factors and stepwise assembly of intermediate subcomplexes (Guerrero-Castillo et 

al., 2017). CI and complex II (CII) are the entry points for electrons from NADH and 

FADH2, respectively. Electrons are then transferred to complex III (CIII) and complex IV, 

generating proton translocation from the mitochondrial matrix into the mitochondrial 

intermembrane space and establishing a proton motive force that drives generation of ATP 

through F1F0-ATP synthase (complex V) (reviewed by Sazanov, 2015).
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The most commonly observed mitochondrial disorders are associated with CI dysfunction. 

Although CI disorders can result in variable and severe phenotypes, so far, few CI subunits 

have been targeted for deletion or knockdown in mice. Importantly, a number of CI 

deficiencies result from mutations in CI subunits critical for CI assembly (Alston et al., 

2016; Bénit et al., 2003; Kirby et al., 1999; Koene et al., 2012; Loeffen et al., 2000; 

Mckenzie and Ryan, 2010; Nouws et al., 2010; Petruzzella and Papa, 2002). ECSIT interacts 

with the CI assembly factors NDUFAF1 and ACAD9 and was shown, using RNAi 

knockdown approaches, to be important for CI assembly and NDUFAF1 and ACAD9 

stability in mitochondria in the HeLa and HEK293 cell lines (Nouws et al., 2010; Vogel et 

al., 2007). Furthermore, it was observed that CI levels were reduced, and a 500-kDa CI 

intermediate accumulated in ECSIT knockdown cells (Vogel et al., 2007). These results 

suggest that assembly or stability of the CI 1-MDa holoenzyme requires ECSIT. Importantly, 

although the levels of NDUFAF1 were severely impaired in these studies, the levels of 

NDUFS3 and ND1, two other CI subunits, remained unchanged (Vogel et al., 2007). Given 

the important role of NDUFAF1 and ACAD9 in CI assembly, it seemed that ECSIT might 

predominantly function in concert with these CI assembly factors as part of a central CI 

assembly complex, the mitochondrial CI assembly (MCIA) (Guerrero-Castillo et al., 2017; 

Heide et al., 2012; Nouws et al., 2010; Vogel et al., 2007). The function of the MCIA 

complex is supported by the existence of CI deficiency in patients harboring mutations in 

genes encoding components of this complex (Alston et al., 2016; Fassone et al., 2011; 

Mimaki et al., 2012; Nouws et al., 2010). So far, only one ECSIT mutation has been 

identified in human disease, the V140A variant that triggers hyperinflammation and 

promotes hyperphagocytic syndrome in extranodal natural killer/T cell lymphoma (ENKTL) 

(Wen et al., 2018). Furthermore, ECSIT function has only been examined using 

downregulation in cell lines.

Interestingly, organization of the respiratory chain in macrophages, in particular adaptations 

in CI and complex II, has recently been shown to be instrumental for resistance to bacterial 

infection (Garaude et al., 2016; Kelly et al., 2015). Therefore, we decided to examine CI 

assembly and the expression of CI proteins upon ECSIT deletion in macrophages. 

Traditional Ecsit knockout (KO) mice have been generated; however, ECSIT deletion results 

in embryonic lethality, preventing the derivation of KO macrophages (Xiao et al., 2003). To 

overcome this difficulty, we have generated a conditionally targeted Ecsit knockout (CKO) 

mouse strain. Here we show that ECSIT can be efficiently deleted in macrophages derived 

from this mouse strain. ECSIT deletion leads to a metabolic shift in macrophages, 

accompanied by a complete loss of CI function and an increase in baseline mROS 

production. Strikingly, we also observed that, despite loss of mitochondrial membrane 

potential, ECSIT-deleted macrophages exhibit increased mitochondrial mass, suggesting a 

defect in the mitochondrial quality control pathway involving selective autophagy of 

damaged mitochondria, or mitophagy. Further analysis revealed that ECSIT interacts with 

several components of the PINK1/Parkin-dependent mitophagy pathway. Our studies 

therefore identify ECSIT as a crucial regulator of not only mitochondrial OXPHOS but also 

of inducible mROS production and mitophagy-dependent mitochondrial quality control.
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RESULTS

Conditional Deletion of ECSIT in Macrophages

To study the role of ECSIT in mitochondria, and avoid the difficulties posed by early 

embryonic lethality of the traditional KO mice, we generated an Ecsit CKO mouse (Figure 

S1). Exon 3 in the Ecsit gene is shared among all three splice variants described in mice, 

and, therefore, deletion of exon 3 ensures the inactivation of all isoforms of Ecsit (Figure S1; 

Supplemental Experimental Procedures). Mice with the floxed (f) Ecsit allele were crossed 

either to Cre-ERT2 or LysM-Cre mice. Use of tamoxifen (Tam) resulted in complete 

deletion of Ecsit in cultured macrophages from ECSITf/f/Cre-ERT2+ mice compared with 

macrophages from ECSIT+/+/Cre-ERT2+ mice (Figures 1A, left, and S1D), whereas 

generation of ECSITf/−/LysM-Cre+ mice (cKO), carrying one floxed allele and one 

traditional KO allele of ECSIT, resulted in efficient deletion of ECSIT in macrophages both 

in vitro (bone marrow-derived macrophages [BMDMs]) and in vivo (peritoneal 

macrophages [PMs]) (Figure 1B). Surprisingly, given the early embryonic lethality resulting 

from germline Ecsit deletion, deletion of ECSIT only in macrophages had no significant 

effect on macrophage or monocyte numbers in various tissues (Figure 1C). Therefore, we 

were able to proceed with the use of conditional ablation of ECSIT to study the role of 

ECSIT in macrophage metabolism and function. For convenience, we have designated 

ECSITf/−/LysM-Cre+ BMDMs as cKO macrophages. In addition, we immortalized BMDMs 

(IBMMs) from the ECSITf/f/Cre-ERT2+ mouse to use in future experiments. IBMMs were 

treated with 500 nM of tamoxifen (induced knockout [iKO]) or vehicle (wild-type [WT]) for 

48 h and washed and cultured for 5–12 days prior to examining ECSIT levels by western 

blot (Figure 1A, right).

After ECSIT deletion, the iKO IBMM and cKO BMDM culture supernatants displayed a 

pronounced change of the phenol red pH indicator in the cell culture medium, suggesting 

that ECSIT-deleted cells were producing more acidic molecules than WT cells (Figure 1D 

and data not shown), which is reflective of a dramatic shift in metabolic activity. Genetic 

defects in CI can be accompanied by lactic acidosis resulting from a metabolic shift toward 

glycolysis (Bet et al., 1990; Houshmand et al., 1996). Consistent with this observation, there 

were higher levels of lactate in culture supernatants of cKO BMDMs (Figure 1E) and iKO 

IBMMs (data not shown), suggesting increased glycolytic activity in both BMDMs and 

IBMMs. Furthermore, although there was a significant increase in lactate production in 

lipopolysaccharide (LPS)-stimulated macrophages, consistent with the known glycolytic 

shift accompanying TLR stimulation (Kelly et al., 2015), there was no significant increase in 

lactate release in LPS-stimulated ECSIT cKO cells compared with unstimulated cKO cells 

(Figure 1E). Taken together, these results suggest a significant metabolic shift upon ECSIT 

deletion in macrophages.

ECSIT Deletion in Macrophages Leads to Changes in Cellular Energetics

To further investigate the metabolic effects of ECSIT deletion in macrophages, we used 

extracellular flux analysis to measure the extracellular acidification rate (ECAR), indicative 

of aerobic glycolysis, and oxygen consumption rate (OCR), indicative of mitochondrial 

respiration. ECSIT-deleted cells displayed a higher ECAR, consistent with increased lactate 
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release and enhanced glycolysis (Figure 2A, left). Although the OCR was not significantly 

different between WT and iKO cells, there was a significant difference in the ratio between 

OCR and ECAR (OCR/ECAR), confirming the substantial metabolic shift seen upon ECSIT 

deletion (Figure 2A, right).

To better understand the macrophage adaptations resulting from ECSIT deletion, we 

followed cell survival and proliferation in restricted substrate conditions. As expected, 

ECSIT deletion impaired growth in medium without glucose (Figure 2B). Similar growth 

impairment was observed when ECSIT-deleted cells were cultured with galactose alone, 

which does not allow the net production of ATP from glycolysis (Figure 2B). To confirm the 

increased reliance of macrophages lacking ECSIT on glycolysis, we cultured macrophages 

in the presence of oxamate, an LDH inhibitor required for lactic acid release and completion 

of glycolysis. ECSIT iKO macrophages were more sensitive to oxamate than control 

macrophages (Figure S2A). Consistent with the importance of pyruvate metabolism for 

lactate production, ECSIT-deleted macrophages benefited more from pyruvate 

supplementation than WT macrophages (Figure S2B). Furthermore, iKO macrophages were 

more sensitive to replacement of glucose with glutamine, suggesting that glutamine 

metabolism and the tricarboxylic acid (TCA) cycle are impaired (Figure S2C).

Given the increase in lactate production and reliance on glucose for proliferation, we further 

characterized glycolysis in WT and ECSIT iKO macrophages by measuring the ECAR 

under different metabolic conditions: after addition of glucose to enable glycolysis; after 

addition of oligomycin (Oligo), which inhibits mitochondrial ATP synthase, thereby forcing 

glycolysis; and after addition of the glycolysis inhibitor 2-deoxyglucose (2DG) to confirm 

the specificity of glycolysis induction. Glycolysis was enhanced after addition of glucose in 

iKO IBMMs; however, glycolytic capacity (the maximum glycolysis rate in the presence of 

oligomycin) and glycolytic reserve (the quantitative difference between maximum glycolysis 

and basal glycolysis) were not significantly different from WT IBMMs (Figure 2C). These 

changes do not reflect a glycolytic reprogramming at the level of gene expression because 

mRNA levels of main glycolytic regulators and enzymes, including lactate dehydrogenase A 

(LDHA) and MCT1, were unchanged in iKO IBMMs (Figure S3). Taken together, these 

results suggest that CI impairment results in enhanced glycolytic flux in ECSIT-deleted 

IBMMs.

ECSIT Is Required for CI Function and Mitochondrial OXPHOS

Consistent with the increased reliance of ECSIT-deleted macrophages on glucose, we found 

that inhibition of glycolysis with 2DG resulted in a more profound decrease in ATP levels in 

ECSIT iKO and cKO macrophages compared with WT controls (Figure 3A and data not 

shown). Thus, ECSIT KO cells were more dependent on glycolysis for ATP production, 

suggesting that increased glycolysis might be a mechanism to compensate for the defect in 

mitochondrial respiration. We measured the OCR in WT and iKO IBMMs after sequential 

addition of oligomycin to abrogate the use of OXPHOS and oxygen for ATP production, the 

protonophore carbonyl cyanide-4-(trifluoromethoxy)phenyl-hydrazone (FCCP) to dissipate 

the proton gradient leading to oxygen reduction independent of ATP production, and finally 

the electron transport chain inhibitor rotenone to confirm the specificity of respiratory chain 
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function and identify the level of OXPHOS-independent OCR. ECSIT-deleted IBMMs had a 

markedly decreased spare respiratory capacity (SRC), as defined by the quantitative 

difference between the maximal OCR induced by FCCP and the initial basal OCR (Figure 

3B). IBMMs lacking ECSIT also exhibited a decreased OCR used for ATP production and 

proton leak (Figure 3B). Notably, each of these functions depends on establishment of the 

proton gradient across the mitochondrial inner membrane. This suggests that proton 

translocation and the mitochondrial membrane potential are impaired in ECSIT-deleted 

cells, consistent with CI dysfunction. In contrast, coupling (the amount of oxygen consumed 

to make ATP) was similar between WT and iKO cells, indicating that mitochondrial ATP 

synthase function is unaffected (Figure 3B, right). Thus, the residual OCR may come from 

CII function, but it cannot compensate for CI dysfunction in energy-demanding situations, 

assessed under maximal respiration conditions. Therefore, ECSIT-deleted macrophages are 

likely to be more sensitive to metabolic stress, as can occur in inflammatory sites where 

macrophages fulfill their functions.

To directly examine CI function in the absence of ECSIT, we prepared mitochondria from 

WT and iKO cells and performed blue native gel electrophoresis (BN-PAGE) followed by 

in-gel CI activity. A complete lack of CI activity was observed in macrophages lacking 

ECSIT at the level of the 1-MDa holoenzyme, and no subcomplex with residual CI activity 

was detected (Figure 3C). Next we measured oxidation of NADH to nicotinamide adenine 

dinucleotide (NAD+) and observed that CI NADH dehydrogenase activity was fully 

abolished in mitochondria from ECSIT-deleted macrophages (Figure 3D). Consistent with 

this finding, the NADH/NAD+ ratio was higher in ECSIT-deleted macrophages (Figure 3E). 

Taken together with the observed glycolytic shift, these results suggest a complete loss of CI 

activity and strong impairment of OXPHOS.

ECSIT Is Required for CI Assembly and Stability of CI Proteins

Previously it was observed that proteins in other CI subcomplexes, such as NDUFS3, were 

minimally affected by small interfering RNA (siRNA)-mediated ECSIT knockdown (Nouws 

et al., 2010; Vogel et al., 2007). This suggested that, although ECSIT was pivotal for the 

formation or stability of ECSIT-containing assembly subcomplexes, other CI holoenzyme 

intermediates were not dependent on ECSIT. Given the profound disruption of CI activity 

observed in ECSIT-deleted macrophages (Figure 3), we performed BN-PAGE followed by 

western blotting to examine CI and the ECSIT-containing assembly complexes. Consistent 

with previous reports, we found that the levels of NDUFAF1 in the ECSIT-associated 

subcomplexes (≈400 kDa and 700 kDa) in mitochondrial preparations were significantly 

decreased (Figure 4A), suggesting that function of the MCIA complex might be impaired 

(Baertling et al., 2017; Guerrero-Castillo et al., 2017). However, in contrast to previous 

reports, we found that other components of CI, NDUFS3 and ND6, were substantially 

diminished in ECSIT KO cells and importantly, did not accumulate in detectable assembly 

intermediates (Figure 4A). CII (succinate dehydrogenase complex, subunit A [SDHA]), 

complex III (Uqcrc2), and complex V (ATP5F1a and b) were unaffected (Figure 4B). Thus, 

ECSIT deletion in macrophages resulted in significant disruption of the CI holoenzyme and 

abrogation of CI subassembly formation without affecting other complexes of the respiratory 

chain.
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To assess whether these results reflect a complete loss of CI proteins versus a failure of 

mitochondrial import, we performed immunoblotting for several CI components using 

mitochondrial and total cellular lysates from multiple macrophage types. Upon deletion of 

ECSIT, we observed a severe reduction in the assembly factor NDUFAF1 and ND6, not only 

in mitochondrial lysates of IBMMs but also in total cell lysates of IBMMs (Figure 4C), 

BMDMs, and PMs (Figure 4D). This suggests that ECSIT is essential for maintenance 

and/or stability of the early 293- and 357-kDa subcomplexes formed by ECSIT and ECSIT 

binding partners, NDUFAF1, ACAD9, and TMEM126B, components of the MCIA 

complex, and subsequent subcomplex intermediates, incorporating ND6 (Guerrero-Castillo 

et al., 2017). We also observed significant loss of another CI subunit, NDUFS3, which has 

been reported to assemble in an early 170-kDa subcomplex before intervention of ECSIT 

and the MCIA complex, suggesting broad effects of ECSIT deletion on assembly and 

abundance of CI subunits.

Given the role of ECSIT in the regulation of multiple transcription factor pathways (Kopp et 

al., 1999; Xiao et al., 2003), we assessed whether the changes in mitochondrial CI protein 

levels could be attributable to changes in gene expression. However, despite significant 

decreases in protein levels, mRNAs encoding these and other mitochondrial respiratory 

chain components were unchanged in ECSIT-deleted cells (Figure S4A). This suggested that 

the protein levels of CI subunits were regulated by post-translational mechanisms upon 

ECSIT loss. Inhibition of proteasomal or lysosomal protein degradation using MG132 or 

Bafilomycin A1 (BafA1), respectively, did not restore the protein levels of NDUFS3 and 

NDUFAF1 (Figure S4B), suggesting that other mitochondrial proteases (e.g., LON-ClpP; 

Pryde et al., 2016), might be responsible for degradation of CI subunits. To test whether the 

other main assembly factor, NDUFAF1, could rescue CI subunit levels, we reintroduced 

NDUFAF1 in ECSIT-deleted macrophages. IBMMs were stably transduced with a 

doxycycline-inducible lentivirus vector expressing NDUFAF1 (Tet-NDUFAF1) or an empty 

vector (Tet-empty). Cells were treated with tamoxifen to delete ECSIT and with doxycycline 

to induce NDUFAF1 expression at the same time (day 0), or 24 hr later (day 1). We 

observed that reintroduction of NDUFAF1 did not restore the protein level of NDUFS3 

(Figure 4E), suggesting that the contribution of ECSIT to CI assembly is not simply to 

stabilize NDUFAF1. Taken together, these results demonstrate broad effects of ECSIT 

deletion on the composition of CI and a requirement for ECSIT in the maintenance or 

stability of both the CI holoenzyme and multiple CI subcomplexes.

Dysregulation of mROS Production and Loss of Mitochondrial Membrane Potential in 
Macrophages Lacking ECSIT

OXPHOS dysfunction is known to lead to ROS production (Breuer et al., 2013; Lin and 

Beal, 2006). Therefore, we examined the production of cellular ROS in WT and ECSIT-

deleted macrophages. We observed a significant increase in total cellular ROS in ECSIT-

deleted cells (Figure 5A). We previously showed that ECSIT was required for increased 

mROS production upon exposure of macrophages to bacterial pathogens and that ECSIT 

knockdown impaired this inducible mROS production without altering baseline levels (West 

et al., 2011). However, we found that the basal level of mROS was significantly enhanced in 

ECSIT cKO BMDMs (Figure 5B), a finding consistent with oxidative stress stemming from 

Carneiro et al. Page 7

Cell Rep. Author manuscript; available in PMC 2018 April 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CI dysfunction (Leadsham et al., 2013; Pagano et al., 2014; Pitkanen and Robinson, 1996). 

No further increase in ROS or mROS production was observed when ECSIT-deleted 

macrophages were treated with the CI inhibitor rotenone or LPS (Figures 5A and 5B). When 

macrophages were treated with antimycin to inhibit CIII, which, along with CI, is an 

important source of mROS production, we observed an increase in mROS in both WT and 

ECSIT-deleted macrophages (Figure 5C). Thus, although ECSIT-deficient cells retain the 

capacity to increase mROS production, they fail to do so upon LPS stimulation. This is not 

likely to be due to defects in the TLR signaling pathway because ECSIT-deleted BMDMs 

exhibit normal induction of the pro-inflammatory cytokines tumor necrosis factor alpha 

(TNF-α) and interleukin-6 (IL-6) following LPS exposure (Figure S5). These results are 

consistent with our previous finding that TLR-induced mROS production is dependent on 

ECSIT (West et al., 2011) and suggest that ECSIT may regulate mROS production during 

the innate immune response by regulating CI assembly and function.

Both direct analysis of CI and changes seen in macrophage metabolism suggest complete 

loss of CI function upon ECSIT deletion. Maintenance of mitochondrial membrane potential 

(Δψm) is essential for mitochondrial function. Analysis of Δψm, with uncoupler carbonyl 

cyanide m-chlorophenyl hydrazine (CCCP) treatment providing a control for collapsed 

mitochondrial Δψm, revealed that ECSIT-deleted IBMMs and BMDMs have a lower Δψm 

compared with WT cells (Figure 5D). Thus, consistent with its role in CI assembly and 

function, loss of ECSIT results in the appearance of indicators of mitochondrial damage, 

including increased constitutive mROS production and decreased Δψm. These defects also 

result in loss of LPS-inducible mROS production, which is critical for macrophage 

bactericidal function.

Defective Mitochondrial Quality Control in ECSIT-Deleted Macrophages

The loss of Δψm in macrophages lacking ECSIT should activate mitochondrial quality 

control through mitophagy, as occurs upon chemically induced mitochondrial damage 

(Ashrafi and Schwarz, 2013; Narendra et al., 2008). Therefore, we examined mitochondrial 

content in WT and ECSIT-deleted macrophages. Surprisingly, and despite decreased Δψm 

and increased mROS, we found increased mitochondrial DNA content in macrophages 

lacking ECSIT (Figure 6A). Similarly, we observed increased mitochondrial mass using 

mitotracker green, which stains mitochondria independently of Δψm (Figure 6B). To assess 

whether mitophagy is being triggered in ECSIT-deleted cells, we examined mitochondrial 

recruitment of LC3bII, a late-stage mitophagy marker necessary for lysosomal degradation. 

We observed a decrease in total and mitochondrial LC3bII protein levels in macrophages 

lacking ECSIT (Figure 6C). Loss of total LC3bII could indicate an increase in mitophagy or 

autophagic flux. However, when macrophages were treated with BafA1 to inhibit autophagy, 

we observed accumulation of LC3bII in WT but not ECSIT-deleted macrophages (Figure 

6D). Likewise, the decreased accumulation of VDAC1, TOM20, and Parkin in ECSIT-

deleted cells further confirmed that mitophagy was impaired (Figure 6D). These results 

suggest a role for ECSIT in selective autophagy of damaged mitochondria.

Upon loss of Δψm, mitophagy is triggered through the PINK1/Parkin system. PINK1 is a 

ser/thr kinase that is normally imported to the inner mitochondrial membrane and 
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constitutively degraded (Ashrafi and Schwarz, 2013). Upon loss of Δψm, PINK1 import and, 

therefore, degradation are impaired, and PINK1 accumulates on the outer mitochondrial 

membrane (OMM) (Narendra et al., 2010). This results in Parkin recruitment and Parkin-

dependent ubiquitination of target proteins on the OMM. The ubiquitinated substrates are 

recognized by adaptor proteins, which mediate recruitment of LC3bII. Therefore, one reason 

for decreased LC3bII recruitment could be decreased Parkin levels at mitochondria. Instead, 

when mitochondrial Parkin was examined by western blot, both total and, especially, 

mitochondrial Parkin protein levels were increased in ECSIT-deficient cells (Figures 6D and 

6E). This suggests that the mitochondrial damage that occurs following ECSIT deletion 

initiates PINK1/Parkin-dependent mitophagy but that Parkin accumulation fails to lead to 

LC3bII recruitment in the absence of ECSIT. Therefore, selective mitochondrial autophagy 

is impaired downstream of mitochondrial Parkin accumulation but upstream of LC3bII 

recruitment.

ECSIT Is a Parkin Substrate

To understand how ECSIT contributes to mitophagy, we investigated the interaction of 

ECSIT with components of the PINK1/Parkin mitophagy pathway. When co-expressed in 

293FT cells, we observed co-immunoprecipitation of ECSIT with PINK1 (Figures 7A and 

7B) (Beilina et al., 2005). This interaction was dependent upon mitochondrial localization of 

ECSIT because it was decreased with a mutant form of ECSIT lacking the mitochondrial 

localization sequence (Figure 7B; ΔMLS). Furthermore, we observed co-

immunoprecipitation of ECSIT with LC3b upon induction of mitophagy with the uncoupling 

agent CCCP (Figure 7C). When we assessed ECSIT by immunoblotting following induction 

of mitochondrial damage by CCCP treatment of macrophages, we observed the rapid 

appearance of a slower-migrating form of ECSIT (Figure 7D, indicated by an arrow), 

consistent with post-translational modification, such as ubiquitination or stabilization, of 

full-length ECSIT containing the mitochondrial targeting sequence at the OMM. 

Interestingly, when immunoprecipitating PINK1, we only recovered the slower-migrating 

form of ECSIT, whereas the processed form of ECSIT, which co-migrates with 

ECSITΔMLS, did not interact with PINK1 (Figure 7B). Similarly, we observed interaction 

between endogenous ECSIT and full-length PINK1 at steady state in BMDMs and IBMMs. 

This was enhanced by treatment with BafA1 and CCCP, blocking degradation and inducing 

damage (Figures 7E and 7F). ECSIT also interacted with LC3bII upon mitochondrial 

damage induction. Furthermore, upon induction of mitochondrial damage and inhibition of 

autophagy with BafA1, we were able to observe accumulation of multiple slower-migrating 

forms of ECSIT (Figure 7G). Interestingly, we did not see accumulation of these higher-

molecular-weight ECSIT species in the absence of BafA1 treatment (data not shown), 

suggesting that these species may be normally degraded by autophagic mechanisms. We 

have previously reported that LPS stimulation leads to accumulation of ECSIT at the OMM 

(West et al., 2011). Here we see that mitochondrial damage results in accumulation of 

unprocessed ECSIT (Figures 7C and 7D), ECSIT modification, and association with LC3b.

Given that ECSIT interacts with PINK1 and, upon mitochondrial damage, is likely 

ubiquitinated and associates with LC3b, we wondered whether ECSIT might be a substrate 

for Parkin. We therefore tested whether overexpression of Parkin, with or without PINK1, 
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could induce ECSIT ubiquitination (Yoshii et al., 2011). When Parkin was expressed 

together with vesicular stomatitis virus (VSV)-tagged ubiquitin in 293FT cells, we observed 

increased ubiquitination of ECSIT (Figure 7H). Parkin-induced ECSIT ubiquitination was 

further increased by PINK1 co-expression (Figure 7H), consistent with the role of PINK1 in 

the mitochondrial recruitment of Parkin and activation of Parkin ubiquitin ligase activity. 

Furthermore, Parkin/PINK1-induced ECSIT ubiquitination was dependent on mitochondrial 

localization of ECSIT because it was not observed using ECSITΔMLS (Figure 7H). Taken 

together, these findings suggest that ECSIT may be an important substrate for PINK1/

Parkin-mediated autophagy. Consequently, upon loss of ECSIT, both mitochondrial 

OXPHOS and mitochondrial quality control are impaired, resulting in accumulation of 

damaged mitochondria with increased mROS production.

DISCUSSION

We have successfully generated a conditional KO mouse for ECSIT, a mitochondrial CI 

assembly factor. The conditional KO mouse represents a unique model to study the function 

of ECSIT in different tissues and cell types. Macrophages lacking ECSIT exhibit profound 

disruption of mitochondrial CI. ECSIT deletion led to increased dependence on glycolysis 

and mitochondrial respiratory chain dysfunction. Although the observed increase in mROS 

production and decrease in Δψm would be expected to increase mitophagy, we observed an 

increase in mitochondrial mass. Activation and recruitment of the mitophagy machinery is 

disrupted in cells lacking ECSIT. We found that ECSIT undergoes ubiquitination following 

mitochondrial damage and that ECSIT can interact with PINK1, Parkin, and LC3bII. Finally, 

we showed that Parkin induces ubiquitination of mitochondrial ECSIT. Upon loss of ECSIT, 

we observed increased mitochondrial accumulation of Parkin, suggesting initiation of 

mitophagic pathways. However, LC3bII recruitment is diminished and accumulation of 

damaged mitochondria occurs. These results suggest that ECSIT is a key mediator of 

PINK1/Parkin-dependent mitophagy, allowing recruitment of the degradative autophagy 

machinery downstream of mitochondrial damage signaling. In the future, it will be important 

to determine which of the selective autophagy receptors mediate ECSIT-dependent LC3bII 

recruitment to damaged mitochondria or whether ECSIT can act as a mitophagy receptor to 

more fully elucidate the role of ECSIT in mitophagy.

ECSIT has previously been described as a CI chaperone and was identified in a subcomplex 

of 370 kDa known as the MCIA complex, containing TMEM126B, NDUFAF1, and ACAD9 

(Heide et al., 2012). More recently, it has been reported that TMEM126B and another 

transmembrane protein, TIMMDC1, have a role in putting together two membrane arm 

subcomplexes (Andrews et al., 2013; Guarani et al., 2014). TIMMDC1 immunoprecipitated 

with ECSIT and NDUFAF1, and immunoprecipitation (IP)-mass spectrometry (MS) 

analysis showed several interactions of this protein with CI subunits, including all proteins 

of the MCIA complex (Guarani et al., 2014). The MCIA complex likely helps to assemble 

the membrane arm of CI with TIMMDC1 (Guerrero-Castillo et al., 2017). Previously, Vogel 

et al. (2007) showed that ECSIT knockdown reduced NDUFAF1 levels and impaired CI 

enzymatic activity and assembly in HeLa cells. Although the NDUFAF1 protein was 

completely absent in ECSIT knockdown cells, it appeared that levels of other CI 

components (i.e., NDUFS3) were unaffected, resulting in accumulation of a 500-kDa CI 
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intermediate (Vogel et al., 2007). Surprisingly, in ECSIT KO macrophages, the 370-kDa 

subcomplex is not detected, and we observed loss of the NDUFS3 subunit, which is involved 

in the earliest steps of CI assembly (Guarani et al., 2014; Mckenzie and Ryan, 2010; Mimaki 

et al., 2012; Vartak et al., 2014). Furthermore, and in contrast to knockdown experiments, no 

CI intermediates were detected (Figures 3 and 4). ECSIT-deleted macrophages hence exhibit 

a more severe phenotype than previously observed with ECSIT knockdown approaches. 

These results suggest an essential role for ECSIT in CI assembly/stability in macrophages. 

Although NDUFAF1 is a well described CI assembly factor, and ECSIT deletion leads to its 

disappearance, it is unlikely that the role of ECSIT in CI assembly is only to stabilize 

NDUFAF1 because NDUFAF1 knockdown leads to impaired CI assembly but not its 

complete disruption (Nouws et al., 2010; Vogel et al., 2007). In addition, we show that the 

reintroduction of NDUFAF1 in ECSIT-deleted cells does not restore normal levels of 

NDUFS3 protein, suggesting that NDUFAF1 alone is not sufficient to restore CI subunits. 

Moreover, although TIMMDC1 is involved in the membrane anchoring of the Q subcomplex 

containing NDUFS3, TIMMDC1-depleted cells did not show reduced levels of NDUFS3 or 

NDUFAF1 (Guarani et al., 2014), suggesting that the role of ECSIT in CI assembly is 

independent of TIMMDC1 as well. One possibility is that ECSIT has a role in stabilizing an 

early peripheral arm intermediate containing NDUFS3 by facilitating its anchoring in the 

membrane by ND1, for example (Guerrero-Castillo et al., 2017). It is important to highlight 

that ECSIT and NDUFS3 were co-purified by tandem affinity purification (TAP) tag and IP-

MS, indicating a putative interaction between these proteins (Guarani et al., 2014; West et 

al., 2011).

The differences observed in our data and that of Vogel et al. (2007) might be due to the use 

of different cell types or due to the fact that previous experiments were performed using a 

knockdown approach. Importantly, nuclear encoded mRNA levels for NDUFAF1 and 

NDUFS3 and mitochondrially encoded ND6 mRNA levels were unchanged in ECSIT-

deleted cells (Figure S4A), indicating that the regulation of CI disappearance is post-

transcriptional. Mitochondria have a sophisticated quality control system that repairs or 

degrades misfolded, oxidized, or unassembled proteins. This system includes several 

mitochondrial chaperones and proteases besides the ubiquitin-proteasome system (UPS) 

(Heo and Rutter, 2011; Karbowski and Youle, 2011; Livnat-Levanon and Glickman, 2011). 

However, the UPS pathway and lysosomal degradation did not seem to be involved in the 

degradation of the CI subunits NDUFAF1 and NDUFS3 (Figure S4B). It is possible that the 

CI subunits are translocated and imported to the mitochondria to be degraded by 

mitochondrial proteases. It is important to note that some non-assembled OXPHOS subunits 

have been described as substrates for mitochondrial ATPases associated with diverse cellular 

activities (AAA) proteases (Arlt et al., 1996; Guzélin et al., 1996; Stiburek et al., 2012) and 

that LON/ClpP proteases have been shown to mediate degradation of CI under conditions of 

increased mROS production (Pryde et al., 2016).

Mitochondrial alterations in ECSIT-deleted macrophages lead to drastic effects on 

mitochondrial functions. Surprisingly, ATP levels were unaltered, suggesting that increased 

glycolysis compensates for lower ATP production by mitochondria. This is supported by a 

dramatic decrease in ATP levels upon inhibition of glycolysis in cells lacking ECSIT (Figure 

3A). However, this metabolic shift is not a reprogramming phenomenon because mRNA 
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levels of key glycolytic regulators and enzymes were not affected (Figure S3), and the 

mechanism of this increased flux is still unknown. Thus, without an increase in glycolytic 

capacity, we expect that ECSIT-deleted cells will be more sensitive to ATP-demanding 

stresses, and the function of cells like macrophages is likely to be altered in vivo, at sites of 

ongoing inflammation, for example.

We initially deleted ECSIT to confirm the role of ECSIT in the induction of mROS by TLRs 

upon phagocytosis of bacterial pathogens. Although the induction of mROS by bacterial 

products was abrogated in macrophages lacking ECSIT, this analysis was complicated by 

changes in baseline mROS production. Macrophages lacking ECSIT exhibit a significant 

increase in constitutive mROS production (Figure 5B). This is in agreement with other 

reports where deficiencies in CI subunits were studied (Jin et al., 2014; Miwa et al., 2014; 

Vogel et al., 2007). Given that CI is totally absent in ECSIT KO macrophages, it is likely 

that there might be another source of mROS in these cells. For example, complex III and, to 

a much lesser extent, CII have also been implicated in ROS production (Bolisetty and 

Jaimes, 2013; Casteilla et al., 2001; McLennan and Degli Esposti, 2000; Yankovskaya et al., 

2003). Another possibility is the generation of ROS through alpha-KGDH (alpha-

ketoglutarate dehydrogenase). It was reported that alpha-KGDH can produce ROS as a result 

of an increased NADH:NAD+ ratio (Starkov et al., 2004; Tretter and Adam-Vizi, 2004), as 

observed in ECSIT-deleted cells (Figure 3E). Nevertheless, additional studies are necessary 

to understand the source of increased ROS in ECSIT KO macrophages because other 

enzymes have been implicated in ROS generation as well (Mrácek et al., 2009; Zorov et al., 

2014).

Our previous study in macrophages revealed induction of mROS as a consequence of 

interaction of activated TLR signaling complexes containing TRAF6 with mitochondrial 

ECSIT (West et al., 2011). We observed a relocalization of ECSIT from the inner 

mitochondrial membrane to the OMM. Using knockdown approaches, we previously found 

that ECSIT was important for mitochondrial recruitment of TRAF6 and for inducible 

production of mROS in LPS-stimulated macrophages. The results obtained with ECSIT 

deletion in macrophages support an important role in the regulation of CI-dependent ROS 

(Figure 5) and suggest that this role may be secondary to regulation of CI assembly and 

protein stability. Therefore, these findings provide further support for the assertion that CI is 

the key source of mROS during bacterial phagocytosis.

It will be critical to explore the physiological relevance of the mechanisms elucidated here 

by examining the effects of ECSIT loss on innate immunity in in vivo models of infection. 

Based on our previous work (West et al., 2011), we expect that perturbed metabolism and 

mROS inducibility in ECSIT-deleted macrophages will impair resistance to bacterial 

infection. Moreover, multiple studies suggest that crosstalk between anti-bacterial autophagy 

and mitophagy (Randow and Youle, 2014) contributes to resistance to bacterial infection. 

Autophagy (Benjamin et al., 2013) and LC3-associated phagocytosis (Sarkar et al., 2017) 

have been shown to restrict S. typhimurium infection, and Parkin can contribute to resistance 

against M. tuberculosis and S. typhimurium (Manzanillo et al., 2013). Because we show that 

ECSIT is involved in mitophagy and that it interacts with LC3b, ECSIT loss might affect 

either or both of these pathways in addition to its expected effects on ROS production.
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In summary, our results present ECSIT as a link between mitochondrial quality control, CI 

function, and mROS production in macrophages and reveal a unique homeostasis of CI in 

macrophages, which could be instrumental for macrophage function as suggested by 

Garaude et al. (2016).

EXPERIMENTAL PROCEDURES

Further details and an outline of resources used in this work can be found in the 

Supplemental Experimental Procedures.

Mice

Animals used for experiments were age-matched (8–12 weeks old) and sex-matched and 

were bred and housed under standard conditions in accordance with Columbia University 

Institutional Animal Care and Use Committee policies. All mouse protocols were approved 

by Columbia University. The Ecsitf/f mouse was generated following methods explained in 

the Supplemental Experimental Procedures (Yusa et al., 2011), backcrossed into the 

C57BL/6 background, and then bred to the Ecsit+/− (Xiao et al., 2003) and LysM-Cre (The 

Jackson Laboratory) or Rosa26Cre-ERT2 (B. Reizis, personal communication) mouse 

strains.

Cell Systems

BMDMs were harvested from 8- to 12-week-old ECSITf/−/LysM-Cre+ (WT) and ECSIT+/+/

LysM-Cre+ (cKO) or ECSITf/f/Cre-ERT2+ littermates and cultured for a period of 7 days in 

DMEM containing L929 conditioned medium. BMDMs from ECSITf/f/Cre-ERT2+ mice 

were treated with 4-hydroxy (4OH)-tamoxifen (500 nM) or vehicle on days 1, 3, and 6 of 

differentiation and plated for experiments on day 7. IBMMs from ECSITf/f/Cre-ERT2+ mice 

were treated with 500 nM of 4OH-tamoxifen or vehicle for 48 hr, washed, and cultured for 

5–12 days prior to testing. These macrophages are referred to as iKO or WT, respectively. 

Relevance of the use of IBMMs was tested in assays performed in both BMDMs and 

IBMMs.

Statistical Analysis

Statistical analysis was conducted using GraphPad Prism 6 software. All data were tested for 

normal distribution of variables. Normally distributed data are displayed as means ± SD 

unless otherwise noted. Comparisons between two groups were performed with Student’s t 

test when normally distributed or Mann-Whitney test otherwise. Groups of three or more 

were analyzed by one-way ANOVA or the Kruskal-Wallis test. Values of n for each 

experiment are reported in the figures and figure legends. p < 0.05 was considered 

significant. Statistical parameters for each experiment can be found in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Loss of ECSIT in macrophages leads to a striking glycolytic shift

• ECSIT is essential for complex I assembly and stability in macrophages

• Role of ECSIT in mROS production and removal of damaged mitochondria 

by mitophagy
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Figure 1. Conditional Deletion of ECSIT in Macrophages Leads to Metabolic Alterations
(A) Immunoblotting for ECSIT in lysates from ECSIT+/+/Cre-ERT2+ and ECSITf/f/Cre-

ERT2+ bone-marrow-derived macrophages (BMDMs) 7 days after deletion induction with 

tamoxifen (Tam) or vehicle (−) (left) and ECSITf/f/Cre-ERT2+ immortalized BMDMs 

(iBMMs) treated with vehicle (WT) or tamoxifen (iKO) for 48 hr and cultured for 5 days 

(right). For subsequent figures, IBMMs were assessed 5–12 days after induction of deletion.

(B) ECSIT levels in ECSIT+/+/LysM-Cre+ (WT) and ECSITf/−/LysM-Cre+ (cKO) BMDMs 

and peritoneal macrophages (PMs).

(C) Cellularity and proportion in live cells of macrophages (CD11b+ F4/80+) and 

monocytes (CD11b+ F4/80−) from the spleen (Spln), lymph nodes (LNs), bone marrow 

(BM), peritoneal cavity (Perit), and lungs of WT and cKO mice (n = 3).

(D) Phenol red-containing cell culture media from ECSIT iKO and WT IBMMs.

(E) Lactate in supernatants from WT or cKO BMDMs, unstimulated (NS) or LPS-stimulated 

(100 ng/mL) (n = 2).

Shown are means ± SD of n experiments. *p < 0.05 in t test. See also Figure S1.
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Figure 2. Increased Glycolysis in ECSIT-Deleted Macrophages
(A) Extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) measured 

in WT and iKO cells (left) and OCR/ECAR ratio (right) (n = 3).

(B) Cell growth measured by crystal violet staining of IBMMs maintained for 48 hr in 

DMEM without glucose with or without galactose, 5 days after deletion induction (n = 5).

(C) The ECAR was assessed after addition of glucose, oligomycin (oligo), and 2-

deoxyglucose (2DG). Left: time course of a representative experiment. Right: determination 

of glycolysis rate, glycolytic capacity, and glycolytic reserve (n = 2).

Means ± SD of n experiments are shown. *p < 0.05 in t test. See also Figures S2 and S3.
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Figure 3. Loss of CI Activity in the Absence of ECSIT
(A) ATP levels in iKO and WT IBMMs left untreated (UT) or treated with 50 mM 2DG for 

4 hr (n = 3).

(B) OCR in iKO and WT IBMMs, measured after addition of oligomycin, FCCP, and 

rotenone. Left: time course of a representative experiment. Right: determination of the OCR 

used for ATP production. SRC, spare respiratory capacity, OCR because of proton leak, and 

coupling efficiency (n = 2).

(C) CI in-gel activity of mitochondrial complexes from WT and iKO IBMMs; shown is a 

representative experiment (n = 3). DLDH, dihydrolipoamide dehydrogenase.

(D) CI activity in WT and iKO IBMM mitochondria; CAM, chloramphenicol; shown is a 

representative experiment (n = 3).

(E) NADH/NAD+ ratio in lysates of iKO IBMMs (n = 2) and cKO BMDMs (n = 3) 

compared with WT cells.

Shown are means ± SD of n experiments. *p < 0.05 in t test.
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Figure 4. Loss of CI Proteins in ECSIT-Deleted Macrophages
(A and B) BN-PAGE followed by western blot of mitochondrial complexes from WT and 

iKO IBMMs detected with the indicated proteins from (A) complex I and (B) complexes II, 

III, V, and VDAC1.

(C and D) Immunoblot of OXPHOS proteins in (C) mitochondrial preparation and total cell 

lysates of IBMM and (D) total cell lysate of BMDM and PMs.

(E) Immunoblotting of IBMMs transduced with doxycycline-inducible NDUFAF1 (Tet-

NDUFAF1) or control (Tet-Empty) and treated with tamoxifen on day 0 and day 1 to induce 

ECSIT deletion and doxycyclin (Dox) every 24 hr from day 0 or day 1 until analysis on day 

3.

Shown are representative experiments (n = 3). See also Figure S4.
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Figure 5. Mitochondrial Dysfunction in Cells Lacking ECSIT
(A) IBMMs stimulated with rotenone (1 μM) and LPS (100 ng/mL) for 20 min 7 days after 

deletion induction, stained with chloromethyl derivative of H2DCFDA (2′,7′-

dichlorodihydrofluorescein diacetate) (CM-H2DCFDA) and analyzed by flow cytometry for 

total ROS (n = 3).

(B) BMDMs stimulated with rotenone and LPS for 20 min, stained with MitoSOX, and 

analyzed by flow cytometry for mROS (n = 3).

(C) IBMMs stimulated with antimycin A (5 μM) for 20 min and analyzed for mROS like in 

(B) (n = 3).

(D) Δψm measured by flow cytometry using tetra-methylrhodamine, methyl ester (TMRM) 

in IBMMs and BMDMs, in the absence (non treated, NT) or presence of CCCP for 1 h (30 

μM) (n = 3).

Shown are means ± SD of n experiments. *p < 0.05 in t test. See also Figure S5.
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Figure 6. Altered Mitophagy in ECSIT-Deleted Macrophages
(A) Ratio of mitochondrial DNA (mtDNA) over nuclear DNA (nucDNA) copies, determined 

by qPCR in IBMMs 7 days after deletion induction (n = 4).

(B) IBMMs stained with mitotracker green and analyzed by flow cytometry (n = 4). (A and 

B) Fold change over WT. Shown are means ± SEM of n experiments. *p < 0.05 in t test.

(C and E) Western blot analysis of (C) LC3b and (E) Parkin in total lysate, isolated 

mitochondria, and cytosol of WT and iKO IBMM (representative experiment of n = 3).

(D) Western blot analysis of cellular lysates of WT and iKO IBMMs treated with 5 nM 

BafA1 (representative experiment of n = 3).
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Figure 7. ECSIT Interacts with Mitophagy Regulators
(A and B) Coimmunoprecipitation (coIP) of (A) PINK1 with ECSIT and (B) ECSIT with 

PINK1 and western blot analysis of immunoprecipitated proteins and input lysate after 

overexpression in 293FT cells (ΔMLS, ECSIT lacking the MLS).

(C) CoIP of LC3b with ECSIT and western blot after overexpression in 293FT cells with or 

without CCCP for 1 hr (30 μM).

(D) Western blot analysis of ECSIT in lysates of WT IBMMs treated with LPS (100 ng/mL), 

CCCP (30 μM), or vehicle (DMSO) for the indicated times.

(E and F) Western blot analysis of proteins coimmunoprecipitated with anti-ECSIT or 

control antibody (immunoglobulin heavy chain [Ig]) in lysates of WT BMDMs (E) or 

IBMMs (F) treated with 10 nM Bafilomycin A1 (Ba1) for 5 hr and/or 20 μM of CCCP (CC) 

for 1 hr.

(G) IP of ECSIT and control IP (ctrl) and western blot analysis of immunoprecipitated 

ECSIT (top, long exposure; bottom, short exposure) and input lysate in WT IBMMs treated 

with LPS (100 ng/mL), CCCP (30 μM), BafA1 (10 nM), or vehicle (−) for 1 hr.

(H) IP of ubiquitinated proteins and western blot analysis for ECSIT after overexpression of 

ECSIT, Parkin, PINK1, and VSV-tagged ubiquitin in 293FT.
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