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SUMMARY

Cells adapt to nutrient and energy deprivation by inducing autophagy, which is regulated by the 

mammalian target of rapamycin (mTOR) and AMPactivated protein kinases (AMPKs). We found 

that cell metabolism significantly influences the ability to induce autophagy, with mitochondrial 

complex I function being an important factor in the initiation, amplitude, and duration of the 

response. We show that phenformin or genetic defects in complex I suppressed autophagy induced 

by mTOR inhibitors, whereas autophagy was enhanced by strategies that increased mitochondrial 

metabolism. We report that mTOR inhibitors significantly increased select phospholipids and 

mitochondrial-associated membranes (MAMs) in a complex I-dependent manner. We attribute the 

complex I autophagy defect to the inability to increase MAMs, limiting phosphatidylserine 

decarboxylase (PISD) activity and mitochondrial phosphatidylethanolamine (mtPE), which 

support autophagy. Our data reveal the dynamic and metabolic regulation of autophagy.
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Autophagy is a survival response to starvation conditions, which inhibit the mTOR kinase. 

Thomas et al. demonstrate that autophagy induced by mTOR inhibitors is limited by phenformin 

and defects in OXPHOS but enhanced by strategies that increase mitochondrial energy and 

phospholipid metabolism. The therapeutic relevance of these findings is discussed.

Graphical Abstract

INTRODUCTION

Autophagy targets long-lived proteins, complex molecular structures, and organelles for 

lysosomal degradation, maintaining homeostasis under basal conditions and generating 

molecular building blocks to support essential cellular processes during starvation. The term 

autophagy in the broadest sense includes macroautophagy, microautophagy, and chaperone-

mediated autophagy (Yang and Klionsky, 2010). The multistep process of macroautophagy, 

which we will call autophagy, responds to signals that trigger (1) the formation of double-

membrane autophagosomes to sequester cargo, (2) trafficking along microtubules, (3) fusion 

with the lytic compartment, and (4) enzymatic degradation of contents to be released and 

recycled. Autophagy is thus a catabolic process to supply metabolites for anabolic processes. 

However, autophagy is anabolic in that it requires the continued biosynthesis of 

autophagosomes, involving the coordinate regulation of autophagy proteins, lipids, and 

sufficient energy at localized regions of assembly (Kaur and Debnath, 2015; Yang and 

Klionsky, 2010). It is now recognized that autophagy, initially thought to be nonselective in 

the sequestration of cargo, is often selective, using adaptors or receptors to link specific 

cargo such as mitochondria to the growing autophagosome (Farré and Subramani, 2016).

Autophagy is regulated by three interrelated protein kinases: the mammalian target of 

rapamycin (mTOR), Unc-51-like kinase 1 (ULK1), and AMP-activated protein kinase 

(AMPK) (reviewed by Russell et al., 2014). mTOR’s role in autophagy was established 

more than 20 years ago and is conserved from yeast to mammals. Specifically, TOR in yeast 
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inhibits the activity of the autophagy-related 1 kinase (Atg1), similar to mTOR’s inhibition 

of ULK1, albeit with mechanistic differences (reviewed in Noda, 2017). Autophagy is 

induced by starvation and rapamycin, inhibitors of mTOR complex (mTORC) 1 (Yang and 

Klionsky, 2010), and by next-generation mTOR kinase inhibitors, which are more potent 

inhibitors of mTORC1 and mTORC2 (Thomas et al., 2012). However, it is possible to 

inhibit mTORC1 without activating autophagy; for example, both mTORC1 and autophagy 

are inhibited by lysosome inhibitors (Amaravadi et al., 2011; Zoncu et al., 2011).

An understanding of AMPK’s role in autophagy was complicated by early reports that the 

AMPK activator 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) inhibited 

autophagy (Samari and Seglen, 1998), which was later found to be independent of its effects 

on AMPK (Meley et al., 2006). Reports that energy deprivation and subsequent activation of 

AMPK were sufficient, if not required, to inhibit mTOR (Gwinn et al., 2008; Inoki et al., 

2003; Kalender et al., 2010) suggested that AMPK induced autophagy through inhibition of 

mTOR. A more direct role was established when AMPK was shown to phosphorylate ULK1 

(Egan et al., 2011; Kim et al., 2011). The latter studies used multiple tools, including 

AICAR, to activate AMPK and define ULK1 phosphorylation sites, although AICAR, as 

mentioned earlier, does not induce autophagy (Samari and Seglen, 1998).

There are conflicting reports about the ability of other AMPK activators to induce 

autophagy, e.g., glucose starvation or phenformin (Ramirez-Peinado et al., 2013; Cheong et 

al., 2011). These discrepancies may be caused by differences in cell types, assay conditions, 

or methods to measure autophagy or may reflect that the steps of autophagy require energy 

(Plomp et al., 1989; Schellens and Meijer, 1991). Phenformin, described as an inhibitor of 

mitochondrial complex I (Owen et al., 2000), and glucose starvation have different effects on 

energy metabolism by targeting oxidative phosphorylation (OXPHOS) and glycolysis, 

respectively. It has been argued that autophagy in response to glucose starvation maintains 

energy homeostasis by supplying substrates for the tricarboxylic acid (TCA) cycle (Cheong 

et al., 2011), similar to reports that RAS oncogene-driven tumors are addicted to autophagy 

to support metabolism and growth (Guo et al., 2016; Yang et al., 2011). However, in cells 

treated with phenformin, the role of autophagy in the switch to and support of aerobic 

glycolysis is not clear. The use of phenformin is complicated by reports that it, like AICAR, 

does not induce autophagy (Cheong et al., 2011). Others suggest that by targeting OXPHOS, 

phenformin induces selective mitophagy (Shackelford et al., 2013) to maintain energy 

equilibrium through a mechanism that involves phosphatase and tensin homolog (PTEN)-

induced putative kinase 1 (PINK1) and the E3 ubiquitin-protein ligase PARKIN (Youle and 

Narendra, 2011). In yeast, however, defects in mitochondrial respiration suppress rather than 

induce autophagy (Graef and Nunnari, 2011). These inconsistencies raise questions about 

the level of autophagy or mitophagy induced by phenformin or the related biguanide, 

metformin, a commonly used anti-diabetic drug. Phenformin and metformin are under 

clinical investigation for pathologies in which autophagy’s role is significant, including 

cancer and neurodegenerative disease (Lorin et al., 2013; Menzies et al., 2017). Therefore, it 

is critical to understand the degree to which agents that activate AMPK affect autophagy to 

optimize treatments for the desired outcome.
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We initially set out to compare AMPK activators with mTOR inhibitors for their potency to 

induce autophagy and mitophagy. We found that phenformin and glucose starvation had 

opposing effects on autophagy and mitophagy, leading to a major shift in our understanding 

of how energetic stress affects autophagy. Autophagy was suppressed by phenformin and 

defects in complex I but enhanced by glucose starvation and strategies to increase 

mitochondrial metabolism. Furthermore, we demonstrate that complex I activity was 

required for changes in phospholipid metabolism and mitochondrial-associated membrane 

(MAM) formation, which were increased by mTOR inhibition and important for autophagy. 

Our findings demonstrate the importance of metabolism in the regulation of autophagy, 

increase our understanding of the biological effects of clinically relevant biguanides, and 

suggest strategies to activate or suppress this vital process.

RESULTS

Phenformin Inhibits Autophagy

As a positive control for autophagy, we combined the allosteric and kinase mTOR inhibitors 

RAD001 and BEZ235 (RB), which we had used previously in a preclinical model of 

hepatocellular carcinoma (HCC) (Thomas et al., 2012). As an energetic stressor, we initially 

chose phenformin, because it enters cells more readily than metformin and is reported to be 

10 times more potent (Shackelford et al., 2013). These studies were performed primarily in 

HEK293 cells, which are capable of mounting a robust autophagy response to starvation 

conditions or mTOR inhibitors (Mercer et al., 2008, 2009; Thomas et al., 2012) and are used 

routinely for studies associated with mTOR and AMPK signaling (Auciello et al., 2014; 

Sancak et al., 2010). Consistent with our previous work (Thomas et al., 2012), RB strongly 

induced autophagy, as determined by the betaine homocysteine S-methyltransferase 

(BHMT) autophagy cargo assay and accumulation of a glutathione S-transferase (GST)-

BHMT fragment; by increased levels of LC3-II, a marker of autophagy (Kabeya et al., 

2000); and by decreased levels of sequestome 1 (SQSTM1/p62), an adaptor protein that 

selects ubiquitinated proteins for autophagy (Pankiv et al., 2007) (Figures 1A and 1B). 

Unexpectedly, in phenformin-treated cells, BHMT fragmentation and LC3-II levels did not 

increase and SQSTM1/p62 levels were stable, despite activation of AMPK and inhibition of 

mTORC1 at later time points, as determined by increased phosphorylation of acetyl-coA 

carboxylase (ACC) and decreased phosphorylation of S6K1 and 4EBP1 (Figures 1A and 

1B). We subsequently tested increasing doses of phenformin for their ability to inhibit 

mTOR and induce autophagy and found that phenformin did not induce autophagy at any 

dose and suppressed the amplitude of autophagy induced by RB in a dose-dependent manner 

(Figure 1C). These results were supported by LC3-II flux analyses by western blotting 

(Figures 1D and 1E) and immunofluorescence of LC3B puncta (Figures 1F and 1G). These 

findings were not cell line or compound specific, because the biguanides inhibited 

autophagy induced by mTOR inhibitors in multiple cell lines, including liver kinase B1 

(LKB1)-deficient A549 cells (Figures S1A–S1C), suggesting that AMPK activation is not 

required for either the induction of autophagy by RB or its inhibition by phenformin. 

Expression of proteins associated with ULK1 or class III phosphatidylinositol (PtdIns) lipid 

kinase, VPS34, which define complexes that initiate autophagy were not changed by either 

treatment (Figure S1D). Finally, rotenone and oligomycin, inhibitors of complex I and ATP 
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synthase, respectively, did not induce autophagy and inhibited RB-induced autophagy at two 

time points (Figure S1E), suggesting that respiration-competent mitochondria are essential 

for autophagy. We conclude that phenformin does not induce autophagy, despite mTOR 

inhibition and AMPK activation, and inhibits autophagy induced by mTOR inhibitors.

Phenformin Inhibits Mitophagy

We reported that phenformin caused mitochondrial fragmentation and dysfunction in Huh7 

cells (Veiga et al., 2018), conditions that are conducive for mitophagy (Pickles et al., 2018) 

and consistent with reports that phenformin induces mitophagy (Egan et al., 2011; 

Shackelford et al., 2013). Mitochondria in phenformin-treated HEK293 cells also appeared 

fragmented and shifted from dense to more buoyant fractions on a density gradient (Figures 

S2A and S2B). To measure mitophagy, we used the GSTLSCSGFP-ActA mitophagy assay, 

which detects the autolysosomal degradation of a reporter protein embedded in the outer 

mitochondrial membrane (OMM) (Dennis and Mercer, 2009).

Mitophagy was induced in cells treated with mTOR inhibitors (RB), as determined by 

increased fragmentation of GSTLSCSGFP-ActA, increased LC3-II (Figure 2A), and a 

significant reduction in mitochondrial mass (Figure 2B). These data are consistent with our 

previous findings that RB induced mitophagy in mouse liver tumors (Thomas et al., 2012) 

and the decreased mitochondrial mass reported in cells treated with other mTOR kinase 

inhibitors (Morita et al., 2013). To determine whether the decreased mitochondrial mass 

could be attributed to decreased mitochondrial biogenesis, we measured expression of 

peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC1α), nuclear-

respiratory factor 1 (NRF1), and transcription factor A, mitochondrial (TFAM), which are 

reported to be regulated by mTORC1 (Cunningham et al., 2007; Morita et al., 2013). 

However, in the conditions used here, these transcriptional regulators were not decreased by 

RB but instead were either unchanged or increased (Figures S2C–S2E). Phenformin did not 

induce mitophagy when used alone and inhibited RB-induced mitophagy (Figure 2A), 

similar to its inhibition of autophagy. To confirm these data, we employed mitophagy 

reporter proteins fused to Keima as described (An and Harper, 2018). Keima is an acid-

stable fluorescent protein that emits green or red signals at neutral or acidic pH, respectively, 

and has been used to determine autophagy flux (An and Harper, 2018; Katayama et al., 

2011). In cells expressing Mito-Keima, RB induced readily identifiable discreet red puncta 

suggestive of active mitophagy, whereas there was little difference in the red signal among 

vehicle (V), P, or RB plus P (RBP) treatments (Figure 2C). The mitochondrial import 

receptor subunit TOMM20-Keima fusion protein on the OMM is processed by lysosomal 

proteases to produce an acid-stable form of ~25 kDa. (An and Harper, 2018). Similar to the 

GSTLSCSGFP-ActA assay (Figure 2A), the processed TOMM20-Keima fragment was 

increased by RB, but not phenformin (Figure S2F). In TOMM20-Keima cells that 

overexpressed PARKIN, Keima processing was blunted (Figure S2F), which may be because 

of PARKIN’s E3 ubiquitin ligase activity and increased proteasome degradation of OMM 

proteins (Yoshii et al., 2011). Further investigation showed that expression of PINK1, which 

is stabilized on the OMM of damaged mitochondria (Narendra et al., 2010), did not change 

in cells treated with RB, phenformin, metformin, or rotenone, in contrast to its robust 

expression in cells treated with oligomycin and antimycin A, inhibitors of mitochondrial 
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ATP synthase and complex III, respectively, or carbonyl cyanide 3-chlorophenyl hydrazone 

(CCCP), a mitochondrial uncoupler (Figure S2G). The increased mitophagy observed with 

RB correlated with decreased levels of TOM20 on the OMM (Figure S2G), but not with 

cytochrome c oxidase assembly protein COX II on the inner mitochondrial membrane 

(IMM) (Figure 2A). Furthermore, mitochondrial complex I activity was increased in 

mitochondria from RB-treated cells but was not significantly changed by phenformin 

(Figure 2D). The assay employed for these measurements does not depend on ubiquinone, 

so complex I inhibitors that interfere with the ubiquinone binding site, such as rotenone 

(Palmer et al., 1968), do not inhibit activity. Phenformin may work through a similar 

mechanism. We conclude that RB-induced mitophagy is distinct from a PINK1/PARKIN 

mechanism of mitophagy and is a type of mitochondrial remodeling that preserves complex 

I activity. We found no evidence of mitophagy in phenformin-treated cells, which may be 

partly because of the lack of PINK1 stabilization. Despite this, phenformin inhibited 

mitophagy induced by RB, suggesting that a common mechanism underlies phenformin’s 

inhibition of both autophagy and mitophagy.

Phenformin’s Inhibition of Autophagy Is Not Explained by Lysosome Defects

The inhibition of autophagy by phenformin could be attributed to several mechanisms, 

including inhibition of mitochondrial complex I, mitochondrial glycerophosphate 

dehydrogenase, one-carbon metabolism, or the lysosome (Corominas-Faja et al., 2012; 

Lockwood, 2010; Madiraju et al., 2014; Owen et al., 2000). The latter was of particular 

interest, because lysosome dysfunction inhibits both mTORC1 and autophagy (Amaravadi et 

al., 2011; Zoncu et al., 2011) and metformin and phenformin inhibit mTORC1 through a 

Rag-guanosine triphosphatase (GTPase)-dependent mechanism at the lysosome (Kalender et 

al., 2010). We reasoned that if phenformin inhibited mTORC1 by inhibiting lysosomal 

function, then mTORC1 would be insensitive to amino acid starvation if it was tethered to 

the lysosome, as shown in cells expressing FLAG-RAPTOR-RHEB15 (Sancak et al., 2010). 

In control cells that expressed FLAG-RAPTOR, chloroquine (CQ), a lysosome inhibitor, and 

phenformin both inhibited mTORC1 activity in response to amino acid stimulation (Figure 

S3A). However, in cells that express FLAG-RAPTOR-RHEB15, mTORC1 activity was 

protected from amino acid starvation in CQ-treated cells, as expected, but only partially 

protected by phenformin. Furthermore, phenformin inhibited mTORC1 in amino acid-

starved FLAG-RAPTOR-RHEB15 cells that were co-treated with CQ, suggesting that a 

significant part of phenformin’s action is independent of the lysosome (Figure S3A). In 

support of this conclusion, LC3-II or LC3B puncta did not accumulate in phenformin-treated 

cells (Figures 1A and 1D–1F) and lysosomal pH was unchanged by phenformin (Figure 

S3B).

Defects in Mitochondrial Complex I Suppress Autophagy

To determine whether phenformin’s inhibition of autophagy was related to complex I 

inhibition, we measured autophagy in cells with genetic deletion of complex I accessory 

subunits whose importance in complex I assembly and activity was described by Stroud et 

al., (2016). We chose four knockout (KO) cell lines for these experiments: NDUFS6KO and 

NDUFS4KO lines, which are viable in galactose media and relatively competent in complex 

I assembly, and NDUFA1KO and NDUFA10KO lines, which are not viable in galactose 
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media and have severe defects in complex I assembly (Stroud et al., 2016). Basal mTORC1 

activity appeared to be decreased in the KO cells, whereas AMPK activity was increased 

only in the cells with the more severe defect. In NDUFS6KO and NDUFS4KO cells, RB-

induced autophagy was nearly as robust as autophagy in RB-treated control cells and was 

inhibited by phenformin to a similar degree (Figures 3A and S3C). In contrast, the amplitude 

of RB-induced autophagy was reduced in NDUFA10KO and NDUFA1KO cells and was not 

further decreased by the addition of phenformin (Figures 3A and S3C), suggesting that 

phenformin’s inhibition of autophagy is primarily mediated by inhibition of complex I. 

BHMT fragmentation in vehicle-treated NDUF KO cells was less than in control cells 

(Figures 3A and S3C), suggesting that basal autophagy is suppressed by chronic defects in 

complex I.

Inhibition of complex I is reported to increase NADH and NADH/NAD+ ratios (Birsoy et 

al., 2015; Sullivan et al., 2015), and levels and metabolism of NAD+, the oxidized member 

of this redox pair, have been linked to the regulation of autophagy (reviewed in Jang et al., 

2012). Therefore, we asked whether phenformin’s inhibition of autophagy could be 

explained by changes in NADH/NAD+ ratios. We first determined that phenformin 

treatment increased the NADH/NAD+ ratio in HEK293 cells, which was largely reversed by 

the addition of mTOR inhibitors (Figure S3D). Although supplementation with nicotinamide 

(NM) to increase NAD+ biosynthesis decreased NADH/NAD+ ratios (Figure S3D), NM did 

not induce autophagy when used alone; it decreased RB-induced autophagy and did not 

rescue phenformin’s inhibition of RB autophagy (Figures 3B and S3E). The lack of 

correlation between NADH/NAD+ ratios and autophagy suggests that increased NADH does 

not explain the autophagy defect associated with phenformin.

Finally, as with autophagy, RB-induced mitophagy was impaired in NDUFA1KO cells 

compared to control cells (Figure 3C), without further inhibition by phenformin. Although 

CCCP did not induce measurable mitophagy in either cell line (Figure 3C), we could 

occasionally detect modest mitophagy in CCCP-treated HEK293 cells, but only at shorter 

time points (Figure S3F). PINK1 expression, although less robust in HEK293T cells 

compared to HEK293 cells, was not increased in vehicle-treated NDUFA1KO cells (Figure 

3C), suggesting that complex I defects do not activate PINK1-mediated mitophagy. 

Phenformin and CCCP both induced cleavage of the IMM GTPase optic atrophy 1 (OPA1), 

an energetic stress response that inhibits membrane fusion activity (Toyama et al., 2016), 

consistent with mitochondrial fragmentation (Figures S2A and S2B) (Veiga et al., 2018) and 

supporting the efficacy of phenformin in these cells. Altogether, these data show that defects 

in complex I and mitochondrial respiration suppress autophagy in higher eukaryotes, similar 

to what has been reported in yeast (Graef and Nunnari, 2011).

Phenformin and Glucose Starvation Increase AMP/ATP Energy Ratios and Cause 
Compensatory Metabolic Switching

The suppression of autophagy and mitophagy by phenformin led us to question whether 

there was sufficient energy in phenformin-treated cells to support autophagy. Although it is 

widely accepted that autophagy responds to energetic stress to increase survival (Meijer and 

Codogno, 2011), autophagy consumes ATP (Plomp et al., 1989), which suggests that cells 
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must maintain an energetic threshold to support autophagy. Adding adenosine to DMEM, 

which has been reported to increase ATP when used at millimolar concentrations (Li et al., 

2013), significantly increased ATP levels in HEK293 cells (Figure S4A), decreased 

phosphorylation of ACC, and enhanced autophagy in response to mTOR inhibitors (Figure 

4A) supporting the importance of ATP in fueling autophagy. To determine the energetic 

status of cells in conditions that induced or inhibited autophagy, we measured AMP/ATP 

energy ratios at 1, 6, and 24 hr in cells treated with RB and/or phenformin. For comparison, 

we included glucose-starved cells as an alternative means to induce energy stress. In RB-

treated cells, the slight increase in the AMP/ATP ratio at 1 hr adjusted to control levels over 

time (Figure 4B). In contrast, AMP/ATP ratios in cells treated with phenformin or starved of 

glucose for 1 hr increased more than 25-fold (Figure 4B) with partial recovery over time, as 

cells presumably adjusted to the energetic stress by switching from OXPHOS to glycolysis, 

or vice versa. In support of such a switch, phenformin significantly increased lactate at 2 

time points in both cells and media, decreased glucose levels, and depleted glycogen stores 

(Figures S4B–S4F), consistent with glucose consumption and a shift toward aerobic 

glycolysis. In contrast, lactate levels in glucose-starved cells were significantly decreased 

(Figure S4C), and the metabolites 3-hydroxyisobutyrate, 2-oxoisocaproate, and 3-methyl-2-

oxovalerate were increased in cells and/or media (Figures S4G and S4H), consistent with the 

catabolism of branched chain amino acids BCAA to fuel the TCA cycle (Zhang et al., 2017). 

The metabolic changes in RB-treated cells more closely resembled glucose starvation than 

phenformin treatment (Figures S4B–S4E, S4G, and S4H). In phenformin-treated cells, the 

nearly complete recovery of AMP/ATP ratios at 6 hr was not lasting but instead increased 

again at 24 hr (Figure 4B), a rise that paralleled increasing phosphorylation of ACC (Figures 

1A and4E).

Phenformin Suppresses the Initiation, Amplitude, and Duration of Autophagy

We predicted that if phenformin’s inhibition of RB-induced autophagy was due to energy 

depletion, it was likely to occur at early time points when energy ratios were most severely 

affected. The WD-40 repeat domain phosphoinositide-interacting protein 2 (WIPI2) is a 

mammalian Atg18 ortholog that is recruited to early autophagosome structures, where it 

binds PtdIns3P, a product of VPS34/ATG14/BECLIN1 complex activity, and supports LC3 

lipidation (Polson et al., 2010). We observed a decrease in WIPI2 puncta and the rate of 

LC3-II accumulation in RBP-treated cells, compared to RB treatment (Figures 4C, 4D, and 

S4H–S4K), suggesting that phenformin decreased early autophagosome formation. Despite 

this, there was little difference in the GST-BHMT fragment between cells treated with RB or 

RBP at 2 hr (Figures 4E and4F) or in SQSTM1/p62 levels (Figure 1D), suggesting that the 

decreased rate of autophagosome formation had little effect on the initial sequestration, 

delivery, or degradation of autophagy cargo. At subsequent time points, however, the 

amplitude of autophagy in RBP cells fell below that of RB-treated cells. Furthermore, in 

contrast to the stability of the GST-BHMT fragment in RB-treated cells (1A and4E), the 

reporter fragment in RBP-treated cells declined after 8 hr (Figures 4E and 4F). The fragment 

decay is consistent with attenuated autophagy and decreased cargo delivery; we could 

induce a similar decrease in BHMT fragment levels by treating cells 5 hr after the onset of 

autophagy with agents that disrupt vesicle trafficking or autophagosome and lysosome 

fusion (Figures S4M and S4N). We conclude that (1) although ATP clearly supports 
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autophagy, severe defects in energetic ratios do not prevent the initial sequestration of 

autophagic cargo induced by mTOR inhibitors, and (2) phenformin suppresses autophagy 

progression through a defect in autophagosome biogenesis.

Prolonged Glucose Starvation Increases Autophagy and Mitophagy

Although the effects of glucose starvation and phenformin on AMP/ATP ratios were similar, 

their effects on autophagy were different. In glucose-starved cells, GST-BHMT 

fragmentation and LC3-II levels, although initially unchanged, were increased at 24 hr 

(Figure 5A), consistent with reports that glucose starvation induces autophagy (Cheong et 

al., 2011; Kim et al., 2011). However, there was little correlation between the kinetics of 

AMPK activation, which occurred early, and the late induction of autophagy. In RB-treated 

cells, autophagy in glucose-depleted medium at early time points was comparable to 

autophagy in high-glucose DMEM but exceeded that of RB in high glucose at 24 hr and was 

stable up to 36 hr (Figures 5A, 5B, and S5A). Consistent with these findings, replacing 

glucose with either galactose, which provides no net ATP from aerobic glycolysis 

(Marroquin et al., 2007), or trehalose, a non-fermentable sugar that inhibits glucose transport 

(DeBosch et al., 2016), also increased autophagy and enhanced RB-induced autophagy 

(Figure 5C). It is likely that glucose-starved cells use TCA substrates like glutamine to 

support OXPHOS and survival (Wise and Thompson, 2010). Consistent with the importance 

of mitochondrial function for autophagy, supplementation of glucose-replete DMEM with 

the anapleurotic amino acids glutamine or aspartate increased the amplitude of RB-induced 

autophagy, although neither amino acid rescued the autophagy defect in cells treated with 

RBP (Figures S5B and S5C), consistent with a phenformin defect in complex I and 

OXPHOS. Finally, mitophagy in response to glucose starvation or galactose treatment was 

nearly as robust as mitophagy in RB-treated cells (Figure 5D) but was not observed in cells 

starved of essential amino acids (Figure S5D). We conclude that metabolic conditions that 

favor mitochondrial function and respiration also increase the amplitude of autophagy and 

mitophagy, independent of unfavorable AMP/ATP energy ratios.

Phospholipid Remodeling in Autophagy

The lack of correlation between energetic ratios and autophagy led us to consider 

phenformin’s effects on phosphatidylethanolamine (PE) biosynthesis. Levels of lipidated 

LC3-II were often decreased in cells treated for 24 hr with phenformin (Figures 4E, 4G, 5D, 

and S5D), suggesting that phenformin may limit either the synthesis or the availability of 

PE, a phospholipid that is covalently attached to membrane-bound LC3 (Kabeya et al., 

2004) and required for autophagy (Rockenfeller et al., 2015). Using targeted lipidomics, we 

found that phenformin alone had little effect on phospholipids, whereas RB significantly 

increased select species of PE and phosphatidylserine (PS) (Figures 6A, S6A, and S6B). PE 

(18:0/18:1) levels did not increase in cells treated with RBP, consistent with phenformin’s 

inhibition of RB-induced autophagy. In mammalian cells, distinct pools of PE are 

synthesized on either mitochondria or endoplasmic reticulum (ER) membranes (Vance and 

Tasseva, 2013), and the mitochondrial phosphatidylethanolamine (mtPE) pool is reported to 

support autophagosome formation in starved cells (Hailey et al., 2010). To determine the 

importance of mtPE for RB autophagy, we measured autophagy in cells with 2 small 

interfering RNAs (siRNAs) targeting PISD, an IMM enzyme that converts PS to mtPE. Cells 
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with silencing phosphatidylserine decarboxylase (siPISD) were visibly stressed, with 

cleaved poly(ADP-ribose) polymerase 1 (PARP), indicative of early apoptosis, in siPISD-6 

cells with the more severe knockdown (Figures 6B and S6C). These data are consistent with 

reports that loss of PISD causes defects in mitochondrial morphology and function, disrupts 

electron transport chain (ETC) complex formation, and is embryonic lethal in mice 

(reviewed in Vance and Tasseva, 2013). Basal autophagy was increased only in siPISD-6 

cells, suggesting that the more severe PISD depletion induced a type of autophagy 

associated with apoptosis, a phenomenon also observed with the chemotherapy drug 

doxorubicin (Figure S6D). Despite this, the magnitude of RB-induced autophagy was 

decreased by knockdown of siPISD when compared to nonsilencing siRNA (siNS) control 

cells, and was further reduced by the addition of phenformin (Figure 6B). The latter suggests 

that complex I assembly was not fully compromised by partial PISD knockdown. To inhibit 

PISD more acutely, we used the PISD inhibitor hydroxylamine (Shiao et al., 1995; Voelker, 

1993), which inhibited RB-induced autophagy without signs of apoptosis when used at 0.1 

or 1 mM doses (Figure S6D). Others have shown that PISD activity is increased by 

exogenous serine (Shiao et al., 1995; Voelker, 1993), a non-essential amino acid that 

supports PS, sphingosine, and purine biosynthesis (Locasale, 2013). Adding serine to 

DMEM increased the amplitude of RB autophagy, which was reversed by the PISD inhibitor 

hydroxylamine (Figure 6C), supporting the importance of PISD activity and mtPE for 

autophagy. The addition of ethanolamine (ETN) to medium to favor ER biosynthesis of PE 

through the Kennedy pathway (Calzada et al., 2016) or mixed phospholipid liposomes also 

increased the amplitude of RB autophagy, although neither rescued the autophagy defect 

associated with phenformin (Figures 6D and S6F). We conclude that mTOR inhibitors 

enhance both phospholipid remodeling and autophagy that depends on PISD activity and 

mtPE, as well as that phenformin blocks the biosynthesis of mtPE.

Phenformin Blocks MAMs that Support Autophagy

We reasoned that phenformin might affect mtPE biosynthesis under autophagy-inducing 

conditions by limiting the availability of PS, the substrate for PISD (Di Bartolomeo et al., 

2017). PS translocates from the ER to mitochondria at MAMs, which are regions of 

proximity between the ER and the mitochondria that support mitochondrial function (Naon 

and Scorrano, 2014) and autophagy, the latter through recruitment of ATG14 and VPS34 

(Hamasaki et al., 2013). To determine the effect of our treatments on MAM formation, we 

used a proximity ligation assay with antibodies to inositol trisphosphate receptor (IP3R) and 

voltage-dependent anion channel (VDAC) on the ER and the OMM, respectively. We found 

that RB significantly increased the number of MAM contact sites compared to vehicle 

control (Figures 7A and 7B), consistent with the increase of WIPI2 puncta (Figures 4C and 

4D), and autophagosome formation at MAMs (Hamasaki et al., 2013). Phenformin alone 

had little effect on MAM formation, but when combined with RB, it reduced the number of 

MAM contact sites compared to RB alone (Figures 7A and 7B). Moreover, MAMs did not 

increase in NDUFA1KO cells treated with RB (Figures 7A and 7B), supporting the 

importance of complex I activity for autophagy. Finally, prolonged glucose starvation, which 

induced both a metabolic shift toward OXPHOS and autophagy (Figures 5, S5, and S4), 

increased MAM formation to levels equivalent to RB treatment (Figure S7), consistent with 

reports that MAM formation is sensitive to glucose availability (Theurey et al., 2016). 
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Altogether, these data support a model in which complex I activity is required to facilitate 

the transport of PS from the ER to mitochondria at MAMs, supplying PS substrate for the 

biosynthesis of mtPE and supporting both respiratory function and autophagy (Figure 7C).

DISCUSSION

Mitochondrial Metabolism Supports Autophagy

Understanding the relationship between autophagy and metabolism has previously focused 

on how autophagy fuels metabolism, supporting cell survival (Kimmelman and White, 

2017). Our data demonstrate that a reciprocal relationship is also true, with metabolism 

regulating the amplitude of the autophagy response. We showed that a metabolic shift 

toward aerobic glycolysis decreased autophagy, whereas a shift toward OXPHOS increased 

the amplitude of autophagy, most strikingly in response to mTOR inhibitors. In the setting of 

cancer, the high metabolic demand of tumor cells, particularly those with activated RAS 

signaling, often depends on autophagy (Kimmelman and White, 2017), leading to clinical 

trials using lysosomal inhibitors to target autophagy directly and metabolism indirectly. Our 

data suggest that targeting mitochondrial OXPHOS for cancer therapy (Weinberg and 

Chandel, 2015) will inhibit both mitochondrial metabolism and autophagy.

Clinically, there is considerable interest in using metformin and phenformin for cancer 

treatment (Weinberg and Chandel, 2015), with nearly 100 actively recruiting clinical trials 

(https://clinicaltrials.gov/). Our data show that biguanides inhibit mTORC1 without the 

complication of activating autophagy and cause a metabolic shift toward glycolysis. We 

reported that the sequential use of phenformin and RB significantly prolonged survival in a 

mouse model of HCC, suggesting that phenformin metabolically sensitized HCC tumors to 

mTOR inhibitors (Veiga et al., 2018). It remains to be determined whether phenformin 

pretreatment blocked RB-induced autophagy in vivo, contributing to the efficacy of the 

combination. For tumors that are addicted to autophagy, the potential use of biguanides as 

autophagy inhibitors provides an alternative to CQ or hydroxychloroquine, without the 

disadvantages associated with profound lysosomal inhibition.

Complex I Defects Suppress Autophagy

We found lower basal autophagy in NDUF KO cells and an inverse correlation between the 

severity of the complex I defect and the amplitude of RB-induced autophagy. Mutations in 

each of the complex I assembly subunits used here have been implicated in Leigh syndrome, 

a pediatric mitochondrial disease marked by progressive neurodegeneration and early death 

(Rodenburg, 2016). Suppression of basal autophagy in mice with neuronal deletion of ATG5 

was a contributing factor to their neurodegeneration (Hara et al., 2006), suggesting that 

defects in autophagy may contribute to the pathology of Leigh syndrome and other 

mitochondrial diseases. Rapamycin has been shown to slow disease progression in an 

NDUFS4−/−mouse model of Leigh syndrome (Johnson et al., 2013) and in induced 

pluripotent stem cells (iPSCs) derived from a Leigh syndrome patient (Zheng et al., 2016). 

In the NDUF KO cells used here, RB treatment induced varying degrees of autophagy above 

basal levels, albeit lower than that of wild-type (WT) cells. It will be important to determine 
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whether more potent mTOR kinase inhibitors will provide an improved benefit in models of 

mitochondrial disease and whether autophagy and mitophagy are contributing factors.

AMP/ATP Energy Ratios, AMPK, and Autophagy

These data redefine how energetic stress affects autophagy, a dynamic program that requires 

energy for its execution (Meijer and Codogno, 2011; Plomp et al., 1989). A paradox of these 

studies is that RB-induced autophagy was amplified by both energy excess (adenosine) and 

energy deprivation (glucose starvation). Strategies to decrease ATP and activate AMPK did 

not acutely activate autophagy, although autophagy was measurably increased by prolonged 

glucose starvation. These data are consistent with those of Cheong et al. (2011), who argued 

that autophagy in response to glucose starvation is not due to bioenergetics failure but is 

instead caused by the accumulation of ammonia, an explanation that is consistent with much 

of our data. However, the finding that autophagy was increased when galactose was used as 

a carbon source argues for another mechanism, because galactose metabolism consumes 

ammonia but does not increase it (Roser et al., 2009). One explanation to resolve the energy 

and autophagy paradox is that cells that switch to, or enhance, mitochondrial OXPHOS 

increase ATP in a temporal and spatial manner at MAMs, where the ATPdependent 

processes of PS transport and autophagosome formation are active (Hamasaki et al., 2013; 

Shiao et al., 1995). This idea is supported by the presence of the ATP transporter VDAC at 

MAMs (Naon and Scorrano, 2014).

There was little correlation between acute AMPK activation and the late onset of autophagy 

in glucose-starved cells. Our data suggest that in cells with intact complex I function, mTOR 

inhibition is dominant in the acute activation of autophagy, whereas AMPK supports a 

second wave in a biphasic autophagy mechanism. The delayed effect could be explained by 

transcriptional changes (Pietrocola et al., 2013; Shin et al., 2016) or through the effects of 

increased β-oxidation, as suggested (Buzzai et al., 2005; Cheong et al., 2011). However, 

these effects do not explain the relevance of AMPK’s acute phosphorylation of ULK1 that 

has been linked to autophagy (Egan et al., 2011; Kim et al., 2011). We propose that because 

ULK1 and ULK2 are dispensable for glucose starvation autophagy (Cheong et al., 2011), 

AMPK phosphorylation of ULK1/2 may be linked to either selective autophagy and/or 

metabolism. Consistent with this idea, Snf1 and Atg1, the yeast orthologs of AMPK and 

ULK1, control glycogen-specific autophagy (Wang et al., 2001), and the ULKs regulate 

glucose metabolic flux in starved cells independent of autophagy (Li et al., 2016). 

Additional studies are needed to more fully delineate the AMPK-ULK axis in glucose 

metabolism.

mTOR Inhibitors Increase Mitophagy

mTOR inhibitors and glucose starvation induced measurable and sustained mitophagy while 

preserving complex I activity, consistent with a report that mitophagy is induced by 

conditions that favor mitochondrial OXPHOS to optimize mitochondrial efficiency (Melser 

et al., 2013). In contrast, phenformin did not induce mitophagy, and the response to CCCP 

was nearly undetectable. Furthermore, mitophagy following prolonged CCCP treatment was 

lower than in vehicle-treated cells and comparable to levels found in NDUFA1 KO cells, 

consistent with the idea that mitochondrial function and mitophagy are mutually dependent. 
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RB-induced mitophagy was independent of PINK1, which cooperates with PARKIN to 

remove damaged mitochondria. Mutations in PINK1 and PARKIN are associated with 

Parkinson’s disease (PD), implicating defective mitophagy in disease pathogenesis (Pickrell 

and Youle, 2015). Our data suggest that the potent mitophagy induced by mTOR inhibitors 

could serve as a mitochondrial quality mechanism independent of PINK1/ PARKIN 

mitophagy for PD patients. Consistent with this idea, rapamycins have shown promise in 

models of PD and other neurodegenerative diseases (Bové et al., 2011). More potent mTOR 

kinase inhibitors may provide additional benefit for PD treatment, and their efficacy might 

be improved by metabolic strategies to amplify autophagy. Of these, trehalose and ETN have 

shown promise as agents to protect against aggregates associated with neurodegenerative 

disease or promote longevity (Rockenfeller et al., 2015; Sarkar et al., 2007). We hypothesize 

that complete inhibition of mTORC1 triggers selective mitophagy, just as it selectively 

regulates energetically costly biosynthetic pathways through post-translational 

modifications. This is consistent with the idea that mTORC1 coordinates both mitochondrial 

mass and protein synthesis to balance energetic output with demand (Morita et al., 2013).

MAMs and mtPE Play a Significant Role in Autophagy

PE is a positive regulator of autophagy (Rockenfeller et al., 2015); however, autophagy 

competes with other PE-consuming processes for the available phospholipid pool (Wilson-

Zbinden et al., 2015), suggesting that PE is limiting for autophagy. mTOR inhibitors 

increased the abundance of select phospholipids, in correlation with increased autophagy. 

The increase in C18:0 and C18:1 phospholipid acyl chains are consistent with those 

identified in PE-lipidated Atg8 (Ichimura et al., 2000). We conclude, based on several pieces 

of evidence, that mtPE is the relevant species for autophagy. First, RB autophagy was 

suppressed by inhibiting PISD and increased with exogenous serine, which is purported to 

increase PISD activity (Shiao et al., 1995; Voelker, 1993). Serine and hydroxylamine may 

have other effects that are relevant for autophagy apart from PISD activity, requiring future 

work to validate their specific effects on mtPE biosynthesis in this context. Second, data 

showing that phenformin blocked the ability of ETN and phospholiposomes to increase RB-

induced autophagy, and the RB-associated increase in MAMs, supports the importance of 

PS transport and substrate availability for PISD activity. This is related to PS transport being 

regulated by mitochondria respiration in yeast and mammalian cells (Miyata et al., 2016; 

Shiao et al., 1995). We propose that the increased autophagy observed with adenosine, 

glutamine, and aspartate is partly due to increased respiration, phospholipid transport, and 

mtPE biosynthesis. The possibility that PISD supports autophagy simply by promoting ETC 

activity cannot be ruled out. However, the increase in PE and autophagy, but not ATP, in 

cells treated with mTOR inhibitors, and the initiation of autophagy in energetically stressed 

cells, favors the importance of PISD-derived mtPE for autophagy. Future studies are needed 

to determine the physiological relevance of strategies that combine mTOR inhibition with 

manipulation of mtPE biosynthesis in pathologies in which autophagy is relevant. We are 

drawn to several hypotheses regarding how phenformin inhibits mtPE biosynthesis, each of 

which requires further investigation. First, mitochondrial fragmentation and the imbalance of 

fission to fusion may not be conducive to inter-organelle contact. The converse is true, 

because positive signals for autophagy, e.g., starvation or mTOR inhibitors, promote fusion, 

OXPHOS (Gomes et al., 2011; Veiga et al., 2018), and MAMs (data in this paper; Bravo-
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Sagua et al., 2016; Theurey et al., 2016). Second, decreased respiration may change the 

expression of proteins required for PS transport, as shown in yeast (Miyata et al., 2016), or 

decrease the local availability of ATP for PS transport and MAM formation. Finally, we 

cannot rule out that post-translation modifications control MAM formation in a more acute 

manner. Altogether, these data demonstrate the dynamic and metabolic regulation of 

autophagy, highlighting the importance of mitochondrial complex I and respiration for a 

robust autophagy response.

STAR✩METHODS

Detailed methods are provided in the online version of this paper and include the following:

• KEY RESOURCES TABLE

• CONTACT FOR REAGENT AND RESOURCE SHARING

• EXPERIMENTAL MODEL AND SUBJECT DETAILS

○ Cell culture and experimental conditions

○ Cell lines used in this study

○ GST-BHMT and GSTLSCSGFP autophagy assays

○ GSTLSCSGFP-ActA mitophagy assay

○ LC3-II flux autophagy assay

○ LC3B and WIPI2 immunofluorescence

○ Live-cell confocal microscopy

○ Cell transfections of plasmids or siRNA

○ Complex I Enzyme Activity

○ Mitochondrial DNA content

○ Liposome preparation

○ Percoll density separation of mitochondria population

○ Quantitative Real-Time PCR

○ Lysosomal pH

○ Glycogen measurements

○ NAD+/NADH measurements

○ High performance liquid chromatography (HPLC) analysis of 

nucleotides

○ Proximity ligation assay (PLA) for MAMs

○ NMR Metabolomics analysis d

• QUANTIFICATION AND STATISTICAL ANALYSIS
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○ NMR Metabolomics Data analysis

• DATA AND SOFTWARE AVAILABILITY

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit Monoclonal pACC (Ser79) Cell Signaling Technology Cat# 11818; RRID: 
AB_2687505

Rabbit Monoclonal pS6K1 (Thr389) Cell Signaling Technology Cat# 9234; RRID: 
AB_2269803

Rabbit Monoclonal p4EBP1 (Ser65) Cell Signaling Technology Cat# 9456; RRID: 
AB_823413

Rabbit Polyclonal PARP Cell Signaling Technology Cat# 9542; RRID: 
AB_2160739

Mouse Monoclonal beta-actin Cell Signaling Technology Cat# 3700; RRID: 
AB_2242334

Mouse Monoclonal Myc-Tag (9B11) Cell Signaling Technology Cat# 2276; RRID: 
AB_331783

Rabbit Polyclonal pULK1 (Ser757) Cell Signaling Technology Cat# 6888; RRID: 
AB_10829226

Rabbit Monoclonal OPA1 (D6U6N) Cell Signaling Technology Cat# 80471; RRID: 
AB_2734117

Rabbit Monoclonal pAMPKa (Thr172) Cell Signaling Technology Cat# 2535; RRID: 
AB_331250

Rabbit Monoclonal TFAM (D5C8) Cell Signaling Technology Cat# 80761; RRID: 
AB_10949110

Rabbit Monoclonal PI3 Kinase Class III (D9A5) Cell Signaling Technology Cat# 4263; RRID: 
AB_2299765

Rabbit Monoclonal ATG14 (D1A1N) Cell Signaling Technology Cat# 96752

Rabbit Monoclonal ATG13 (D4P1K) Cell Signaling Technology Cat# 13273

Rabbit Monoclonal ATG101 (E1Z4W) Cell Signaling Technology Cat# 13492

Rabbit Monoclonal ULK1 (D8H5) Cell Signaling Technology Cat# 8054; RRID: 
AB_11178668

Rabbit Monoclonal ULK1 (D9D7) Cell Signaling Technology Cat# 6439; RRID: 
AB_11178933

Mouse Monoclonal Beclin-1 (2A4) Cell Signaling Technology Cat# 4122; RRID: 
AB_11178656

Mouse Monoclonal PARKIN Ab Cell Signaling Technology Cat# 4211; RRID: 
AB_2159920

Mouse Monoclonal S6K BD Transduction Laboratories Cat# 611261; RRID: 
AB_398791

Mouse Monoclonal GST (B-14) Santa Cruz Biotechnology Cat# sc-138; RRID: 
AB_627677

Mouse Monoclonal TOM20 (F-10) Santa Cruz Biotechnology Cat# sc-17764; RRID: 
AB_628381

Mouse Anti-p62 lck ligand (SQSTM1) BD Biosciences Cat# 610832; RRID: 
AB_398151

Rabbit Polyclonal LC3B Novus Biologicals Cat# NB100–2220; RRID: 
AB_10003146

Rabbit Polyclonal LC3B Abcam Cat# ab51520; RRID: 
AB_881429
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REAGENT or RESOURCE SOURCE IDENTIFIER

Rabbit Polyclonal PINK1 Novus Biologicals Cat# BC100–494; RRID: 
AB_10127658

Rabbit Polyclonal RB1CC1 (FIP200) Novus Biologicals Cat# NB100–77279; RRID: 
AB_1085475

Rabbit Polyclonal RRBP1 Bethyl Cat# A303–996A; RRID: 
AB_2620345

Mouse Monoclonal VDAC1 Abcam Cat# ab14734; RRID: 
AB_443084

Rabbit Polyclonal IP3 Receptor Abcam Cat# ab5804; RRID: 
AB_305124

Mouse Monoclonal anti-FLAG M2 Sigma Cat# F1804; RRID: 
AB_262044

Mouse Monoclonal Cytochrome Oxidase Subunit II 
(COX II)

Molecular Probes Cat# A6404; RRID: 
AB_221584

CoralHue Keima-Red Mouse Monoclonal Antibody MBL International Item# M126–3M 013; 
RRID: AB_843710

Rabbit Polyclonal WIPI2 antibody Invitrogen Cat# PA5–54098; RRID: 
AB_2649654

Goat anti-rabbit IgG, Alexa Fluor 488 secondary 
antibody

Invitrogen Cat# A11008; RRID: 
AB_143165

Goat anti-mouse IgG, Alexa Fluor 680 secondary 
antibody

Invitrogen Cat# A21057; RRID: 
AB_2535723

IRDye 680RD Goat anti-mouse LiCOR Cat# 926–68070; RRID: 
AB_10956588

IRDye 800 CW Goat anti-rabbit LiCOR Cat# 926–32211; RRID: 
AB_621843

Chemicals, Peptides, and Recombinant Proteins

Everolimus (RAD001) LC laboratories Cat# E4040

NVP-BEZ235 LC laboratories Cat# N4288

Phenformin hydrochloride (P) Sigma-Aldrich Cat# P7045

Dextrose (Gluc) Sigma-Aldrich Cat# D9434

D-Galactose (Gal) Calbiochem Cat# CAS 59–23-4

L-Aspartic acid (Asp) Sigma-Aldrich Cat# A7219

L-Glutamine (Gln) Sigma-Aldrich Cat# G8540

L-Serine Sigma-Aldrich Cat# S4311

D-Trehalose dihydrate (Treh) Sigma-Aldrich Cat# T0167

Adenosine Sigma-Aldrich Cat# A4036

Nicotinamide (NM) Sigma-Aldrich Cat# N0636

FK866 hydrochloride hydrate (FK) Sigma-Aldrich Cat# F8557

Carbonyl cyanide 3-chlorophenyl-hydrazone (CC) Sigma-Aldrich Cat# C2759

Chloroquine diphosphate salt (CQ) Sigma-Aldrich Cat# C6628

1,1-Dimethylbiguanide hydrochloride (Metformin) 
(M)

Aldrich Cat# D15,095–9

Ethanolamine (ETN) Sigma-Aldrich Cat# 15014

Uridine Sigma-Aldrich Cat# U3003

Hydroxylamine solution Sigma-Aldrich Cat# 467804

Antimycin A Sigma-Aldrich Cat# A8674
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligomycin A Sigma-Aldrich Cat# 75351

Rotenone Sigma Cat# R-8875

Leupeptin hemisulfate Bacham Cat# N-1000

E64d Bacham Cat# N-1650

Vinblastine (Vin) Sigma-Aldrich Cat# V1377

Nocodozole (Noc) Sigma-Aldrich Cat# M1404

Bafilomycin A1 (Baf) Sigma-Aldrich Cat# B1793

Doxorubicin hydrochloride Sigma-Aldrich Cat# PHR1789

Percoll Sigma-Aldrich Cat# P1644

L-alpha-phosphatidylserine (PS) Avanti Cat# 840032C

L-alpha-phosphatidylcholine (PC) Avanti Cat# 840051C

L-alpha-phosphatidylethanolamine (PE) Avanti Cat# 841118C

Critical Commercial Assays

RNeasy Mini Kit QIAGEN Cat# 74104

DNeasy Blood & Tissue Kit QIAGEN Cat# 69506

QuantiNova SYBR Green PCR Kit QIAGEN Cat# 208052

RT2 qPCR Primer Assay (ACTIN, PISD, TFAM,
PPARG1alpha, and NRF1)

QIAGEN Cat# 330001

SuperScript III First-Strand Synthesis SuperMix for 
qRT-PCR

Invitrogen Cat# 11752–050

Fast SYBR Green Master Mix Applied Biosystems Cat# 4385612

Duolink In Situ PLA Probe Anti-Rabbit PLUS Sigma-Aldrich Cat# DUO92002

Duolink In Situ PLA Probe Anti-Mouse MINUS Sigma-Aldrich Cat# DUO92004

Duolink In Situ Detection Reagents Red Sigma-Aldrich Cat# DUO92008

Mitochondria Isolation Kit for Cultured Cells Abcam Cat# ab110170

Complex I Enzyme Activity Microplate Assay Kit Abcam Cat# ab109721

Glycogen Assay Kit Abcam Cat# ab65620

NAD/NADH Quantitation Colorimetric Kit BioVision Cat# K337

LysoSensor Yellow/Blue Dextran Molecular Probes Cat# L22460

Lipofectamine 3000 transfection kit Invitrogen Cat# L3000015

FuGENE 6 transfection reagent Promega Cat# E2691

Pierce glutathione agarose Thermo Scitific Prod# 16100

Vectashield mounting medium with DAPI Vector Laboratories Cat# H-1200

RIPA lysis buffer EMD Millipore Cat# 20–188

Deposited Data

NMR and LIpidomics data This paper https://doi.org/10.17632/ccx58pdy3d.1

Experimental Models: Cell Lines

HEK293 (human, embryonic kidney) ATCC Cat# CRL-1573,
RRID:CVCL_0045

HEK293T (human, embryonic kidney) Laboratory of Michael T 
Ryan

(Stroud et al., 2016)
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REAGENT or RESOURCE SOURCE IDENTIFIER

RRID:CVCL_0063)

HEK293T NDUFA1 KO Laboratory of Michael T 
Ryan

(Stroud et al., 2016)

HEK293T NDUFA10 KO Laboratory of Michael T 
Ryan

(Stroud et al., 2016)

HEK293T NDUFS4 KO Laboratory of Michael T 
Ryan

(Stroud et al., 2016)

HEK293T NDUFS6 KO Laboratory of Michael T 
Ryan

(Stroud et al., 2016)

HEK293 TOMM20-Keima Laboratory of J. Wade Harper (An and Harper, 2018)

HEK293 TOMM20-Keima with PARKIN 
overexpression

Laboratory of J. Wade Harper (An and Harper, 2018)

HEK293 Mito-Keima Laboratory of J. Wade Harper (An and Harper, 2018)

HEK293T Flag-RAPTOR Laboratory of G. Thomas N/A

HEK293T Flag-RAPTOR-RHEB15 Laboratory of G. Thomas N/A

A549 (human, male, lung epithelial carcinoma) ATCC Cat# CCL-185,
RRID:CCVL_0023

Hep3b (human, male, hepatocellular carcinoma) ATCC Cat# HB-8064.
RRIC:CCVL_0326

H9C2 (2–1) (rat, embryonic) ATCC Cat# CRL-1446,
RRID:CVCL_286

Oligonucleotides

FlexiTube siRNA Hs_PISD_6 QIAGEN Cat# SI04201750

Sense 5’-GCGUCGUGUGACUCCUUCATT-3’

Anti 5’-UGAAGGAGUCACACGACGCGG-3’

FlexiTube siRNA Hs_PISD_7 QIAGEN Cat# SI04249182

Sense 5’-GAUUAAUGAUACAGACCUUTT-3’

Anti 5’-AAGGUCUGUAUCAUUAAUCAG-3’

GAPDH gDNA IDT (Prabhu et al., 2013)

Forward 5’-CCCCACACACATGCACTTACC-3’

Reverse 5’-CCTAGTCCCAGGGCTTTGATT-3’

b-Actin gDNA IDT (Prabhu et al., 2013)

Forward 5’-TCACCCACACTGTGCCCATGTACGA-3’

Reverse 5’-CAGCGGAACCGCTCATTGCCAATGG-3’

ATPase8 mtDNA IDT (Prabhu et al., 2013)

Forward 5’-AATATTAAACACAAACTACCACCTACC-3’

Reverse 5’-TGGTTCTCAGGGTTTGTTATA-3’

hCytochrome b mtDNA IDT (Morita et al., 2013)

Forward 5’-GCGTCCTTGCCCTATTACTATC-3’

Reverse 5’-CTTACTGGTTGTCCTCCGATTC-3’

Recombinant DNA

GST-BHMT-IRES-GFPmyc (pRK5) Laboratory of C. Mercer and 
P. Dennis

Addgene plasmid #104442

Thomas et al. Page 18

Cell Rep. Author manuscript; available in PMC 2018 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



REAGENT or RESOURCE SOURCE IDENTIFIER

GSTLCSCGFP-ActA (pRK5) Laboratory of C. Mercer and 
P. Dennis

Addgene plasmid #104452

GSTLCSCGFP (pRK5) Laboratory of C. Mercer and 
P. Dennis

Addgene plasmid #104451

FLAG-RAPTOR (pLJM1) A gift from D. Sabatini Addgene plasmid #26633

FLAG-RAPTOR-RHEB15 (pLJM1) A gift from D. Sabatini Addgene plasmid #26634

Software and Algorithms

Fiji ImageJ https://imagej.net/Fiji N/A

GraphPad Prism 7 GraphPad software N/A

Topspin 3.1, Bruker Analytik, Rhenstetten, Germany https://www.bruker.com/products/mr/nmr/nmr-software/nmr-software/topspin/overview.htmlN/A

Chenomx NMR Suite profiling software, Chenomx 
Inc.
version 8.1

https://www.chenomx.com/ N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Carol A. Mercer (mercerc@ucmail.uc.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture and experimental conditions—All cells were cultured at 37°C, in 5% 

CO2, in DMEM containing essential and non-essential amino acids, 4 mM glutamine, 1 mM 

sodium pyruvate, and 10% fetal calf serum (FCS). Experiments with glucose or amino acid 

starvation, galactose, or trehalose contained FCS dialyzed extensively against 25 mM 

HEPES pH 7.3, 50 mM NaCl, using Spectra/Por membrane with MWCO 3500 (Spectrum 

Labs).

Cell lines used in this study

• HEK293 cells (human, sex unknown, embryonic kidney, ATCC CRL-1573, 

RRID:CVCL_0045)

• HEK293 Keima knock-in cells were generously provided by J. Wade Harper (An 

and Harper, 2018).

• HEK293T cells (human, sex unknown, embryonic kidney, RRID:CVCL_0063)

• HEK293T cells with genetic deletion of NDUFA1, NDUFA10, NDUFS4 and 

NDUFS6 were cultured in DMEM supplemented 50 μg/ml uridine. Uridine was 

added to DMEM for both HEK293T parental and KO cells under experimental 

conditions. These cells were generously provided by Michael T. Ryan (Stroud et 

al., 2016).

• For experiments in HEK293T cells that stably express Flag-RAPTOR and Flag-

RAPTOR-RHEB15, cell media was refreshed with a half media change 6 h 

before treatment. At time zero, cells were placed in DMEM with 25 mM 
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glucose, 1 mM pyruvate and 4 mM glutamine, but without essential amino acids 

or serum for 60 minutes. For amino acid stimulation, a mix of essential amino 

acids (EAA) was added during the last 10 minutes, for final EAA concentrations 

equal to 1x DMEM.

• A549 cells (human, male, lung epithelial carcinoma, ATCC CCL-185, 

RRID:CVCL_0023)

• Hep3b cells (human, male, hepatocellular carcinoma, ATCC HB-8064, 

RRID:CVCL_0326)

• H9C2 (2–1) cells (rat, embryonic myoblast, ATCC CRL-1446, 

RRID:CVCL_286)

GST-BHMT and GSTLSCSGFP autophagy assays—The GST-BHMT and 

GSTLSCSGFP assays were performed as previously described (Dennis and Mercer, 2009; 

Mercer et al., 2008). In brief, cells expressing GST-BHMT-IRES-GFPmyc, GSTLSCSGFP, or 

GSTLSCSGFP-ActA were cultured for the times indicated, with drugs or treatments as 

described. 5 nM RAD001 and 20 nM BEZ235 served as a positive control to induce 

autophagy/mitophagy. Leupeptin (11 μM) and E64d (6 μM) were added at the beginning of 

each treatment. The following steps were performed on ice or at 4°C. Except for Figure 

S4B, which were harvested for light membrane fractions (LMFs) or unless otherwise 

indicated in the Figure panel, cells were harvested in extraction buffer (EB) with 1% Triton 

X-100 (EB-TX) (50 mM TRIS-HCl pH 8, 120 mM NaCl, 5 mM NaPPI, 10 mM NaF, 30 

mM para-nitrophenylphosphate, 1 mM benzamidine, 0.2% NP-40 and fresh 0.2 mM PMSF). 

Total protein was determined by the Bradford method; and GST-BHMT was precipitated 

with glutathione agarose from 300–400 μg of cell lysate. Bound GST-proteins were washed 

once in EB with 500 mM NaCl, and 1–2 times in wash buffer (50 mM MOPS pH 7.5, 10 

mM NaF, 30 mM β-gycerolphosphate, 1 mM DTT, 0.1% Triton X-100, 10% glycerol). 

Precipitates were boiled in SDS-PAGE sample buffer, eluted, resolved by SDS-PAGE, 

followed by western blotting and imaging with the Odyssey system. Whole cell lysates (25–

30 μg) were resolved by SDS-PAGE, followed by western blotting and imaging with the 

Odyssey system, and probed for antibodies as described. Western blotting for GFP-myc, 

whose expression is under the control of an internal ribosome entry site (IRES), was used to 

normalize expression of the GST-BHMT-IRES-GFPmyc plasmid. The GST-BHMT 

fragment and GFP myc densities were quantified using the LiCOR imaging software, and 

the GST-BHMT frag/GFP ratio was calculated as an autophagy index. Raw ratios are shown 

on all graphs, whereas the numerical autophagy “index” is shown on western blots, with 

normalization to the RB GST-BHMT frag/GFP ratio represented as 1.0.

GSTLSCSGFP-ActA mitophagy assay—The GSTLSCSGFP-ActA mitophagy assay was 

performed as previously described (Dennis and Mercer, 2009) from LMFs. All steps were 

performed on ice or at 4°C. PBS-washed cells were collected and centrifuged at 1000xg for 

5 min; the cell pellet was suspended in 400–500 μl homogenization buffer (HB) (10 mM 

TRIS pH 7.5, 300 mM sucrose, 0.2 mM EDTA, 0.2 mM PMSF) and disrupted by Dounce 

homogenization for 10–15 strokes. The homogenate was centrifuged at 540 xg and the 

supernatant was collected. The homogenization step was repeated with the low speed pellet, 
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and the combined supernatant was centrifuged at 12,000 xg for 20 min to separate the LMF 

in the pellet from the high-speed supernatant (HSS). The LMF fraction was homogenized in 

EB-TX, LMF protein was determined by Bradford method, and GST-tagged proteins were 

precipitated with glutathione agarose from 50 or more ug of LMF extract. Bound GST 

proteins were washed, boiled in SDS-sample buffer, eluted, resolved by SDS-PAGE and 

visualized as described above. 10 μg of LMF extract was resolved by SDS-PAGE, followed 

by western blotting for mitochondria and autolysosomal proteins as described.

LC3-II flux autophagy assay—Cells were pre-treated for 1h with drugs as described, 

then treated with 100 μM chloroquine (CQ), and harvested after 40 minutes. The time of 

harvest was based on preliminary time course studies to determine the optimal time to 

capture differences between control and autophagy inducing conditions. Cells were 

harvested in EB-TX, total protein was determined by Bradford assay, and 25 μg of total 

extract was resolved by SDS-PAGE, followed by western blotting for LC3, and other 

proteins as described. For LC3-II rate analysis, cells were treated as described above with 

drugs and CQ, and cells were harvested at time points as described. In both assays, levels of 

LC3-II were normalized to ACTIN.

LC3B and WIPI2 immunofluorescence—HEK293 cells were seeded on 35 mm 

coverslip collagen coated dishes (MatTek), grown to ~65%–70% confluency. For LC3B 

puncta, cells were treated as described for the LC3-II flux assay. For WIPI2 puncta, cells 

were treated for 2 h. Cells were washed with PBS, fixed with ice cold methanol, rinsed x3 

with PBS, permeabilized with 0.1% saponin in PBS, blocked with 1% BSA, 0.1% saponin in 

PBS, and incubated for 1 h with Abcam anti-LC3B antibody (1:5000), or anti-WIPI2 

antibody (1:200), at 37C in a humidity chamber. Cells were rinsed x3 with PBS, incubated 

with a goat anti-rabbit Alexa Fluor 488 secondary antibody (1:1000) diluted in blocking 

solution, rinsed, dried and coverslipped with mounting media. 6–10 z stack images were 

captured for each treatment, using a Zeiss Axio Observer Z1 inverted microscope, 63x oil 

immersion lens (1x zoom), connected to a Zeiss LSM710 confocal, and analyzed with Fiji 

ImageJ (https://imagej.net/Fiji).

Live-cell confocal microscopy—HEK293 cells were seeded on 35 mm coverslip 

collagen coated dishes (MatTek), cultured to ~60% confluency, and duplicate plates were 

treated for ~4 h with V, RB, P1 or RBP1. Z stack images of live cells were acquired with a 

Zeiss LSM710 confocal with a Zeiss Observer.Z1 stand and a Zeiss Plan-Apochromat 

63x/1.4 objective with a stage incubator maintained at 37°C. Mito-Keima fluorescence was 

measured from 600–740nm upon excitation with a 458nm or 561nm laser respectively. 

Images were analyzed with Fiji ImageJ (https://imagej.net/Fiji). Experiment was performed 

a minimum of 2 times.

Cell transfections of plasmids or siRNA—The optimal method for transfection of 

each cell line was determined experimentally. HEK293 and 293T cells were transfected by 

the calcium phosphate method (Chen and Okayama, 1988), using sterile filtered 2X BBS (50 

mM BES, 280 mM NaCl, 1.5 mM Na2HPO4) pH ~7 and 20X 2.5 M CaCl2 prepared in 
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house. A549 and H9c2 cells were transfected with Lipofectamine 3000, and Hep3b cells 

with Fugene 6, following manufacturers’ protocols.

Complex I Enzyme Activity—Mitochondrial complex I activity was measured using the 

Abcam Complex I Enzyme Activity Kit (ab109721) per manufacturer’s directions. HEK293 

cells were seeded at ~5.5 3 106 cells per 15 cm dish (n = 16) to reach ~70% confluency at 48 

h. Cells were then treated for a minimum of 16 h with V, P1, RB or RBP1 (4 plates each). At 

harvest time, cells were washed twice with ice cold PBS, scraped into PBS, and pelleted at 

1000 xg. 5% was reserved for further protein analysis, and the remainder was used for 

isolation of mitochondria, using either the LMF protocol, or Abcam Mitochondria Isolation 

Kit. Purified mitochondria were suspended in 500 μl Buffer C and lysed for 30 min with 

detergent (1% lauryl maltoside, final concentration). After centrifugation, mitochondrial 

protein was quantified by Bradford and mitochondrial lysates were adjusted to the same 

mg/ml concentration. Serial dilutions were prepared in incubation solution (Abcam CI 

Assay Kit). Complex I activity in 200 μl was measured on serial dilutions, each in triplicate, 

per manufacture’s protocol, using a Molecular Devices VERSAmax microplate reader at 

450nm, with kinetic readings taken every 30 s for 30 minutes. Activity is represented as 

mOD/min. The assay shown is representative of 4 independent experiments, with 2 or more 

dilutions.

Mitochondrial DNA content—Mitochondrial DNA content was determined using a 

quantitative real-time PCR approach, as described (Venegas and Halberg, 2012). In brief, 10 

sets of HEK293 cells were treated for 24h with V, RB, P1, and RBP. Total DNA from each 

plate was isolated using the QIAGEN DNeasy Blood and Tissue Kit according to 

manufacturer’s protocol, and quantified using a NanoDrop 2000c (Thermo Scientific). Four 

random sets of DNA were selected for qPCR on an Applied Biosystems 7500 Fast Real-

Time PCR System, using Fast SYBR Green Master Mix, and 2 nuclear (n) primer sets 

against nGAPDH and nACTIN and 2 mitochondrial (mt) primer sets against mtATPase8 and 

mtCYTOCHROME b (Morita et al., 2013; Prabhu et al., 2013) (See Key Resources Table). 

Ct values were determined for each sample in quadruplicate, and ΔCt values were 

determined for each nuclear-mitochondria pair (nGAPDH Ct – mtCytb Ct) and (nACTIN Ct 

– mtATPase8 Ct). Mitochondrial DNA content for each nuclear-mitochondria pair was 

determined using the formula 2×2(ΔCt), and averaged. The experiment was repeated using 4 

additional sets of DNA.

Liposome preparation—Liposomes were prepared with L-α-phosphatidylserine (PS) 

(brain, porcine), L-α-phosphatidylcholine (PC) (egg, chicken), and L-a-

phosphatidylethanolamine (PE) (egg, chicken), each initially obtained as a 10 mg/mL stock 

solution in chloroform (CHCl3). Suspensions of liposomes in HEPES buffered saline (HBS) 

(20 mM HEPES, 100 mM NaCl, pH 7.4) with total lipid concentrations of 1 mM were 

prepared with variable molar ratios of PC, PS, and PE: (a) 8:2:0 PC/PS/PE (mol/mol/mol), 

(b) 6:2:2 PC/PS/PE (mol/mol/mol), or (c) 4:2:4 PC/PS/PE (mol/mol/mol). The lipid 

solutions in CHCl3 were mixed and then dried under Ar(g). HBS was added to the dried lipid 

film, incubated (1 h, 22°C), and vortexed (3 3 30 s, 22°C). The diameter of the resultant 

liposomes was reduced by sequential extrusion through a 200-nm and 100-nm polycarbonate 
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membrane filters (Avanti Cat #s 610006 and 610005). The liposomes were briefly stored on 

ice prior to use.

Percoll density separation of mitochondria population—Crude mitochondria were 

isolated and separated by density as previously described (Wieckowski et al., 2009). Starting 

number of HEK293 cells was ~150–200 × 106 per treatment group, following 4 h treatments 

as described in text. Briefly, cells were washed and collected in PBS, disrupted by dounce 

homogenization in buffer (225 mM mannitol, 75 mM sucrose, 0.1 mM EGTA, 30 mM Tris-

HCL pH 7.4), and crude mitochondria were isolated by multiple centrifugation steps. 

Mitochondria protein concentrations were measured by Bradford. 2 mg of mitochondria 

protein were loaded on a 30% Percoll gradient and centrifuged in an SW-41 rotor for 35 

min, 95,000 g, to separate mitochondria into light and dense fractions. Each fraction was 

collected, diluted in mitochondria resuspending buffer (250 mM mannitol, 5 mM HEPES 

(pH 7.4) and 0.5 mM EGTA), and centrifuged at 6,300 g for 10 min. Pellets were washed, 

recentrifuged as before, and resuspended in equal volumes. 10 ug of crude mitochondria and 

a percentage of recovered fractions were separated by SDS-PAGE, with western blotting for 

proteins as shown.

Quantitative Real-Time PCR—RNA was isolated from triplicate plates of HEK293 cells 

transfected with siNS, siPISD-6 and siPISD-7, using the QIAGEN RNeasy kit per 

manufacturer’s instructions. For qRT-PCR of PGC1a, NRF1 and TFAM, HEK293 cells were 

treated for 24 h with V, RB, P1, or RBP1, prior to RNA isolation. 500 ng of total RNA was 

used for reverse transcription using Invitrogen Superscript III First Strand Synthesis 

SuperMix. mRNA gene expression was determined using QuantiNova SYBR Green PCR 

Kit on the Applied Biosystems 7500 Fast Real-Time PCR System, per manufacturer’s 

instructions, with normalization to ACTIN. RT2 qPCR primer assays for ACTIN, PISD, 

NRF1, PPARGα (PGC1α), and TFAM used in qRT-PCR reactions were purchased from 

QIAGEN.

Lysosomal pH—Lysosomal pH was measured using LysoSensor Yellow/Blue dextran 

(Molecular Probes) per recommended protocol. HEK293 cells were treated for ~4.5 h with 

V, RB, P1, or RBP1. Cells were washed with PBS, trypsinized, centrifuged and resuspended 

in DMEM. Cells were counted using Trypan Blue and the Invitrogen Countess Cell 

Counting chamber system and adjusted to 1 × 10^6 cells/ml. 1 mL cell aliquots were 

pelleted by centrifugation, and pellets were resuspended in ~50 μl residual DMEM. 50 μl of 

2 mg/ml Yellow/ Blue dextran in DMEM was added to each cell pellet for a final 

concentration of 1 mg/ml dextran, excluding a no-dextran control, which received DMEM 

only. Cells were incubated for 2 h at 37°C, 5% CO2, washed × 3 with Hank’s buffered salt 

solution (HBSS), and resuspended in 1 mL HBSS. Samples (100/well) were loaded on a 

black 96-well plate (8 wells per each) and fluorescence was monitored using a Clariostar 

microplate reader with emission wavelengths at 452 nm and 521 nm, and excitation at 335 

nm. The ratio of emissions at 452/521 nm was calculated for each sample, and pH values 

were calculated from a linear calibration curve. The calibration curve was generated by 

incubating cells for 10 min at 37°C, prior to dextran loading, with 10 uM monensin and 10 
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uM nigericin in MES buffers (5 mM NaCl, 115 mM KCL, 1.3 mM MgSO4, 25 mM MES), 

with pHs ranging from 3.5 – 7.0 (Diwu et al., 1999). r2 = 0.913

Glycogen measurements—3.5 × 105 HEK293 cells were plated in 6-well dishes and 

grown to ~60%–70% confluence. Cells were treated in triplicate for 6 h with V, RB, P1 or 

RBP1. Glycogen measurements were performed in triplicate with 3 separate dilutions, using 

Abcam’s Glycogen Assay kit per manufacturer’s instructions. Glycogen levels were 

determined using a freshly prepared standard curve: slope = 0.6074, r2 = 0.9990.

NAD+/NADH measurements—1.7 × 105 HEK293 cells were plated in 6-well dishes and 

grown to ~50%–60% confluence. Cells were treated in duplicate for 6 h with V, RB, P1, 

RBP1, 5 mM NAM, 10 nM FK866, or RBP+NAM and harvested and analyzed for NADH 

and NAD+ using the BioVision NAD/NADH Quantitation Colorimetric Kit per 

manufacturer’s instructions. In brief, cells were washed in cold PBS and scraped into 400 μl 

cold extraction buffer and disrupted by dounce homogenization (10 strokes), vortexed 10 s, 

and centrifuged at 4°C for 5 min. Half of the supernatant was heated for 30 min at 60°C to 

decompose NAD, leaving NADH intact (NADH), and quick spun to remove any 

precipitates. The remaining half contained total NAD and NADH (NADt). 50 μl of each 

undiluted sample (total or heated), and each sample diluted 1:2 and 1:4, was immediately 

assayed in duplicate in 96-well format. NAD Cycling Mix (100 μl/well) was added, mixed 

and incubated for 5 min at RT to convert NAD to NADH, and then 10 μl of NADH 

developer was added for 1–4 h, and the plate was read at OD 450 nm after the reactions were 

stopped with Stop Solution (10 μl). Ratios were calculated as NADH / NADt – NADH.

High performance liquid chromatography (HPLC) analysis of nucleotides—
HEK293 cells were plated on 10cm dishes, treated as described in text, and harvested at the 

times indicated in duplicate. Cells were rinsed 2 times with cold PBS, scraped into 1ml of 

80% acetonitrile, and centrifuged at 4°C for 5 min. Supernatants were heat shocked at 80°C 

for 3 min, speed vacuumed until dry, and rehydrated with 100–200 μl HPLC water. 

Following centrifugation, samples were analyzed by HPLC on a Shimadzu LC-10AT VP 
system with a ZORBAX Extend-C18 column (Agilent). Analyses were performed using a 

sample injection volume of 50 μl at room temperature (RT), a flowrate of 1.0 ml/min, and a 

linear gradient program. Buffer A: 20 mM NaH2PO4 pH 8.5 with NaOH, 10 mM tetrabutyl 

ammonium hydrogen (TBA); Buffer B: 100 mM NaH2PO4 pH 3.0 with HCl, 10 mM TBA, 

30% MeOH; Buffer C: 30% MeOH. The HPLC program was: 0–15 min, 0%B, 0%C; 20 

min, 10%B, 0%C; 25min, 15%B, 0%C; 65min, 30%B, 0%C; 85 min, 60%B, 0%C; 95 min, 

80%B, 0%C; 95.1 min, 0%B, 100%C; 120 min, 0%B, 100%C; 121 min, 0%B, 0%C; 130 

min, stop. UV detection was set at 254 nm wavelength. Peaks were identified by retention 

times and compared to the peak spectrum of authentic standards. For ATP analysis in cells 

supplemented with adenosine, HPLC protocol was modified as follows: (i) samples were 

injected at a volume of 60 ul; (ii) Buffer C was not included, and (iii) program details were 

0–20 min, 0%B; 25 min, 15%B; 40 min, 55%B; 70 min, 30%B; 85 min, 60%B; 95 min, 

80%B; 110 min, 80%B; 115 min, 0%B; 120 min, stop.

Thomas et al. Page 24

Cell Rep. Author manuscript; available in PMC 2018 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Proximity ligation assay (PLA) for MAMs—The PLA for MAMs followed a 

previously described protocol (Tubbs and Rieusset, 2016) and the DuoLink InSitu Detection 

Reagents Red kit instructions (Sigma). 1.3–1.6 × 105 HEK293T and 1.5–2.2 × 105 

NDUFA1KO cells were seeded on 35 mm coverslip collagen coated dishes (MatTek), 

cultured to ~60% confluency, and duplicate plates were treated for 4h with V, RB, P1 or 

RBP. Control plates for no antibody or single antibodies were treated with V. Cells were 

washed with PBS and fixed for 10 min at RT with fresh 4% formaldehyde solution in PBS 

(Thermo Scientific Pierce, #28908), which was stopped by adding an equal volume of 1M 

glycine. Cells were washed once with PBS, and incubated in 100 mM glycine for 15 min at 

RT, permeabilized with 0.1% Triton X-100 in PBS for 15 min at RT, washed once with PBS, 

and blocked for 30 min at 37°C in a humidity chamber with blocking reagent (included in 

the DuoLink InSitu PLA Probe kit). Anti-IP3R-1 (rabbit) and anti-VDAC1 (mouse) 

antibodies were prepared at 1:500 and 1:100 dilutions respectively, and added to cells for 

overnight incubation, in a humidity chamber at 4°C. Plates were washed twice with TBS-

Tween (0.01%) or DuoLink Fluorescent Wash buffer A, then incubated for 1h at 37°C in a 

humidity chamber with DuoLink InSitu PLA Probes, Anti-Rabbit Plus and Anti-Mouse 

Minus. The ligation and amplification steps, with their incubation times, conditions, and 

wash steps were performed per manufacturer’s instructions. After the final washes in 1x and 

0.01x DuoLink Fluorescent Wash buffer B, plates were dried and then mounted with round 

coverslips using aqueous mounting media with DAPI (Vector Labs). A minimum of 10 z 

stack images were captured for each cell line and treatment, using a Zeiss Axio Observer Z1 

inverted microscope, 63x oil immersion lens (1x zoom), connected to a Zeiss LSM710 

confocal and analyzed with Fiji ImageJ (https://imagej.net/Fiji). Images shown are maximal 

projection images. Data are representative of 3 independent experiments in WT and NDUF 

KO cells, and 2 independent experiments with glucose starvation.

Targeted phosphatidylethanolamine (PE) and Phosphatidylserine (PS) 
analysis: Quantitative analysis of PE and PS was carried out using a Waters Premier XE 

triple quadrupole mass spectrometer interfaced with an Acquity ultra-high performance 

liquid chromatography (UPLC) system (Waters, Milford, MA). Mass spectrometer was 

operated in electrospray ionization mode with negative ion acquisition. Phospholipids were 

extracted from cells by the Folch procedure with initial addition of internal standards, 

D31-160/181 PE and D31-160/181 PS. Quantification was based on calibration curves 

constructed using PE and PS standards with multiple reactions monitoring function. PE 

calibration curves include 160 LPE, 181 LPE, 160/181 PE, 160,182 PE, 180,182 PE, 

180/204 ES. PE and PS species without reference compounds were quantified with the 

standard sharing the closest structure. PS calibration curves include 160 LPS, 181 LPS, 180 

LPS, 160/181 PS, 160,182 PS, 180,182 PS, 180/204 PS. Final concentration of PE and PS 

were normalized to DNA contents in the cell and expressed as ng/mg DNA.

NMR Metabolomics analysis

Sample processing: The hydrophilic cell extracts were dried in a SpeedVac centrifuge for 

4–6 h at room temperature, and stored at 20°C until data collection. The dried polar extracts 

were re-hydrated with 600 μL of NMR buffer containing 100 mM phosphate buffer, pH 7.3, 
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1 mM TMSP (3-Trimethylsilyl 2,2,3,3-d4 propionate, CAS 24493–21-8), and 1 mg/mL 

NaN3 (sodium azide CAS 26627–22-8) prepared in D2O.

Media samples were thawed on ice and centrifuged 4000 × gn for 5 min at 4°C. The 500 μL 

supernatant of the media samples were aliquoted onto pre-washed 3 kDa spin filters 

(NANOSEP 3K, Pall Life Sciences), and centrifuged 10000 × gn for 90 min at 4°C. The 300 

mL of media filtrate was mixed with 300 μL of NMR buffer.

NMR data collection: One-dimensional 1H NMR spectra were recorded on all samples 

using the nuclear overhauser spectroscopy (NOESY) pulse sequence with presaturation of 

the water peak on a Bruker Avance II 600 MHz spectrometer. Two-dimensional 13C edited 

heteronuclear single quantum correlation (HSQC) spectra for representative samples were 

acquired to assess the metabolites annotation. All NMR data were processed using Topspin 

3.1 software (Bruker Analytik, Rheinstetten, Germany). All FIDs were subjected to an 

exponential line-broadening of 0.3 Hz. Upon Fourier transformation, each spectrum was 

manually phased, baseline corrected, and referenced to the internal standard TMSP at 0.0 

ppm. Metabolites found in cell extract and media were assigned based on 1D 1H and 2D 

NMR experiments with reference spectra found in databases, such as the Human 

Metabolome Database and Chenomx ®NMR Suite profiling software (Chenomx Inc. 

version 8.1).

QUANTIFICATION AND STATISTICAL ANALYSIS

Western blot analyses were quantified using the Li-Cor imaging system software. All data, 

with the exception of NMR and targeted lipidomics, listed separately below, are presented as 

mean ± SD. Statistical analyzes utilized GraphPad Prism 7, and statistical significance was 

determined using one-way analysis of variance (ANOVA) with Turkey HSD (Honestly 

Significant Difference) calculation to compare multiple treatments.

NMR Metabolomics Data analysis
1H NMR spectra were processed and analyzed with AMIX for PCA analysis and the spectral 

bucket intensity tables were generated for further analysis. The spectra from 0.5 to 10.0 

ppm, excluding the region of the residual water resonance (4.6 to 5.0 ppm), methanol (3.36–

3.38 ppm), and phenformin (3.49–3.54, 7.29–7.43ppm) were reduced by uniform binning to 

1916 buckets 0.005 ppm wide. The spectra were normalized to constant total spectral area 

prior to PCA analysis and the binned spectra were mean-centered with no scaling.

The metabolites assigned bin-by-bin differences between each group were assessed by 

univariate approach. Pairwise differences within each bin were compared using a two-tailed 

Welch’s t test, the false discovery rate (FDR) was controlled at the 0.05 level using the 

Benjamini-Hochberg method (Benjamini and Hochberg, 1995).

DATA AND SOFTWARE AVAILABILITY

The NMR and lipidomics datasets reported in this paper are available at Mendeley Data: 

https://doi.org/10.17632/ccx58pdy3d.1.
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Supplementary Material

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

• Phenformin, metformin, and mitochondrial complex I defects suppress 

autophagy

• Defects in glycolysis and OXPHOS have opposing effects on autophagy

• Autophagy is enhanced by a metabolic shift toward OXPHOS

• Mitochondrial-associated membranes and mitochondrial PE support 

autophagy
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Figure 1. Phenformin Inhibits Autophagy Induced by mTOR Inhibitors
(A and B) Time course of GST-BHMT autophagy assay (A) and plotted ratio of the BHMT 

fragment/ GFP-myc (B) in HEK293 cells treated with vehicle (V), 5 nM RAD001 and 20 

nM BEZ235 (RB), or 1 mM phenformin (P1).

(C) GST-BHMT assay in HEK293 cells treated for 6 hr with 0–5 mM phenformin alone, or 

in combination with RB.

(D and E) LC3-II flux assay (D) and ratio of LC3-II/ACTIN (E) in HEK293 cells treated as 

indicated.

(F and G) Representative confocal images (F) and quantitation of LC3-B puncta/cell (G) in 

HEK293T cells. Treatments as in (D) and (E). Scale bar is 10 μm. Data represented as mean 

± 1 SD.

Thomas et al. Page 34

Cell Rep. Author manuscript; available in PMC 2018 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Phenformin Inhibits Mitophagy Induced by mTOR Inhibitors
(A) GSTLSCSGFP-ActA mitophagy assay in cells treated for 24 hr with V, RB, P1, or RBP1.

(B) Mitochondrial DNA content, as measured by RT-qPCR. Statistics by one-way ANOVA.

(C) Representative confocal images from Mito-Keima expressing cells, treated for 4 hr.

(D) Complex I activity in mitochondria purified from HEK293 cells. 16 hr treatments.

**Adjusted p value = 0.0074. Data represented as mean ± 1 SD.

Thomas et al. Page 35

Cell Rep. Author manuscript; available in PMC 2018 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Autophagy Is Inhibited by Severe Defects in Mitochondrial Complex I Accessory 
Subunits
(A) GST-BHMT assay in control and NDUFS6 or NDUFA10 knockout (KO) cells. 6 hr 

treatments. A numerical value for the BHMT fragment (frag)/GFP ratio, normalized to RB, 

is shown.

(B) GST-BHMT assay in HEK293 cells treated for 6 hr, with or without 5 mM nicotinamide 

(NM).

(C) GSTLSCSGFP-ActA mitophagy assay in HEK293T control and NDUFA1KO cells treated 

for 20 hr with V, RB, P1, RBP1, or 10 μM CCCP (CC).
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Figure 4. Phenformin Suppresses the Initiation, Amplitude, and Duration of Autophagy
(A) GST-BHMT assay in cells treated for 6 hr with V, RB, P1, RBP1, with or without 1 mM 

adenosine.

(B) Bar graph of AMP/ATP ratios in HEK293 cells treated with V, RB, P1, RBP1, or starved 

of glucose.

(C and D) Immunofluorescence of WIPI2 in HEK293T cells treated for 2 hr. Representative 

confocal images (C) and quantification of WIPI2 puncta (D). Scale bar is 10 μm.

(E–G) GST-BHMT time course assay in cells treated with V, RB, or RBP1.5, as shown by 

western blotting (E) and graphs of BHMT frag/GFP ratios (F) and LC3-II/ACTIN ratios (G).
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Figure 5. Glucose Starvation Increases Autophagy and Mitophagy
(A and B) GST-BHMT assay time course in cells treated with V or RB, in media with 25 or 

0 mM glucose, as shown by western blotting (A) and graph of BHMT frag/GFP ratio (B).

(C) GST-BHMT assay in cells treated for 24 hr with vehicle or RB in DMEM with 25 or 0 

mM glucose, 25 mM galactose (Gal), or 100 mM trehalose (Treh).

(D) GSTLSCSGFP-ActA mitophagy assay in cells treated for 24 hr with 25, 5, or 0 mM 

glucose; 25 mM Gal; or P1, without or with RB.
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Figure 6. Phospholipid Remodeling in Autophagy
(A) Levels of PE (18:0/18:1) and PS (18:0/18:1) in HEK293 cells treated for 24 hr with V, 

RB, P1, or RBP1. ****p < 0.0001, ***p = 0.0002. ns = not significant. Data represented as 

mean ± 1 SD.

(B) GST-BHMT autophagy assay in cells transfected with non-silencing siRNA (siNS), 

siPISD-6, or siPISD-7. Cells were treated for 6 hr.

(C) GST-BHMT autophagy assay in cells treated for 6 hr with drugs as indicated, with 5 

mM L-serine and/or 1 mM hydroxylamine as noted.

(D) GST-BHMT autophagy assay in cells treated for 6 hr as indicated, with buffer or mixed 

composition liposomes.
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Figure 7. Defects in Complex I Prevent the Significant Increase in MAMs that Occurs with 
mTOR Inhibitors
(A) Proximity ligation assay showing MAMs by confocal microscopy. HEK293T cells were 

treated for 4 hr. Scale bar is 10 μm.

(B) Scatter plot graph showing quantified MAMs data. ****p < 0.0001. ns = not significant. 

Data represented as mean ± 1 SD.

(C) Model of conditions that support or inhibit autophagy. Left: mTOR inhibitors (RB) 

induce active autophagy in cells with healthy mitochondria by increasing MAMs, sites of 

ATG14 recruitment and phospholipid transport, supporting mtPE biosynthesis and sustained 

autophagy. RB autophagy is enhanced by conditions that increase TCA intermediates, ATP, 

or phospholipids. Right: Autophagy is impaired by phenformin or defects in complex I, 
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which prevent the increase of MAMs induced by mTOR inhibitors, local ATP, and the ATP-

dependent transfer of PS for mtPE biosynthesis.
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