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SUMMARY

Phosphatidylglycerol (PG) is a mitochondrial phospholipid required for mitochondrial cristae 

structure and cardiolipin synthesis. PG must be remodeled to its mature form at the endoplasmic 

reticulum (ER) after mitochondrial biosynthesis to achieve its biological functions. Defective 

PG remodeling causes MEGDEL (non-alcohol fatty liver disease and 3-methylglutaconic 

aciduria with deafness, encephalopathy, and Leigh-like) syndrome through poorly defined 

mechanisms. Here, we identify LPGAT1, an acyltransferase that catalyzes PG remodeling, as 

a candidate gene for MEGDEL syndrome. We show that PG remodeling by LPGAT1 at the 

ER is closely coordinated with mitochondrial transport through interaction with the prohibitin/

TIMM14 mitochondrial import motor. Accordingly, ablation of LPGAT1 or TIMM14 not 

only causes aberrant fatty acyl compositions but also ER retention of newly remodeled PG, 

leading to profound loss in mitochondrial crista structure and respiration. Consequently, genetic 

deletion of the LPGAT1 in mice leads to cardinal features of MEGDEL syndrome, including 

3-methylglutaconic aciduria, deafness, dilated cardiomyopathy, and premature death, which are 

highly reminiscent of those caused by TIMM14 mutations in humans.
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Phosphatidylglycerol is a mitochondrial phospholipid but is remodeled in the ER. Little is known 

about how the remodeled phosphatidylglycerol is transported back to mitochondria. Sun et 

al. demonstrate that phosphatidylglycerol remodeling by LPGAT1 closely coordinates with the 

mitochondrial PHB/TIM translocon and that ablation of LPGAT1 or disruption of the coordination 

process causes MEGDEL syndrome.

Graphical Abstract

INTRODUCTION

Phosphatidylglycerol (PG) is a minor mitochondrial glycerophospholipid required for the 

synthesis of cardiolipin (CL).1 In the inner mitochondrial membrane, cytidine diphosphate 

diacylglycerol (CDP)-diacylglycerol synthase catalyzes the conversion of phosphatidic acid 

into CDP-diacylglycerol, which is then converted to PG phosphate by the phosphatidyl 

glycerophosphate synthase 1 by transferring a phosphatidyl group to the glycerol-3-

phosphate. The PG phosphate is then catalyzed by phosphatidyl glycerophosphate 

phosphatase to form PG. Finally, CL synthase 1 catalyzes the formation of immature 

CL by using CDP-diacylglycerol and PG as substrates.2–5 CL plays an important role 

in maintaining normal mitochondrial function, including membrane structure, dynamics, 

mitochondrial DNA (mtDNA) biogenesis, and mitophagy.3,6–9 PG accounts for less than 

1% of total phospholipids in most mammalian tissues, except for lung, where it represents 

about 5% of total phospholipids and is a major component of lung surfactant.10,11 In contrast 
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to CL, little information is known about the functional importance of PG in mitochondria, 

although PG deficiency in yeast cells leads to mitochondrial dysfunction beyond those 

caused by CL depletion.12,13

PG is subjected to remodeling of its fatty acyl chains to achieve mature acyl compositions 

after its de novo biosynthesis in mitochondria, a metabolic process also known as the 

Lands cycle. The remodeling allows incorporation of appropriate acyl composition for its 

biological functions and to prevent the harmful effect of lysophosphatidylglycerol (LPG) 

accumulation.1 Consequently, defective remodeling of PG is part of the pathophysiology 

associated with Barth syndrome (BTHS), which is characterized by dilated cardiomyopathy 

and premature death.7,14–16 In addition, defective PG remodeling is implicated in the 

pathogenesis of non-alcohol fatty liver disease (NAFLD)17,18 and 3-methylglutaconic (3-

MGA) aciduria with deafness, encephalopathy, and Leigh-like (MEGDEL) syndrome,19 an 

autosomal recessive disorder characterized by 3-MGA aciduria, psychomotor delay, muscle 

hypotonia, sensorineural deafness, and Leigh-like lesions in brain.20 To date, all reported 

cases of MEGDEL syndrome are caused by mutations in the serine active site-containing 

protein 1 (SERAC1) gene, which is involved in PG remodeling at the mitochondrial 

associated membrane (MAM).19 However, no transacylase or acyltransferase activity toward 

LPG has been identified from the SERAC1 protein to date, suggesting the presence of other 

MEGDEL candidate genes.

LPG acyltransferase 1 (LPGAT1) is an acyltransferase that catalyzes PG remodeling at 

MAM with LPG and acyl-CoA as substrates, as previously reported by us.1 Our recent work 

demonstrates that PG remodeling by LPGAT1 also played an important role in attenuating 

mitochondrial dysfunction associated with NAFLD.18 Target deletion of the LPGAT1 gene 

caused defective PG remodeling and mitochondrial dysfunction, leading to the development 

of NAFLD.18 In addition, LPGAT1 deficiency caused hepatopathy,18 which is a cardinal 

feature of MEGDEL syndrome.21 Moreover, a previous study indicated that the LPGAT1 
gene is mapped to a disease-causative genetic locus for dilated cardiomyopathy,22 a common 

feature associated with BTHS and MEGDEL syndrome.23–25 However, it remains elusive 

whether LPGAT1 regulates the onset of MEGDEL syndrome or dilated cardiomyopathy.

As a mitochondrial phospholipid, PG must be transported back to mitochondria after its 

remodeling at MAM, yet molecular mechanisms underlying the mitochondrial transport 

process remain poorly understood. In this study, we identified a pivotal role of LPGAT1 

in regulating mitochondrial PG transport. In addition to its previously identified role in 

PG remodeling, we show that LPGAT1 specifically interacts with the prohibitin/transporter 

inner membrane (PHB-/TIM) complex, a mitochondrial import motor.26 This interaction 

plays an important role in coupling PG remodeling at the MAM with mitochondrial 

import of newly remodeled PG. Using a lipid labeling technique recently developed by 

us,27 we show that deletion of LPGAT1 or TIMM14, a component of the PHB/TIM 

complex, prevents mitochondrial transport of newly remodeled PG, resulting in a loss 

of mitochondrial cristae structure and respiration. Using mice with targeted deletion of 

LPGAT1, we further demonstrate that LPGAT1 deficiency causes defective PG remodeling 

and mitochondrial dysfunction similar to those caused by TIMM14 mutations in humans, 

leading to the development of MEGDEL syndrome and dilated cardiomyopathy.28
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RESULTS

Ablation of LPGAT1 causes dilated cardiomyopathy and premature death in mice

Using mice with a targeted deletion of the LPGAT1 gene recently generated by us,18 

we investigated whether PG remodeling by LPGAT1 regulates the onset of MEGDEL 

syndrome. The results show that LPGAT1 deficiency significantly increased the incidence 

of generalized cyanosis and premature death within 24 h after birth in LPGAT1 knockout 

(KO) mice relative to the wild-type (WT) controls (Figure 1A). The survival rates of 

neonatal heterozygous and homozygous LPGAT1 KO mice declined to 85% and 56%, 

respectively (Figure S1A). LPGAT1 deficiency also caused lower birth weight (Figure 

S1B) and hypoglycemia (Figure S1C), leading to growth delay (Figure S1D). Furthermore, 

LPGAT1-deficient mice exhibited significantly higher mortality rates than the WT controls 

during adulthood due to the occurrence of sudden death, especially during the ages of 14–22 

weeks (Figure 1B).

A previous study showed that the LPGAT1 gene is localized at a genetic locus associated 

with dilated cardiomyopathy in humans.22 We next investigated whether the low survival 

rate of LPGAT1 KO mice was caused by cardiac dysfunction, as some of the KO mice 

also exhibited sudden death. In support of this notion, we showed that ablation of LPGAT1 

caused dilated cardiomyopathy, as evidenced by an increased heart weight-to-body weight 

ratio (Figures S1E and S1F) and an enlarged left ventricular (LV) internal diameter, 

which was analyzed by hematoxylin and eosin (H&E) staining of LV sections (Figure 

1C). Consistent with the findings, LPGAT1 deficiency also led to bradycardia and LV 

dysfunction, as evidenced by decreased levels of heart rate (HR; Figure S1G), systolic 

blood pressure (Figure S1H), LV ejection fraction (EF; Figure 1D), and LV fractional 

shortening (FS; Figure 1E). LPGAT1 deficiency also significantly increased the LV internal 

diameter at end diastole and end systole (LVIDd and LVIDs, respectively; Figure 1F) 

without a significant effect on diastolic blood pressure (Figure S1I). Furthermore, ablation 

of LPGAT1 caused hypertrophy of cardiomyocytes, as demonstrated by the results from 

wheat germ agglutinin (WGA) staining of the LV sections (Figure 1G, quantified in Figure 

1H). Consistent with the findings, LPGAT1 deficiency also significantly increased mRNA 

expression levels of key biomarkers associated with cardiac hypertrophy, including atrial 

natriuretic factor (Anf), brain natriuretic peptide (Bnp), β-myosin heavy chain (β-Mhc), 

and skeletal muscle α-actin (Acta1), as demonstrated by results from quantitative real-time 

PCR analysis (Figure 1I). Moreover, LPGAT1 deficiency caused excessive accumulation of 

collagen fibers in the heart, which is supported by results from both Masson’s trichrome 

staining and Sirius red staining of LV sections (Figure 1J, quantified in Figure 1K, arrows 

highlight the fibrosis). Consistent with the findings, ablation of LPGAT1 also significantly 

increased the mRNA expression of key biomarkers of fibrosis, including collagen I (Col 1) 

and Col III in the LV of the KO mice (Figure 1L).

LPGAT1 deficiency leads to hearing loss, a common feature of MEGDEL syndrome

In addition to dilated cardiomyopathy,29,30 MEGDEL syndrome often causes hearing loss.31 

To determine a role of LPGAT1 in regulating auditory function, we next examined the 

auditory function of WT control and LPGAT1 KO mice by using the auditory brainstem 
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response (ABR) test. Sound-evoked ABR recordings reflect synchronous activation of 

elements of the brainstem auditory pathway.32 Indeed, LPGAT1 deficiency significantly 

increased the ABR threshold in all testing frequencies from 4 to 32 kHz, as shown by the 

representative ABR waveform recordings (Figures 2A and 2B) and the statistical analysis 

of the ABR threshold (Figure 2C), revealing a severe hearing deficit in LPGAT1-deficient 

mice. Moreover, LPGAT1 deficiency caused apoptosis, inflammation, and oxidative stress in 

the cochlear, which is supported by increased mRNA levels of caspase-3 (Casp3), allograft 

inflammatory factor 1 (Aif-1), interleukin-1β (IL-1β), NADPH oxidase 4 (Nox-4), and 

thioredoxin reductase (Txnrd), as determined by the quantitative real-time PCR analysis 

(Figure 2D).

LPGAT1 deficiency causes 3-MGA aciduria and liver damage, signature defects in 
MEGDEL syndrome

Another common feature of MEGDEL syndrome is the presence of high levels of 3-MGA 

in urine.30 We next determined the 3-MGA level in the urine of WT and LPGAT1 KO 

mice. The data showed that the 3-MGA level in the urine was strikingly elevated in 

LPGAT1 KO mice relative to WT control mice (Figure S2A). Consistent with our previous 

data, which showed that LPGAT1 deficiency caused hepatopathy in mice,18 LPGAT1 

deficiency significantly increased serum level of alanine aminotransferase (ALT), aspartate 

aminotransferase (AST), and total bilirubin (TBIL) (Figures S2B–S2D). Moreover, the 

blood ammonia and urea nitrogen (BUN) levels were also significantly elevated in LPGAT1 

KO mice (Figures S2E and S2F), further supporting the notion that ablation of LPGAT1 

caused liver damage. Consistent with hypoglycemia, LPGAT1 deficiency significantly 

increased serum levels of lactic acid (LD), pyruvate, and total ketone bodies (Figures S2G–

S2I), implicating increased levels of gluconeogenesis as a consequence of hypoglycemia.

Ablation of LPGAT1 diminishes mitochondrial cristae structure and respiration

PG plays a pivotal role in supporting mitochondrial membrane curvature, cristae structure, 

and respiration.13,33 The metabolic defects in LPGAT1 KO mice promoted us to determine 

whether defective PG remodeling damages mitochondrial morphology and function. Using 

primary mouse embryonic fibroblasts (MEFs), we first determined the effect of LPGAT1 

deficiency on mitochondrial morphology by electronic microscopy (EM) analysis. As shown 

in Figure 3A, LPGAT1 deficiency led to abnormal mitochondrial ultrastructure, as revealed 

by a significant loss of mitochondrial cristae structure in MEFs from LPGAT1 KO mice 

(Figure 3A). Mitochondrial cristae structure plays a pivotal role in supporting oxidative 

phosphorylation and mtDNA biogenesis.34,35 Consistent with defective mitochondrial 

cristae morphology, LPGAT1 deficiency caused a significant decrease in both mtDNA 

copy number (Figure 3B) and mitochondrial membrane potential (Figure 3C), leading to 

severe oxidative stress and elevated levels of reactive oxygen species (ROS) (Figure 3D). 

Using the Seahorse flux analyzer, we next analyzed the effect of LPGAT1 on mitochondrial 

respiration by measuring changes in oxygen consumption rate (OCR) in primary MEFs. The 

results showed that LPGAT1 deficiency significantly impaired mitochondrial respiration, 

as evidenced by decreased levels of basal, maximal, and ATP-linked OCRs in the LPGAT1-

deficient MEFs relative to WT controls (Figure 3E, quantified in Figure 3F).
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LPGAT1 specifically interacts with the PHB/TIM complex, which requires integrity of MAM

As a mitochondrial phospholipid, PG must be transported from the MAM to mitochondria 

after remodeling by LPGAT1.36,37 However, little information is known about the trafficking 

process. The stomatin/PHB/flotillin/HflK/C (SPFH) family of proteins is commonly 

believed to regulate the lateral distribution of both membrane lipids and proteins by forming 

a mitochondrial importer complex.38 Interestingly, a previous study showed that TIMM14, 

also known as DNAJC19, forms a complex with PHB to regulate CL remodeling.30 

TIMM14, a homolog of yeast Pam18/Tim14, is also a component of the mitochondrial 

protein import machinery in the inner mitochondrial membrane. Mutation in TIMM14 

causes dilated cardiomyopathy with ataxia (DCMA)28 and 3-MGA aciduria,30,39 seminal 

features of MEGDEL syndrome, which prompted us to investigate whether LPGAT1 

coordinates with the PHB/TIM complex to couple PG remodeling with mitochondrial 

transport of newly remodeled PG. Using FLAG-LPGAT1 as the “bait,” we carried 

out co-immunoprecipitation (coIP) analysis in HEK293T to determine whether LPGAT1 

specifically interacts with the PHB/TIMM14 complex. Remarkably, LPGAT1 specifically 

interacted with multiple members of the endogenous TIMM23 translocon, including 

TIMM14, TIMM23, TIMM44, and TIMM50. LPGAT1 also interacted with multiple 

components of the PHB complex, including PHB1, PHB2 and the m-AAA protease 

AFG3L2 (Figure 4A), implicating a key role of the PHB/TIM complex in mitochondrial 

transport of newly remodeled PG. Moreover, LPGAT1 also specifically interacts with heat 

shock protein family A member 9 (HSPA9), a member of heat shock protein 70. In addition 

to mitochondria, HSPA9 protein was abundantly found in the ER,40 implicating a potential 

role for HSPA9 in tethering LPGAT1 with the TIMM23 translocon.

Although the PHB/TIM complex is commonly believed to mediate protein trafficking of 

the inner mitochondrial membrane, its involvement in mitochondrial phospholipid import 

remains elusive.38,41 Additionally, the PHB/TIM complex is commonly believed to be 

localized in the inner mitochondrial membrane, raising an intriguing question about how 

LPGAT interacts with the complex, as our previous work showed that LPGAT1 is primarily 

located at the MAM.1,18 The MAM plays a key role in non-vesicular lipid trafficking 

between the ER and mitochondria.42 We reasoned whether the MAM could also bridge the 

gap of the interaction of LPGAT1 with the PHB/TIM complex. We tested this hypothesis 

by first determining whether LPGAT1 specifically interacts with mitofusin 2 (MFN2), 

which plays a key role in maintaining the integrity of the MAM by tethering the ER 

with mitochondria.43 Indeed, we found that LPGAT1 specifically interacted with MFN2, 

as shown by results from coIP analysis in HEK293T cells (Figure 4C). Consistent with 

the findings, small interfering RNA (siRNA)-mediated knockdown of MFN2 significantly 

attenuated the interaction between LPGAT1 and PHB/TIM complex proteins (Figure 4C), 

implying that MFN2 could also serve as a tether for the interaction of LPGAT1 with 

the PHB/TIM complex. In support of this notion, STRING (https://string-db.org/) analysis 

showed that MFN2 forms a comprehensive interactome with PHB/TIM proteins (Figure 

4B).
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LPGAT1 coordinates with TIMM14 to facilitate mitochondrial trafficking of newly remodeled 
PG

The association of LPGAT1 with the PHB/TIM complex prompted us to determine whether 

the interaction is required for mitochondrial import of newly remodeled PG. To test the 

hypothesis, we determined whether deletion of either LPGAT1 or TIMM14 would impair 

mitochondrial transport of newly remodeled PG in live C2C12 cells by using the de novo 
phospholipid labeling method recently developed by us.27 LPGAT1 KO cells or vector 

controls were stained with MitoTracker Red to label mitochondria and were cultured briefly 

in the presence or the absence of LPG and nitro-benzoxadiazolyl (NBD)-acyl-CoA, which 

were used as substrates for PG remodeling by the endogenous enzymes. Attachment of 

NBD to newly remodeled PG allows us to monitor the mitochondrial trafficking of newly 

remodeled PG by confocal imaging analysis in live cells. As previously reported by us, 

newly remodeled PG was rapidly transported from the ER to mitochondria in vector control 

cells, as evidenced by the co-localization of NBD-PG (green) with mitochondria (red) 

(Figure 5A, arrows highlight the co-localization of NBD-PG with mitochondria in yellow). 

In contrast, LPGAT1 deficiency significantly attenuated mitochondrial transport of newly 

remodeled PG in LPGAT1 KO cells (Figure 5B). Likewise, LPGAT1 deficiency in primary 

hepatocytes isolated from LPGAT1 KO mice also significantly impaired mitochondrial PG 

transport (Figure S3, arrows highlight the co-localization of NBD-PG with mitochondria). 

Remarkably, ablation of the TIMM14 by CRISPR-Cas9 technique (Figure S6A) also 

significantly attenuated mitochondrial transport of newly remodeled PG (Figure 5C). 

In contrast, neither LPGAT1 nor TIMM14 was required for mitochondrial transport of 

other newly remodeled phospholipids, including CL, phosphatidylethanolamine (PE), and 

phosphatidylcholine (PC), as demonstrated by results from confocal imaging analysis of 

LPGAT1 KO (Figure S4) and TIMM14 KO cells (Figure S5).

To scrutinize the specificity of LPGAT1’s interaction with TIMM14 in mediating 

mitochondrial PG transport, we next determined whether ablation of LPGAT1 or TIMM14 

in C2C12 cells would also lead to the ER retention of newly remodeled PG. To do so, 

C2C12 cells transiently transfected with Mito-BFP and dsRed2-ER5 to label mitochondria 

and the ER, respectively, were cultured in the presence or the absence of LPG and NBD-

CoA and analyzed for co-localization of newly remodeled PG with the ER or mitochondria 

by confocal imaging analysis. In further support of the notion that LPGAT1 coordinates 

with the PHB/TIM complex to promote mitochondrial PG trafficking, ablation of either 

LPGAT1 or TIMM14 leads to the ER retention of newly remodeled PG (Figures 6A–6C, 

PG/ER panel, arrows highlight the co-localization of NBD-PG with the ER in yellow). 

Consequently, depletion of either LPGAT1 or TIMM14 dramatically reduced mitochondrial 

content of newly remodeled PG and the ratio of mitochondrial PG to total cellular PG 

(Figures 6D and 6E). Consistent with the important role of PG in supporting mitochondrial 

morphology and respiration, TIMM14 deficiency also caused multiple metabolic defects 

that are highly reminiscent of those caused by LPGAT1 deficiency, including decreased 

mitochondrial membrane potential (Figure S6B) and increased ROS production (Figure 

S6C), leading to a significant loss of mitochondrial cristae structure (Figure S6D). TIMM14 

deficiency also significantly impaired mitochondrial respiration, as evidenced by decreased 
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levels of basal, maximal, and ATP-linked OCRs as well as the respiratory spare capacity 

from Seahorse flux analysis (Figure S6E, quantified in Figure S6F).

To further scrutinize the specificity of LPGAT1’s interaction with TIMM14 in mediating 

mitochondrial PG transport, we next determine whether MAM integrity is also required 

for mitochondrial transport of newly remodeled PG, as MFN2 deficiency abolished the 

interaction of LPGAT1 with the PHB/TIM complex. To do so, we generated C2C12 cells 

with target deletion of MFN2 by using the CRISPR–Cas9 technique. The KO of MFN2 

was confirmed by western blot analysis (Figure 6G). Consistent with the findings that 

MAM integrity is required for the interaction of LPGAT1 with the PHB/TIM complex, 

ablation of MFN2 also significantly impaired the mitochondrial PG transport, as shown by 

the results from confocal imaging analysis (Figure 6F, quantified in Figures 6H and 6I, 

arrows highlight the co-localization of NBD-PG with mitochondria in yellow). Together, 

these findings further confirmed that LPGAT1 coordinates with the PHB/TIM complex to 

facilitate mitochondrial transport of newly remodeled PG, which depends on the integrity of 

MAM.

Ablation of LPGAT1 leads to aberrant PG and CL acyl compositions similar to those 
caused by TIMM14 deficiency

A previous report showed that an elevated PG-34:1/PG-36:1 ratio is a major defect 

associated with MEGDEL syndrome caused by SERAC1 mutations.19 The remarkable 

functional similarities between LPGAT1 and TIMM14 in regulating mitochondrial 

morphology, function, and PG transport prompted us to investigate whether the LPGAT1/

TIMM14 interaction plays an important role in regulating PG acyl compositions by 

lipidomic analysis. Remarkably, ablation of TIMM14 caused similar changes in acyl 

compositions of PG as in LPGAT1-deficient cells, including increased abundance of PG 

species with very long and polyunsaturated fatty acyl chains, such as those with 8–12 double 

bonds (Figures 7A–7D). Likewise, TIMM14 deficiency also caused significant changes in 

the acyl profile of individual PG species similar to that caused by LPGAT1 deficiency 

(Figures S7A and S7B). In support of LPGAT1 as a candidate gene for MEGDEL syndrome, 

LPGAT1 deficiency also significantly increased the ratio of PG-34:1/PG-36:1 relative to 

vector control cells, which is a major defect associated with MEGDEL syndrome caused by 

SERAC1 gene mutation19 (Figures S8A–S8C).

PG is a precursor for the synthesis of CL. We next determined the effect of LPGAT1 

and TIMM14 deficiencies on CL acyl compositions in cells deficient in LPGAT1 or 

TIMM14 expression by lipidomic analysis. In final support of the functional importance 

of the LPGAT1/TIMM14 interaction, LPGAT1 deficiency caused remarkable changes in CL 

acyl compositions similar to those caused by TIMM14 deficiency, including a significant 

decrease in CL species with 68 carbons concurrently with increased abundance of CL 

species with 72–74 carbons (Figures 7E and 7G). Likewise, both LPGAT1 and TIMM14 

deficiencies significantly increased the unsaturation of CL, as evidenced by increased 

abundance of CL species with more than 6 double bonds (Figures 7F and 7H). Consistently, 

LPGAT1 KO cells also share remarkable acyl profiles of individual CL species with that of 

the TIMM14 KO cells (Figures S9A and S9B). However, there were also major differences 
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between LPGAT1 and TIMM14 in regulating CL acyl compositions. As such, LPGAT1 

deficiency caused opposite changes to TIMM14 deficiency in the abundance of CL species 

with 70 carbons with 3 double bonds (Figures 7F and 7H), suggesting that TIMM14 is 

likely involved in mitochondrial transport of newly remodeled CL from other remodeling 

pathways.

DISCUSSION

PG plays a pivotal role in supporting mitochondrial function as a substrate for CL synthesis. 

However, circumstantial evidence from yeast studies suggests that PG also possesses 

biological functions beyond those of CL.12,13 Accordingly, defective PG remodeling leads 

to rare but more severe forms of genetic disorders in humans, such as MEGDEL syndrome, 

than those caused by defective CL remodeling.23–25 Currently, the most well-studied 

cases of MEGDEL syndrome are associated with mutations in the SERAC1 gene, which 

is implicated in the remodeling of PG, although no LPG acyltransferase activity has 

been identified from SERAC1 to date.19 It remains debatable whether there are other 

genetic causes of MEGDEL syndrome. In this study, we identified the LPGAT1 gene as 

a candidate gene for MEGDEL syndrome, which is supported by multiple lines of evidence. 

Accordingly, we show that ablation of LPGAT1 in mice leads to multiple common features 

of MEGDEL syndrome, including neonatal hypoglycemia, high mortality rate, sudden 

death, growth delay, 3-MGA aciduria, deafness, hepatopathy, and dilated cardiomyopathy. 

LPGAT1 deficiency also caused defective remodeling of PG with aberrant fatty acyl 

compositions that were commonly found in patients with MEGDEL syndrome, including 

increased PG-34:1/PG-36:1 ratio and enrichment of very long polyunsaturated fatty acyl 

chains.19 Our findings are further corroborated by the phenotypes of LPGAT1-deficient 

zebrafish, including developmental defects, poor survival rate, and increased unsaturation of 

phospholipid species.44

PG is subjected to remodeling of its fatty acyl chains after de novo synthesis in mitochondria 

to achieve mature acyl compositions, which takes place in the MAM where the majority 

of phospholipid remodeling enzymes are localized.1,9 As a mitochondrial phospholipid, 

PG must be transported back to mitochondria. Since mitochondria are not connected 

to the vesicular transport system, phospholipid exchange between the two organelles is 

commonly believed to occur through organelle contacts, as exemplified by the ERMES 

(ER-mitochondria encounter structure) complex in yeast.45 The ERMES complex tethers 

the two organelles and plays a pivotal role in mitochondrial phospholipid trafficking.45 

Consequently, deletion of ERMES leads to profound CL deficiency in yeast.46 Several 

proteins, including PDZ domain containing 8 (PDZD8),47 protein tyrosine phosphatase 

interacting protein 51 (PTPIP51),48 and extended synaptotagmin 1 (E-Syt1),49 have been 

identified to function as phospholipid transfer proteins at ER-mitochondria contact sites. 

Particularly, PDZD8 was identified as a structural and functional ortholog of the yeast 

ERMES protein Mmm1.47 However, the molecular mechanisms underlying non-vesicular 

lipid transport across ER mitochondrial contact sites in mammalian cells remain largely 

unknown. In this study, we identified an unexpected role of LPGAT in mediating the 

transport of newly remodeled PG from ER to mitochondria through interaction with 

the PHB/TIM translocon. We show that LPGAT1 selectively interacted with multiple 
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components of the PHB/TIM translocon, including PHB1, PHB2, AFG3L2, TIMM23, 

TIMM50, TIMM44, and TIMM14. Using a de novo lipid labeling method recently 

developed by us,27 we further demonstrated that interaction plays a pivotal role in coupling 

PG remodeling with mitochondrial trafficking of newly remodeled PG. Accordingly, we 

showed that ablation of TIMM14, a component of the PHB/TIM translocon, caused 

significant ER retention of newly remodeled PG, leading to aberrant acyl compositions 

of PG that were highly reminiscent of those caused by LPGAT1 deficiency. Consequently, 

ablation of TIMM14 also caused multiple defects in mitochondrial morphology and function 

similar to those caused by LPGAT1 deficiency, including near total loss of cristae structure, 

mtDNA depletion, oxidative stress, and defective oxidative phosphorylation. Our findings 

are corroborated by previous reports that mutations in the TIMM14 gene in humans also led 

to MEGDEL-like syndrome, including mitochondrial dysfunction, dilated cardiomyopathy, 

deafness, and accumulation of 3-MGA in urine.28,50

Emerging evidence suggest that there is crosstalk between mitochondrial protein import and 

phospholipids.51 In support of this notion, the PHB/TIM complexes, which are commonly 

recognized by their key role in mediating mitochondrial protein import, have also been 

shown to plays a key role in CL remodeling. Accordingly, ablation of the PHB/TIM complex 

caused defective CL remodeling.30 Although the precise mechanisms by which PHB/TIM 

regulates CL remodeling remain poorly understood, the surprising finding that the PHB/TIM 

complex is required for mitochondrial PG trafficking provides a partial answer to this 

question, as PG is used for the synthesis of CL. Accordingly, TIMM14 deficiency also 

caused a profound alteration in the acyl chain compositions of CL, leading to significant 

enrichment of long-chain polyunsaturated fatty acids and deficiency in shorter and more 

saturated fatty acids. Remarkably, these defects were strikingly similar to aberrant PG 

species in cells deficient in LPGAT1, further implicating a pivotal role of the PHB/TIM 

complex in mitochondrial PG transport. However, whether the LPGAT1/PHB/TIM complex 

represents a mammalian ortholog of the yeast ERMES complex or a new ER mitochondrial 

encounter structure remains to be studied.

As part of the mitochondrial import motor, both PHBs and TIMs are primarily localized 

at the inner mitochondrial membrane. In contrast, our previous work showed that LPGAT1 

was primarily localized at the MAM,18 which raises an intriguing question about how 

LPGAT1 interacts with the PHB/TIM complex. We partly addressed this issue by identifying 

a pivotal role for MFN2 in mediating the interaction of LPGAT1 with the PHB/TIM 

complex. MFN2 is a mitochondrial GTPase that is required for tethering the ER with the 

outer mitochondrial membrane.52 We found that MFN2 depletion not only attenuated the 

interaction of LPGAT1 with the PHB/TIM complex but also prevented the mitochondrial 

transport of newly remodeled PG from the ER, implicating an important role of MAM 

integrity in regulating the interaction of LPGAT1 with the PHB/TIM mitochondrial import 

motor. The findings are further corroborated by the results from STRING network analysis 

of the MFN2 interactome, which forms comprehensive interactions with multiple members 

of the PHB/TIM complex.

LPGAT1 was the first LPG acyltransferase previously identified by us.1 Recently, two 

studies have demonstrated additional function of LPGAT1 in catalyzing the remodeling 
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of other phospholipids, including PE and PC.53,54 These findings are in line with 

substrate promiscuity of most acyltransferases.55 For example, acyl-CoA lysocardiolipin 

acyltransferase 1 (ALCAT1), which was first identified as a CL acyltransferase,9 also 

recognizes both LPG and lysophosphatidylinositol as substrates.56 Likewise, our previous 

work shows that monoacylglycerol acyltransferase 3 (MGAT3), which catalyzes the 

remodeling of triglycerides, also uses both monoacylglycerol and diacylglycerol as 

substrates.57 Moreover, diacylglycerol acyltransferase-1 (DGAT1) catalyzes the remodeling 

of multiple structurally diversified lipids, including triglycerides, waxes, and retinyl esters.58 

Consistent with this notion, we also reported significant remodeling of both PC and PE 

in the liver of LPGAT1-deficient mice.18 Although we could not rule out the involvement 

of both PE and PC in regulating the phenotype of LPGAT1 KO mice, multiple lines of 

evidence from the current study suggest that the major metabolic defects in the LPGAT1 KO 

mice were primarily caused by aberrant remodeling of PG and trafficking, as LPGAT1 

deficiency selectively impaired mitochondrial PG transport from the ER but not other 

phospholipids, including CL, PE, and PC. Consequently, LPGAT1 deficiency also caused 

significant alteration of CL acyl compositions, leading to multiple defects in cristae 

structure, mtDNA biogenesis, and mitochondrial respiration.

Finally, a genetic linkage study has previously identified LPGAT1 as one of the three 

candidate genes at the genetic locus of 1q32.2-q32.3 for progressive familial heart 

block type II characterized by sudden cardiac death and dilated cardiomyopathy in 

humans.22 However, there is very little information available about LPGAT1 mutations 

in humans to date. This is likely due to the fact that LPGAT1 mutations cause high 

fatality rate during development, as demonstrated by this study and the phenotype of 

LPGAT1-deficient zebrafish.44 In addition to MEGDEL syndrome, an emerging group of 

rare human genetic diseases, including BTHS, Sengers syndrome, and DCMA, all share 

common clinical presentations, including dilated cardiomyopathy, skeletal muscle weakness, 

3-MGA aciduria, and premature death,39 yet the molecular mechanisms underlying these 

common defects remain poorly understood. Together, this study has not only provided 

experimental evidence for the human linkage analysis but has also identified a pivotal role 

of LPGAT1 in preventing mitochondrial dysfunction in MEGDEL syndrome, implicating a 

common mechanism underlying the causes of these rare genetic disorders through defective 

mitochondrial PG remodeling and transport.

Limitations of the study

A major shortfall of the current study is a lack of the precise mechanism by which 

the PHB/TIM complex regulates mitochondrial import of PG. In contrast to the 

ERMES complex in yeast, which comprises members with lipid-binding domains for 

glycerophospholipids, there is very little information on whether any members of the 

PHB/TIM complex possess lipid-binding activity. Another challenging issue originated from 

this study is whether LPGAT1 possesses lipid transfer activity, and if so, whether this 

putative activity is independent of its acyltransferase activity.
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STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Yuguang Shi (shiy4@uthscsa.edu).

Materials availability—All unique/stable reagents and mice generated in this study will 

be made available on request to the lead contact as indicated above, but we may require a 

completed materials transfer agreement if there is potential for commercial application.

Data and code availability

• All data reported in this paper will be shared by the lead contact by request.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse models—Mice with targeted deletion of the LPGAT1 gene were generated as 

previously described.18 18 weeks old male LPGAT1 knockout and age-matched WT control 

mice were used in all experiments unless specifically indicated. All animals were fed with 

normal diet (Teklad 5001 Laboratory Diet) and maintained in an environmentally controlled 

facility with diurnal light cycle and free access to water. The study protocols were approved 

by the Institutional Animal Care and Use Committee of Nanjing Medical University.

Cell culture—MEFs were prepared as previously described.59 In brief, the female mice 

at embryonic day 12.5–13.5 were euthanized, and embryos were dissected out on a dish 

with HBSS. Head, limbs, and internal organs were removed. The remaining embryo was 

minced with a razor blade and transferred to a 15 mL tube with 4 mL of collagenase solution 

(2 mg/mL collagenase IV, 0.7 mg/mL DNase I and 10 mg/mL hyaluronidase). Tubes were 

rotated for 30–60 min in a 37°C incubator until all of the tissue chunks were gone. The 

digested solution was filtered through 100 μm mesh to 50 mL tubes filled with chilled 

DMEM (30 mL). The samples were centrifuged at 9,000 × g for 5 min, and the cell pellet 

was washed again with 25 mL of DMEM. Cells were then seeded with complete medium. 

Primary hepatocytes were isolated and cultured as previously described.18,60

MEFs, primary hepatocytes, C2C12, and HEK293T cells were cultured in DMEM medium 

supplemented with 10% fetal bovine serum, 100 U/mL penicillin and 100 mg/mL 

streptomycin at 37°C under 5% CO2. All cell lines tested negative for mycoplasma 

contamination.

METHOD DETAILS

Echocardiography—Echocardiographic analysis was performed using a Vevo 2100 

Imaging System and an MS550D transducer (Visual Sonics, Toronto, ON, Canada). M-mode 

short axis and B-mode long axis images of the left ventricle were analyzed to measure the 
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following parameters, including interventricular septal end-diastole and end-systole (IVSd 

and IVSs, mm), left ventricular internal diameter end-diastole and end-systole (LVIDd 

and LVIDs, mm), left ventricular posterior wall end-diastole and end-systole (LVPWd 

and LVPWs, mm), left ventricular ejection fraction (LVEF), and left ventricular fractional 

shortening (LVFS) and heart rate (HR, bpm). Blood pressure and pulse were measured using 

BP-2000 (Visitech).

Auditory brainstem response (ABR) measurement—ABR measurements were 

performed by using the System 3 ABR workstation (Tucker Davis Technology) to assess 

mice auditory function. All tests were conducted in a soundproof room. Prior to the 

ABR measurement, animals were anesthetized by intraperitoneal injection of 100 mg/kg 

ketamine, and placed on a heating pad to maintain their body temperature at 37°C. A 

free-field magnetic speaker (model FF1, Tucker Davis Technology) was placed 10 cm from 

the left pinna. Computer-generated clicks (100 μs duration, with a spectrum of 0–50 kHz) 

and 5 ms pure tone stimuli of 4, 8, 12, 16, 24 and 32 kHz were presented with maximum 

intensities of 100 dB sound pressure level (SPL). Subdermal needle electrodes (S06666–0, 

Rochester Electro-Medical) were positioned at the apex of the skull (+ve), the left cheek 

(−ve) and the left hind leg (ground). The stimulus signals were generated using a SigGenRP 

and an RP2.1 real-time processor, and then transmitted through a programmable attenuator 

(PA5, TDT), a speaker driver (ED1, TDT), and an electrostatic speaker (EC1, TDT). Stimuli 

were generated for 1024 repetitions in 5–10 dB decrements, starting from a 90-dB sound 

pressure level to the acoustic threshold at every frequency. The phase of the stimulus was 

reversed upon each presentation to reduce the artifacts caused by repetitive stimuli.

Histological analysis—Mice were anesthetized with isoflurane, and the heart samples 

were carefully isolated and fixed in 4% paraformaldehyde for 48 h. Fixed hearts were 

dehydrated and embedded in paraffin, and 5 μm sections were cut with a Leica RM-2162 

(Leica, Bensheim, Germany). H&E staining, Masson’s trichrome staining, and Sirius red 

staining were performed as previously described.18 Wheat germ agglutinin (WGA, 5 μg/ml, 

Thermo Fish Scientific) staining was performed in the heart sections by using Alexa Fluor 

488 conjugate dye.

Serum and urine Biochemical analysis—Urine samples were collected from live 

animals by holding and lightly stroking the belly of the animals. The urine samples were 

collected in a clear plastic wrap, and transferred to 1.5 mL EP tubes. Serum samples 

were collected by centrifuge the whole blood for 15 min at 4°C. Biochemical analysis 

of the serum or urine samples was carried out using specific kits according to the 

manufacturer’s instructions. 3-MGA in the urine was determined by gas chromatography-

mass spectrometry.

Generation of gene knockout Cell lines by CRISPR/Cas9-mediated gene 
Editing—LPGAT1, TIMM14, or MFN2 gene was knocked out in C2C12 cells by 

transfecting CRISPR/Cas9 mouse plasmids from Santa Cruz (#sc-432665 and #sc-432665-

HDR for LPGAT1, #sc-426704 and #sc-426704-HDR for TIMM14, #sc-431291 and 

#sc-431291-HDR for MFN2) using Viafect transfection reagent (#E4982, Promega), and 
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then purified through GFP and RFP fluorescence by flow cytometry. Vector control cells 

were created by transfecting C2C12 cells with an empty pBABE-puro vector backbone 

(Addgene, #1764). All cells were then kept under selection with 5 μg/mL puromycin 

(#B7587, APExBIO). C2C12 cells were maintained at 37°C with 5% CO2, cultured in high-

glucose DMEM (#11965118, Gibco) supplemented with 10% FBS (#12483020, Gibco) and 

50 mg/mL penicillin/streptomycin (#15140122, Invitrogen). Gene knockout was confirmed 

by Western blot using anti-LPGAT1, anti-TIMM14, or anti-MFN2 antibodies.

Quantitative real-time PCR analysis—The total RNA was extracted using the RNAiso 

Plus kit (#9108, Takara) according to the manufacturer’s instructions. 1 μg of total RNA was 

reverse-transcribed to complementary DNA (cDNA) using the HiScript II Q RT SuperMix 

(#R222–01, Vazyme). cDNAs were then used as templates for quantification of genes 

expression by real-time PCR analysis, which was performed using the ChamQ SYBR 

qPCR Master Mix (#Q311–02, Vazyme) and the 7300 Real-Time PCR System (Applied 

Biosystems). GAPDH was used as the internal control. The primers used in PCR are shown 

in Table S1.

Transmission electron microscopy—The mitochondrial ultrastructure in cells was 

evaluated by using transmission electron microscopy. Cells were fixed in 5% glutaraldehyde 

and 4% paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) with 0.05% CaCl2 

for 24 h. After washing in 0.1 M sodium cacodylate buffer, cells were fixed overnight in 0.1 

M cacodylate buffer containing 1% OsO4, dehydrated, and embedded in EMbed-812 resin. 

The sections were stained with 2% uranyl acetate, followed by 0.4% lead citrate, and viewed 

with a JEOL JEM-2200FS 200kV electron microscope (Electron Microscopy Sciences Core 

at the University of Texas Health Science Center at San Antonio).

Oxygen consumption rate (OCR) measurement—Cells were seeded in XF96 cell 

culture microplates, and the OCR was measured by real-time extracellular flux analyses 

with a Seahorse XF96 analyzer (Agilent, North Billerica, MA) in response to treatment with 

oligomycin (ATP synthase inhibitor, 1 μM), FCCP (oxidative phosphorylation uncoupler, 1 

μM), and a mixture of rotenone (respiratory complex I inhibitor, 1 mM) and antimycin A 

(respiratory complex III inhibitor, 1 μM). Real-time OCR were averaged and recorded three 

times during each conditional cycle.

Live Cell fluorescence labeling and confocal imaging—For live cell confocal 

imaging analysis, cells were plated on 35 mm glass bottom imaging dishes. Cells were 

transfected with Mito-BFP or stained with MitoTracker-Red CMXRos (100 nM) to visualize 

mitochondria. The ER was visualized by transfecting cells with dsRed2-ER5. Nucleus was 

stained with Hoechst 33342 (10 μg/mL). De novo phospholipids labeling was followed as 

previously reported.27 In brief, cells were first nutrient starved in a standard Krebs Ringer 

Phosphate HEPES buffer (KRPH, 140 mM NaCl, 2 mM Na2HPO4, 4 mM KCl, 1 mM 

MgCl2, 1.5 mM CaCl2, 10 mM HEPES, pH7.4) for 1 h, and then incubated with 16:0 

NBD-acyl-CoA (1 μM) and 18:1 LPG (20 μM), 18:1 LPC (50 μM), 18:1 LPE (50 μM), or 

MLCL (50 μM) for indicated time. An Olympus FV1200 confocal microscope with a 63x oil 

inverted objective was used for live cell imaging.
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Intracellular reactive oxygen species (ROS) analysis—Cells were seeded in 96 

well assay plate at 8000 cells/well and cultured overnight. Intracellular ROS generation 

was measured using 2′,7′-dichlordehydrofluorescein-diacetate (DCFH-DA) at a final 

concentration of 10 mM in blank medium for 20 min at 37°C, then followed by washing 

3 times with fresh empty medium. The fluorescence was measured using a SpectraMax 

M2 microplate reader (Molecular Devices) set to 488 nm excitation and 525 nm emission 

wavelengths.

Mitochondrial DNA (mtDNA) copy number assay—Genomic DNA was extracted 

using the multisource genomic DNA miniprep kit (AP-MN-MS-GDNA, Axygen) according 

to the manufacturer’s instruction. mtDNA copy number was determined by PCR using 

mitochondrion-encoded NADH dehydrogenase 1 (ND1) as the mtDNA marker and 

cyclophilin A as the nuclear DNA marker. The primer for ND1 and cyclophilin A were 

shown in Table S1.

Cell transfection and immunoprecipitation assay—HEK293T cells were transfected 

with pcDNA3.1-FLAG-LPGAT1 or pcDNA3.1 vector plasmids using X-tremeGENE HP 

DNA transfection reagent according to the manufacturer’s instructions. For knockdown of 

MFN2, cells were first transfected with control siRNA (SIC001, Sigma) or specific siRNA 

to MFN2 (SASI_Hs02_00330014, Sigma) using Lipofectamine RNAiMAX transfection 

reagent 6 h prior to plasmids transfection. After 30 h of transfection, cells were rinsed twice 

with ice-cold PBS and lysed in NP-40 lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 

1 mM EDTA, 0.5% NP-40, 1 mM PMSF, and one tablet of EDTA-free protease inhibitors 

per 50mL). The soluble fractions from cell lysates were isolated by centrifugation at 12,000 

rpm for 10 min at 4°C. Protein concentration was measured using Pierce BCA protein assay 

kit (Thermo Fisher, Cat#23225). For immunoprecipitations, primary anti-FLAG antibody 

was added to an equal amount of total protein from each lysate and incubated with rotation 

for 2 h at 4°C. 30 μL of a 50% slurry of protein A/G Sepharose beads was added and 

continuously incubated with rotation at 4°C overnight. The immunoprecipitants were then 

washed five times with lysis buffer, and 30 μL SDS sample buffer was added to the 

precipitates and boiled for 5 min to denature the proteins. The eluates were then resolved by 

10% SDS-PAGE, and analyzed by Western blot analysis.

Lipids extraction and TLC analysis—To determine the newly remodeled PG, cells 

were incubated with 16:0 NBD-acyl-CoA (1 μM) and 18:1 LPG (20 μM) for 15 min. 

Mitochondria was isolated and purified according to the method described previously.61 

Total lipids from whole cells or isolated mitochondria were extracted using chloroform/

methanol (2:1, v/v). The lipid samples were loaded to a TLC plate (Sigma, #60805), and 

developed in chloroform: methanol: water (65:25:4, v/v/v). The in vitro NBD labeled PG 

(NBD-PG) was used as a marker. The TLC plates were dried after development and scanned 

using a Typhoon 9410 Scanner.

Lipidomic analysis—The lipidomic analysis was carried out using methods previously 

described.6,18 Briefly, total lipids from cells were analyzed by triple-quadruple mass 

spectrometer (Thermo Electron TSQ Quantum Ultra, Trzin, Slovenia) controlled by 
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Xcalibur (Thermo Fisher Scientific) system software. All the mass spectrometer spectra and 

tandem mass spectrometer spectra were acquired automatically by a customized sequence 

subroutine operated under Xcalibur software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis—Mice survival rate was conducted by Kaplan-Meyer survival 

analysis, and statistical difference was done by Log rank (Mantel-Cox) test. Data are 

routinely represented as means ± SD. Statistical significance was assessed by two-tailed 

non-paired t-tests using GraphPad Prism 7.0. Differences were considered statistically 

significant at p < 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.

Supplementary Material

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

• LPGAT1 specifically interacts with PHB/TIM translocon

• LPGAT1 coordinates with PHB/TIM translocon for mitochondrial PG 

transport

• Loss of LPGAT1 or TIMM14 causes similar aberrant PG acyl compositions

• Ablation of LPGAT1 causes cardinal features of MEGDEL syndrome in mice
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Figure 1. Ablation of LPGAT1 causes dilated cardiomyopathy and premature death in mice
(A) Representative images of neonatal WT control and LPGAT1 KO mice. Scale bar, 5 mm.

(B) Kaplan-Meyer survival analysis of WT control and LPGAT1 KO mice. n = 209–212. 

Statistical difference was done by log-rank (Mantel-Cox) test.

(C) Representative images of hematoxylin and eosin (H&E) staining of transverse and 

longitudinal sections of 18-week-old WT control and LPGAT1 KO mice hearts. Scale bar, 2 

mm.

(D–F) Echocardiographic analysis of LV ejection fraction (EF; D), LV fractional shortening 

(FS; E), and LV internal diameter at end systole and at end diastole (LVIDs and LVIDd, 

respectively; F) of 18-week-old WT control and LPGAT1 KO mice. n = 10.

(G) Representative images of wheat germ agglutinin (WGA) staining of left ventricle 

sections. Scale bar, 100 μm.

(H) Quantification analysis of the cardiomyocytes size in left ventricle, related to (G). n = 

10.
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(I) Quantitative real-time PCR analysis of the mRNA levels of key biomarkers associated 

with cardiac hypertrophy, including atrial natriuretic factor (Anf), brain natriuretic peptide 

(Bnp), β-myosin heavy chain (β-Mhc), and skeletal muscle α-actin (Aata1). n = 8.

(J) Representative images of Masson’s trichrome and Sirius red staining of fibrosis 

(highlight by arrows) of the heart sections. Scale bar, 100 μm.

(K) Quantification of the area of fibrosis in the heart, related to (J). n = 8.

(L) Quantitative real-time PCR analysis of the mRNA levels of collagen-I (Col I) and Col III 
in mice heart. n = 8.

Data are expressed as mean ± SD; *p < 0.05, **p < 0.01, and ***p < 0.001 by Student’s t 

test.
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Figure 2. LPGAT1 deficiency induces hearing loss in mice
(A and B) Representative auditory brainstem response (ABR) waveform recordings in 

response to 4–16 kHz tone-pip stimuli from WT control (A) and LPGAT1 KO (B) mice. 

ABR click stimuli were provided from 90 to 10 dB sound pressure level (SPL) in 5–10 dB 

descending intervals.

(C) Quantification analysis of ABR thresholds to click and tone-pip stimuli (4–32 kHz). n = 

5–6.

(D) Quantitative real-time PCR analysis of the mRNA levels of caspase-3 (Casp3), allograft 

inflammatory factor 1 (Aif-1), interleukin-1β (IL-1β), NADPH oxidase 4 (Nox-4), and 

thioredoxin reductase (Txnrd) in cochlear. n = 5–7.

Data are expressed as mean ± SD; *p < 0.05 and **p < 0.01 by Student’s t test.
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Figure 3. Ablation of LPGAT1 leads to defective cristae structure and mitochondrial dysfunction
(A) EM analysis of mitochondrial morphology in MEFs isolated from WT control and 

LPGAT1 KO mice. Scale bar, 1 μm.

(B) PCR analysis of mtDNA copy number of WT and LPGAT1 KO MEFs. n = 4.

(C) Analysis of the mitochondrial membrane potential of WT and LPGAT1 KO MEFs. n = 

3.

(D) Analysis of intracellular ROS level in WT and LPGAT1 KO MEFs. n = 3.

(E–F) Seahorse XF analysis (E) and quantification of OCR (F) of WT control and LPGAT1 

KO MEFs.

Data are expressed as mean ± SD; **p < 0.01 and ***p < 0.001. ns, non-significant, by 

Student’s t test.
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Figure 4. LPGAT1 interacts with the PHB/TIM complex
(A) coIP analysis of the interaction of LPGAT1 with indicated proteins of PHB/TIM 

complex in HEK293T cells transiently expressing FLAG-LPGAT1.

(B) STRING analysis of the protein interaction network of PHB/TIM complex with MFN2. 

The thickness of the lines indicates the confidence of interaction between two proteins.

(C) coIP analysis of the interaction of LPGAT1 with the indicated members of PHB/TIM 

complex in HEK293T cells transiently expressing FLAG-LPGAT1 and specifically 

knockdown of MFN2 by siRNA.
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Figure 5. LPGAT1 and TIMM14 are required for mitochondrial PG transport
(A–C) Time-lapse confocal imaging analysis of NBD labeling and mitochondrial transport 

of PG in C2C12 vector control (A), LPGAT1 KO (B), and TIMM14 KO (C) cells. Cells 

were starved in Krebs Ringer Phosphate HEPES buffer (KRPH) for 1 h, followed by 

incubation with 18:1 LPG (20 μM) and 16:0 NBD-acyl-CoA (1 μM) for the indicated times. 

Mitochondria were stained with MitoTracker Red. Arrows highlight the co-localization of 

NBD-PG with mitochondria. Scale bar: 20 μm.
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Figure 6. LPGAT1- and TIMM14-mediated mitochondrial PG transport requires integrity of the 
MAM
(A–C) Confocal imaging analysis of mitochondrial PG transport in live C2C12 vector 

control (A), LPGAT1 KO (B), and TIMM14 KO cells (C). Cells were transfected with 

Mito-BFP and dsRed2-ER5 to label mitochondria and the ER, respectively, and then starved 

in KRPH for 1 h, followed by incubation with 18:1 LPG (20 μM) and 16:0 NBD-acyl-CoA 

(1 μM) for 15 min. Arrows in PG/Mito or PG/ER panels highlight the co-localization of 

NBD-PG with mitochondria or the ER, respectively. Scale bar, 20 μm.

(D and E) Quantitative analysis of relative NBD-PG levels in isolated mitochondria (D) and 

the ratio of mitochondrial NBD-PG to total NBD-PG (E) in vector control, LPGAT1 KO, 

and TIMM14 KO cells.

(F) Confocal imaging analysis of NBD labeling and mitochondrial transport of PG in 

C2C12 vector control and MFN2 KO cells. Arrows in enlarged panel of vector control cells 

highlight the co-localization of NBD-PG with mitochondria. Scale bar, 10 μm.
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(G) Western blot analysis of MFN2 protein expression in C2C12 vector control and MFN2 

KO cells.

(H and I) Quantitative analysis of relative NBD-PG levels in whole cells (H) and isolated 

mitochondria (I) of vector control and MFN2 KO cells.

Data are expressed as mean ± SD; *p < 0.05, **p < 0.01, and ***p < 0.001 by one-way 

ANOVA or Student’s t test. ns, non-significance.
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Figure 7. Loss of LPGAT1 or TIMM14 causes similar alterations in PG and CL acyl 
compositions
Lipidomic analysis acyl chain compositions of PG and CL in C2C12 vector control, 

LPGAT1 KO, and TIMM14 KO cells by mass spectrometry.

(A and B) The relative levels of PG with different acyl chain lengths (A) and double bonds 

(B) in vector control and LPGAT1-deficient cells. n = 4.

(C and D) The relative levels of PG with different acyl chain lengths (C) and double bonds 

(D) in vector control and TIMM14-deficient cells. n = 3.
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(E and F) The relative levels of CL with different acyl chain lengths (E) and double bonds 

(F) in vector control and LPGAT1-deficient cells. n = 4.

(G and H) The relative levels of CL with different acyl chain lengths (G) and double bonds 

(H) in vector control and TIMM14-deficient cells. n = 3.

Data are expressed as mean ± SD; *p < 0.05, **p < 0.01, and ***p < 0.001. ns, non-

significant, by Student’s t test. Boxes highlight enrichment of polyunsaturated fatty acyl 

chains in PG of LPGAT1- and TIMM14-deficient cells.

Sun et al. Page 31

Cell Rep. Author manuscript; available in PMC 2023 December 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Sun et al. Page 32

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-PHB1 Cell Signaling Technology Cat#2426S; RRID:AB_823689

Rabbit monoclonal anti-PHB2 (Clone E1Z5A) Cell Signaling Technology Cat#14085S; RRID:AB_2798387

Mouse monoclonal anti-β-Actin (Clone AC-74) Sigma-Aldrich Cat#A2228; RRID:AB_476697

Mouse monoclonal anti-FLAG (Clone M2) Sigma-Aldrich Cat#F3165; RRID:AB_259529

Rabbit polyclonal anti-DNAJC19 Proteintech Cat#12096–1-AP; RRID:AB_2094914

Rabbit polyclonal anti-TIMM23 Proteintech Cat#11123–1-AP; RRID:AB_615045

Rabbit polyclonal anti-TIMM44 Proteintech Cat#13859–1-AP; RRID:AB_2204679

Rabbit polyclonal anti-TIMM50 Proteintech Cat#22229–1-AP; RRID:AB_2879039

Rabbit polyclonal anti-AFG3L2 Proteintech Cat#14631–1-AP; RRID:AB_2242420

Rabbit polyclonal anti-MFN2 Proteintech Cat#12186–1-AP; RRID:AB_2266320

Mouse polyclonal anti-LPGAT1 This Paper N/A

Goat anti-Rabbit IgG (H + L) Secondary Antibody, HRP Thermo Fisher Scientific Cat#31463; RRID:AB_ 228333

Goat anti-Mouse IgG (H + L) Secondary Antibody, HRP Thermo Fisher Scientific Cat#31430; RRID:AB_228307

Bacterial and virus strains

DH-5α Thermo Fisher Scientific Cat# 18265017

Chemicals, peptides, and recombinant proteins

Collagenase, Type IV Thermo Fisher Scientific Cat#17104019

Hoechst 33342 Invitrogen Cat#62249

MitoTracker Red CMXRos Invitrogen Cat#M7512

Oligomycin Sigma-Aldrich Cat#O4876; CAS:1404–19-9

Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone 
(FCCP)

Sigma-Aldrich Cat#C2920; CAS:370–86-5

Rotenone Sigma-Aldrich Cat#R8875; CAS:83–79-4

Antimycin A from Streptomyces sp Sigma-Aldrich Cat#A8674; CAS:1397–94-0

[N-[(7-nitro-2–1,3-benzoxadiazol-4-yl)-methyl]amino] 
palmitoyl Coenzyme A (16-NBD-16:0 Coenzyme A)

Avanti Polar Lipids Cat#810705; CAS:1367862–09-6

1-oleoyl-2-hydroxy-sn-glycero-3-phospho- (1’-rac-
glycerol) (18:1 LPG)

Avanti Polar Lipids Cat#858125; CAS:326495–24-3

1-oleoyl-2-hydroxy-sn-glycero-3-phosphocholine (18:1 
LPC)

Avanti Polar Lipids Cat#845875; CAS:19420–56-5

1-oleoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine 
(18:1 LPE)

Avanti Polar Lipids Cat#846725; CAS:89576–29-4

monolysocardiolipin (Heart, Bovine) (MLCL) Avanti Polar Lipids Cat#850081; CAS:383907–65-1

1-oleoyl-2-{12-[(7-nitro-2–1,3-benzoxadiazol-4-
yl)amino]dodecanoyl}-sn-glycero-3-[phospho-rac-(1-
glycerol)] (18:1–12:0 NBD-PG)

Avanti Polar Lipids Cat#810166; CAS:474942–88-6

Viafect transfection reagent Promega Cat#E4982

X-tremeGENE™ HP DNA transfection reagent Sigma Cat# XTGHP-RO

Lipofectamine RNAiMAX transfection reagent Invitrogen Cat# 13778150
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REAGENT or RESOURCE SOURCE IDENTIFIER

Puromycin dihydrochloride APExBIO Cat#B7587; CAS:58–58-2

DMEM Sigma Cat#D5796

0.25% Trypsin-EDTA GIBCO Cat#25200–072

Pen Strep GIBCO Cat#15140–122

Fetal Bovine Serum Atlanta Biologicals Cat#S11550H

ProteinA/G PLUS-Agrose Santa Cruz Cat#sc-2003

TRIzol Reagent Invitrogen Cat#15596018

DNase I Sigma Cat#10104159001

Hyaluronidase Sigma Cat#H3506

Wheat germ agglutinin Thermo Fisher Scientific Cat#W11261

EDTA-free protease inhibitors cocktail Sigma Cat#11873580001

Chloroform Sigma Cat#319988

Methanol Sigma Cat#179337

Critical commercial assays

Alanine aminotransferase Assay Kit Nanjing Jiancheng 
Bioengineering Institute

Cat#C009–2-1

Aspartate aminotransferase Assay Kit Nanjing Jiancheng 
Bioengineering Institute

Cat#C010–2-1

Total bilirubin (T-BIL) Assay Kit Nanjing Jiancheng 
Bioengineering Institute

Cat#C019–1-1

Blood Ammonia Assay Kit Nanjing Jiancheng 
Bioengineering Institute

Cat#A086–1-1

Urea Assay Kit Nanjing Jiancheng 
Bioengineering Institute

Cat#C013–2-1

Lactic Acid Assay Kit Nanjing Jiancheng 
Bioengineering Institute

Cat#A019–2-1

EnzyChrom Pyruvate Assay Kit BioAssay Systems Cat#EPYR-100

Hematoxylin-Eosin (HE) Stain Kit SolarBio Cat#G1120

Masson’s Trichrome Stain Kit SolarBio Cat#G1340

Reactive Oxygen Species (ROS) Assay Kit Beyotime Biotechnology Cat#S0033S

Pierce BCA Protein Assay Kits Thermo Fisher Scientific Cat#23225

Experimental models: Cell lines

C2C12 ATCC Cat#CRL-1772; RRID:CVCL_0188

HEK293T ATCC Cat#CRL-11268; RRID:CVCL 192

Primary mouse embryonic fibroblasts This paper N/A

Primary hepatocytes This paper N/A

Experimental models: Organisms/strains

Mouse: C57BL/6J Lpgat1−/− This paper N/A

Mouse: C57BL/6J The Jackson Laboratory Strain #:000664; RRID:IMSR_JAX:000664

Oligonucleotides
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REAGENT or RESOURCE SOURCE IDENTIFIER

Primers for qPCR Table S1 N/A

Recombinant DNA

Plasmid: pcDNA3.1(+)-FLAG-LPGAT1 This paper N/A

Plasmid: mito-BFP Addgene Plasmid #49151; RRID:Addgene_4915

Plasmid: dsRed2-ER5 Addgene Plasmid #55836; RRID:Addgene_55836

Plasmid: pBABE-puro Addgene Plasmid #1764; RRID:Addgene_1764

Human MFN2 siRNA Sigma Cat#SASI_Hs02_00330014

Control siRNA Sigma Cat#SIC001

Mouse LPGAT1 CRISPR/Cas9 KO Plasmid Santa Cruz #sc-432665

Mouse LPGAT1 HDR Plasmid Santa Cruz #sc-432665-HDR

Mouse TIMM14 CRISPR/Cas9 KO Plasmid Santa Cruz #sc-426704

Mouse TIMM14 HDR Plasmid Santa Cruz #sc-426704-HDR

Mouse MFN2/Mitofusin 2 CRISPR/Cas9 KO Plasmid Santa Cruz #sc-431291

Mouse MFN2/Mitofusin 2 HDR Plasmid Santa Cruz #sc-431291-HDR

Software and algorithms

ImageJ National Institutes of Health https://ImageJ.net/ij/index.html

Xcalibur Thermo Scientific https://www.thermofisher.cn/order/catalog/
product/OPTON-30965?SID=srch-srp-
OPTON-30965

Seahorse Wave Controller Agilent https://www.agilent.com.cn/zh-cn/product/
cell-analysis/real-time-cell-metabolic-
analysis/xf-software/seahorse-wave-
controller-software-2-4-2-740903

GraphPad Prism GraphPad, Inc https://www.graphpad.com/scientific-
software/prism/

Other

TLC plates Sigma 60805

SpectraMax M2 microplate reader Molecular Devices M2

Seahorse XF96 analyzer Agilent XF96

Vevo 2100 Imaging System Visual Sonics Vevo 2100
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