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SUMMARY

Inborn errors of metabolism (IEMs) link metabolic defects to human phenotypes. Modern 

genomics has accelerated IEM discovery, but assessing the impact of genomic variants is still 

challenging. Here, we integrate genomics and metabolomics to identify a cause of lactic acidosis 

and epilepsy. The proband is a compound heterozygote for variants in LIPT1, which encodes the 

lipoyltransferase required for 2-ketoacid dehydrogenase (2KDH) function. Metabolomics reveals 

abnormalities in lipids, amino acids, and 2-hydroxyglutarate consistent with loss of multiple 

2KDHs. Homozygous knock-in of a LIPT1 mutation reduces 2KDH lipoylation in utero and 

results in embryonic demise. In patient fibroblasts, defective 2KDH lipoylation and function are 

corrected by wild-type, but not mutant, LIPT1 alleles. Isotope tracing reveals that LIPT1 supports 

lipogenesis and balances oxidative and reductive glutamine metabolism. Altogether, the data 

extend the role of LIPT1 in metabolic regulation and demonstrate how integrating genomics and 

metabolomics can uncover broader aspects of IEM pathophysiology.

In Brief

Ni et al. investigate human LIPT1 deficiency, which results in developmental delay, epilepsy, and 

broad metabolic abnormalities, including lactic acidosis, L- and D-2-hydroxyglutaric aciduria, 

defective lipogenesis, and an altered balance between oxidative and reductive glutamine 

metabolism.

Graphical Abstract
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INTRODUCTION

Inborn errors of metabolism (IEMs) are genetic disorders characterized by abnormal 

metabolism (DeBerardinis and Thompson, 2012). Most IEMs are caused by single-enzyme, 

cofactor, or transporter deficiencies, resulting in metabolite depletion or toxin accumulation. 

IEMs are diagnosed by assessing the phenotype and pedigree, along with clinical 

biochemical and molecular testing (Vernon, 2015). However, establishing a specific 

diagnosis is challenging, because many lEMs have non-specific symptoms (Cleary and 

Green, 2005; EI-Hattab, 2015; Pascual, 2017; Raghuveer et al., 2006). Many lEMs are 

treatable if the underlying metabolic anomaly is known. Accurate counseling and treatment 

require identifying the mode of inheritance, ideally by pinpointing the mutant gene.

Whole exome sequencing (WES) identifies causative mutations in about 25% of patients 

with undiagnosed Mendelian disorders, even for non-specific phenotypes (Farwell et al., 

2015; Lee et al., 2014). However, ascribing causality to rare genetic variants relies on 

imperfect computational predictions about the impact of a mutation on protein function and 

on connecting the projected consequences of altered protein function to incompletely 

characterized human phenotypes (Farwell Hagman et al., 2017). Metabolomics can provide 

another dimension of human phenotyping to enhance interpretation of rare variants. For 

example, detecting altered intermediates from a metabolic pathway in a patient with 

sequence variants in the same pathway would prioritize those variants for functional 
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evaluation. Focused analysis of a few metabolites (e.g., amino acids, organic acids, and 

acylcarnitines) has long been used to evaluate IEMs, and increasing the scope of metabolic 

phenotyping through metabolomics has great diagnostic potential (Miller et al., 2015).

Here, we describe a familial form of lactic acidosis, epilepsy, developmental delay, and early 

death. These symptoms occur in many IEMs and thus do not point to a specific defect 

(Davison and Rahman, 2017). Metabolomics suggested a defect in multiple 2-ketoacid 

dehydrogenase (2KDH) enzymes, and WES identified variants in LIPT1, the gene encoding 

lipoyltransferase-1 (LIPT1), which catalyzes transfer of lipoic acid from the H-protein of the 

glycine cleavage system to E2 subunits of 2KDHs. Functional analysis in cells and mice 

confirmed LIPT1 deficiency and provided insights into the metabolic anomalies caused by 

this disease.

RESULTS

Compound Heterozygous LIPT1 Variants in a Child with Lactic Acidosis, Epilepsy, and 
Developmental Delay

We consulted on an 8-year-old female (P3–002,II.5 in Figure 1A) with abnormal 

development, seizures, and lactic acidemia. She was born to non-consanguineous Caucasian 

parents and had no complications during pregnancy or delivery. Two older sisters died of a 

similar condition at 7 months and 3 years, before the birth of the proband (II.1 and II.2 in 

Figure 1A). The proband came to attention at 3 months with hypotonia and elevated lactate, 

followed by seizures and minimal acquisition of developmental milestones. A brain MRI at 

3.5 months revealed an abnormal signal on diffusion-weighted images in the supratentorial 

white matter. Subsequent imaging revealed progressive white matter loss, bilateral thalamic 

cysts, and gliosis. Magnetic resonance (MR) spectroscopy revealed lactate accumulation, 

including in the basal ganglia.

The clinical workup revealed increased lactate and α-ketoglutarate (α-KG) in urine, typical 

of disordered oxidative metabolism. A provisional diagnosis of pyruvate dehydrogenase 

(PDH) deficiency was made based on a 70% reduction in PDH activity in skin fibroblasts 

{0.81 nmol/min/mg protein compared to 1.264.42 nmol/min/mg protein in controls). No 

mutations were identified in the mitochondrial DNA orin the X-linked PDHA1 gene. The 

fibroblasts also had low-normal α-ketoglutarate dehydrogenase (AKGDH)activity 

(1.23nmol/min/mg compared toacontrol range of 1.08–4.42 nmol/min/mg). Ketogenic diets 

are used to reduce lactate in PDH deficiency. However, initiating a ketogenic diet in the 

proband at age 4 precipitated severe ketoacidosis. The cause of this paradoxical response 

was unknown but seemed inconsistent with isolated PDH deficiency.

WES revealed two LIPT1 variants in the proband, a maternally inherited C.875C > G 

(p.S292X) nonsense mutation and a paternally inherited variant of unknown significance 

(VUS), C.131A > G (p.N44S) (Figures 1A–1C). Heterozygous variants in six other genes 

were also reported (Table S1). None of these seemed likely explanations for the phenotype, 

because the genes were unrelated to the perturbed pathways and because heterozygosity of 

the variants was inconsistent with the expected autosomal recessive inheritance of the 

phenotype.
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Both N44 and S292 are within the lipoyltransferase domain of human LIPT1 (Figure 1C). 

S292X is a rare allele (allele frequency 0.0003 in the Exome Aggregation Consortium 

[ExAC]) and was reported in a previous case of LIPT1 deficiency (Soreze et al., 2013). N44 

is highly conserved (Figure 1D), and Polymorphism Phenotyping v.2 (PolyPhen-2), Sorting 

Intolerant From Tolerant (SIFT), and Combined Annotation-Dependent Depletion (CADD) 

predict that the N44S mutation would compromise LIPT1 function. Structural modeling of 

bovine Liptl (PDB: 2E5A) (Fujiwara et al., 2007), with 88% similarity to human LIPT1. 

showed that the AMP-conjugated lipoic acid (lipoyl-AMP) substrate is buried in a 

hydrophobic pocket formed by the N-terminal domain (Figure 1E). N44 is located in this 

pocket and is predicted to form a hydrogen bond with three other conserved residues: S36, 

S38, and N68 (Figure 1D) (Venselaar et al., 2010). These interactions might contribute to 

substrate binding and/or catalysis. The N44S substitution abrogates formation of hydrogen 

bonds due to serine’s smaller size and reduced hydrophobicity. Thus, P3–002 has two 

potentially deleterious LIPT1 alleles, although the precise impact of N44S was unknown.

PDH lipoylation enables transfer of pyruvate’s acyl group from thiamine pyrophosphate 

(TPP) in E1 to coenzyme A at the E2 active site, producing acetyl-coenzyme A (CoA) for 

the tricarboxylic acid (TCA) cycle (Reed, 1974). LIPT1 deficiency impairs pyruvate 

oxidation and promotes its conversion to lactate and alanine. P3–002’s plasma had periodic 

elevations of both lactate and alanine (Figures 1F and 1G). Modest elevations of glutamate 

and proline, both derived from α-KG, were consistent with impaired AKGDH, another 

lipoylation-dependent 2KDFI (Figure 1G). The branched-chain amino acids leucine, 

isoleucine, and valine were normal despite their oxidation by a third 2KDH, branched-chain 

ketoacid dehydrogenase (BCKDH) (Figures S1A–S1C). In contrast to glycine accumulation 

in patients with lipoic acid synthesis defects (Tort et al., 2016), P3–002’s plasma glycine 

was normal (Figure S1D).

Plasma Metabolomic Profiling Broadens the Phenotype of LIPT1 Deficiency

To further characterize the phenotype, we used metabolomic and lipidomic profiling in P3–

002’s plasma during periods of clinical stability and metabolic acidosis. A targeted analysis 

reported relative quantities of 93 aqueous metabolites (Table S2). Unsupervised clustering 

differentiated P3–002 from controls, including her healthy sister, regardless of whetherthe 

samples were obtained during periods of health or illness (Figure 1H). Because lactate and 

alanine were normal during periods of relative health, the data indicate that metabolomics 

detects the disease more sensitively than these two conventional diagnostic metabolites. A 

supervised analysis revealed 36 metabolites that discriminated P3–002 from controls 

(variable importance in the projection [VIP] score ≥ 1) (Figure S1E). Both L-2-

hydroxyglutarate (L-2-HG) and D-2-hydroxyglutarate (D-2-HG) were elevated in the patent, 

with marked accumulation of L-2-HG during illness (Figure 1I).

Because PDH provides acetyl-CoA for lipogenesis, we also assessed more than 680 plasma 

lipids in P3–002 and 16 controls (Table S3). P3–002’s plasma contained reduced levels of 

membrane lipids, including phosphatidylcholines (PCs), ceramides (CERs), and 

sphingomyelins (SMs) (Figures 1J and S1F). Conversely, triacylglycerols (TAGs) were 

higher in P3–002, possibly reflecting dietary intake (Quehenberger et al., 2010).
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LIPT1 Mutations Impair Mitochondrial Protein Lipoylation and the TCA Cycle

To functionally assess P3–002's LIPT1 variants, we used fibroblasts derived from a punch 

biopsy of the patient’s skin. An antibody directed against lipoylated proteins detected lipoyl-

DLAT and lipoyl-DLST, the lipoylated E2 subunits of the PDH and AKGDH complexes, 

respectively (Figure 2A). Compared to five normal controls, P3–002’s fibroblasts had lower 

levels of lipoylation on both proteins, whereas total DLAT, DLST, and LIPT1 were similar. 

Lipoylation of DBT, the BCKDH E2 subunit, was not detected.

Metabolomics identified 44 metabolites that discriminated between P3–002 cells and 

fibroblasts from five healthy subjects (VIP score ≥ 1) (Table S4). Metabolic pathway 

enrichment analysis (Xia et al., 2015) revealed that TCA cycle metabolites, including malate 

and fumarate, were depleted in P3–002 fibroblasts, whereas 2-hydroxyglutarate (2-HG) was 

elevated (Figures 2B and 2C). As expected from clinical testing, P3–002 fibroblasts had 

reduced PDH activity measured by 14CO2 release from 14C-pyruvate, and expressing wild-

type (WT) LIPT1 enhanced PDH activity (Figures 2D and 2E). BCKDH activity was also 

reduced (Figure S2A). These results, together with the clinical analysis of AKGDH, indicate 

decreased LIPT1 function in P3–002 fibroblasts, with the most striking defect in PDH.

Fatty acid oxidation supplies mitochondrial respiration and acetyl-CoA formation, 

particularly when oxidation of other fuels like glucose is limited. Addition of BSA-

conjugated palmitate stimulated respiration in P3–002 fibroblasts, but this was blunted in 

cells re-expressing WT LIPT1 (Figure 2F). We also examined the effect of LIPT1 mutation 

on lipid synthesis. Acetyl-CoA, the precursor for de novo fatty acid synthesis, was depleted 

in PS002 cells (Figure S2B). Because de novo fatty acid synthesis was barely detectable in 

these fibroblasts, we used CRISPR/ Cas9 gene editing to create an isogenic pair of H460 

lung cancer cells containing or lacking LIPT1 expression (Figure 2G). These cells were 

cultured with 3H2O, which results in the incorporation of 3H in newly synthesized fatty 

acids. LIPT1 deficiency resulted in suppressed 3H labeling in lipids (Figure 2G). These data 

indicate that LIPT1 deficiency enhances fatty acid oxidation and suppresses fatty acid 

synthesis, both of which are predicted to reduce total lipid levels as observed in the patient’s 

plasma.

We then transduced P3–002 cells with vectors expressing WT, N44S, or S292X LIPT1. WT 

LIPT1 increased lipoylation of both DLAT and DLST (Figure 2H). N44S modestly 

increased lipoylation, but not nearly to the level of the WT allele. S292X had essentially no 

effect on lipoylation, partly because the nonsense mutation prevented stable LIPT1 

expression in fibroblasts and H460 cells (Figures 2H and S2C). Ectopic expression of WT 

LIPT1 more than doubled PDH activity, but neither of the mutants had this effect (Figure 

2I).

PDH is regulated by reversible phosphorylation states through pyruvate dehydrogenase 

kinases (PDKs) and pyruvate dehydrogenase phosphatase (PDP). PDKs inhibit PDH by 

phosphorylating the E1 subunit (PDHA1) at S293 (Yeaman et al., 1973; Dahl et al., 1987). 

Despite their low PDH activity, P3–002 cells had very low levels of PDHA1 phosphorylation 

(Figure 2A), likely because lipoylation of E2 is necessary for PDK binding to E1 (Liu et al., 

1995). Ectopic WT LIPT1 enhanced PDHA1 phosphorylation, together with DLAT 
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lipoylation (Figure 2H), and enhanced PDH activity (Figure 2I). The N44S mutant restored 

PDHA1 phosphorylation to about 50% of that induced by the WT LiPT1, consistent with 

this mutation’s hypomorphic effect. Given the opposite effect of E1 phosphorylation and E2 

lipoylation on PDH activity, the results indicate that defective lipoylation caused by LIPT1 
mutations is responsible for impaired PDH activity.

Homozygous Lipt1 N44S Mutations in Mice Cause Embryonic Demise

To evaluate the N44S mutation in vivo, we used CRISPR/Cas9 (Yang et al., 2014c) to edit 

this mutation into the mouse genome. Progeny from founder germline chimeras carrying 

heterozygous Lipt1N44S/+ alleles were normal in growth and fecundity. Initially, breeding 

between heterozygous Lipt1N44S/+ mice failed to yield any viable homozygous 

Lipt1N44S/N44S mice (260 pups from >25 litters) (Figure 3A). About 70% of the progeny 

were heterozygous for N44S and the rest were homozygous WT, consistent with prenatal 

loss of Lipt1N44S/N44S embryos.

To establish the timing of embryonic demise, timed matings were established between 

Lipt1N44S/+ littermates. Genotype analysis detected Lipt1N44S,N44S embryos at 10.5 dpc 

(17.1% of 188 embryos) but not later (0 of 51 genotyped embryos at 11.5 dpc) (Figure 3A). 

Lipt1N44S/N44S embryos collected at 10.5 dpc were pale and small compared to Lipt1+/+ or 

Lipt1N44S/+ littermates (Figure 3B). Immunoblotting revealed defective lipoylation of both 

PDH and AKGDFI in the Lipt1N44S/N44S embryos, although LIPT1 protein was expressed in 

all genotypes (Figure 3C). Lipt1N44S/N44S embryos also had decreased PDH activity 

compared to Lipt1+/+ and Lipt1N44S/+ embryos (Figure 3D). Altogether, these data indicate 

that homozygous N44S mutations severely impair 2KDH lipoylation and enzyme function in 
vivo and impair mouse embryonic development.

LIPT1 Regulates Glutamine Metabolism in Support of Respiration, the TCA Cycle, and 
Fatty Acid Synthesis

We next challenged P3–002 and control fibroblasts to grow in nutrient-replete and nutrient-

deprived conditions. In medium with abundant glucose and glutamine and 5% fetal bovine 

serum, P3–002 fibroblasts had normal morphology and proliferated at a rate only modestly 

lower than that of controls (Figures S3A and S3B). Growth was enhanced by expressing WT 

LIPT1 in these cells (Figure S3B). However, in conditional medium with 2 mM glucose, no 

glutamine, 8 mM galactose, and 2.5% dialyzed fetal bovine serum, P3–002 cells lost their 

elongated shape, detached from the dishes (Figure S3A), and displayed greater growth 

suppression than control fibroblasts or P3–002 cells with ectopic WT LIPT1 expression 

(Figure S3B).

We then supplemented conditional medium with various metabolites to test how they 

affected energetics and growth. Glutamine supplementation improved cell morphology and 

enhanced ATP content, as assessed by CellTiter Glo, by 6-fold, similar to the effects of WT 

LIPT1 (Figures 4A and 4B). Adding TCA cycle metabolites downstream of glutamine also 

improved morphology and ATP content (Figures 4A and 4B). Aspartate and nucleotides can 

stimulate growth of cells with impaired electron transport chain (ETC) activity (Birsoy et al., 

2015; Sullivan et al., 2015). Aspartate modestly rescued LIPT1-deficient fibroblasts in 
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conditional medium, but adding the nucleotides adenosine, guanosine, and uridine together 

had no effect (Figure S3C). Unlike WT LIPT1, none of these supplements increased 

lipoylation (Figures 4C and S3D). Expressing WT LIPT1 or supplementing with glutamine 

or glutamine-derived metabolites normalized the metabolome in P3–002 cells grown in 

conditional medium, including by replenishing the depleted TCA cycle intermediates 

(Figure 4D; Table S5).

We assessed how P3–002 cells metabolize glutamine. Glutamine stimulated respiration 

(Figure 4E), indicating persistent glutamine oxidation. We next cultured the fibroblasts in 

[U-13C] glutamine for 24 h and extracted metabolites for 13C analysis. Various defects in 

oxidative metabolism result in reductive labeling of TCA cycle intermediates through 

reversible isocitrate dehydrogenase-1 (IDH1) and/or isocitrate dehydrogenase-2 (IDH2) 

function (Mullen et al., 2011, 2014; Rajagopalan et al., 2015). During culture with 

[U-13C]glutamine, oxidative TCA cycle function results in m+4 labeling in malate and 

citrate, whereas reductive labeling results in m+5 citrate and m+3 malate (Mullen et al., 

2011). In P3–002 fibroblasts, culture with [U-13C]glutamine produced a combination of 

oxidative and reductive labeling, with oxidative labeling predominating (Figures 4F and 4G; 

isotopologue distributions in Table S6). Expressing WT LIPT1 diminished the fraction of 

reductive labeling, particularly in citrate, indicating that impaired LIPT1 function 

contributes to reductive TCA cycle function (Figures 4F and 4G). Persistent glutamine 

oxidation likely reflects residual LIPT1 function from one or both LIPT1 variants; this is 

consistent with the residual IDLST lipoylation and AKGDH enzyme activity in these cells 

(Figure 2A). Eliminating LIPT1 function in H460 cells resulted in a larger skew toward 

reductive labeling (Figures 4H and 4I).

LIPT1 deficiency also enhanced glutamine’s contribution to fatty acid synthesis, as 

demonstrated by the shift toward higher-order 13C labeling of palmitate (Figure 4J). 

Conversely, incorporation of 13C from glucose into palmitate was suppressed in LIPT1 -

deficient cells (Figure 4K). Both changes are consistent with enhanced reductive glutamine 

metabolism in LIPT1-deficient cells (Mullen et al., 2011). Altogether, these data indicate the 

importance of LIPT1 in regulating the fate of carbon from both glucose and glutamine and 

demonstrate that glutamine’s contributions to the TCA cycle and other pathways support 

LIPT1 mutant cell growth and viability.

DISCUSSION

Many IEMs are detected through clinical measurement of a handful of metabolites from the 

plasma and urine. These relatively straightforward tests are important in detecting treatable 

diseases, including those in population-based newborn screening programs. However, two 

key factors determining the efficiency with which IEMs are diagnosed are the specificity of 

the phenotype and the underlying genetic heterogeneity of the disorder. For example, 

medium-chain acyl-CoA dehydrogenase deficiency (MCADD; OMIM: 607008) is a disorder 

of fatty acid p-oxidation resulting in an easily recognizable pattern of medium-chain 

acylcarnitines and dicarboxylic acids. MCADD patients have bi-allelic mutations in 

ACADM on human chromosome 1p31.1. By contrast, OMIM lists more than 200 

monogenic disorders associated with lactic acidosis, many with overlapping phenotypes. 
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Pinpointing the molecular cause of these diseases is challenging and increasingly involves 

advanced tools like WES. Our analysis of LIPT1 deficiency suggests that broad 

metabolomic profiling can help prioritize genetic variants for functional analysis.

LIPT1 mutations have been observed in a few previous reports of children with lactic 

acidosis (Soreze et al., 2013; Stowe et al., 2018;Tacheetal., 2016; Tort et al., 2014). All 

patients had prominent metabolic acidosis and neurologic involvement, with three dying in 

the neonatal period. Elevated glutamate and proline fevels were reported in two children 

(Soreze et al., 2013; Stowe et al., 2018). In agreement with our patient’s phenotype, glycine 

levels were normal when reported. This distinguishes LIPT1 deficiency from defects in 

lipoic acid synthesis, which prevent lipoyiation of the H-protein of the glycine cleavage 

system and cause combined hyperglycinemia and 2KDH dysfunction (Solmonson and 

DeBerardinis, 2018). Unlike bacteria, eukaryotic cells appear to lack an efficient system to 

scavenge free lipoic acid to modify 2KDHs, making LIPT1-mediated transfer of the lipoyl 

moiety from H-protein essential to activate these enzymes (Hermes and Cronan, 2013; 

Schonauer et al., 2009; Yi and Maeda, 2005). Supplementing LIPT1-defective cells with free 

lipoic acid was reported to result in a modest suppression of lactate production, although 

lipoylation of 2KDH complexes was unchanged (Soreze et al., 2013). This may indicate an 

unknown role for lipoate beyond its function as a covalently bound 2KDH cofactor. As is 

often the case in children suspected to have mitochondrial diseases, our patient was treated 

with lipoic acid during her workup. Her parents noted a reduced frequency of myoclonic 

seizures, so the treatment was continued, although the subsequent plasma analysis reported 

here revealed evidence of persistent 2KDH dysfunction.

Metabolomics broadened the phenotype of LIPT1 deficiency (Figure 4L). First, an 

unsupervised analysis of aqueous metabolites differentiated our patient from controls and a 

healthy sibling. Second, plasma lipidomics revealed depletion of PCs, SMs, and CERs, and 

cultured LIPT1-deficient cells displayed defective lipid synthesis and enhanced fatty acid 

oxidation, both of which are predicted to cause lipid depletion.

Third, we observed accumulation of both isomers of 2-HG. This metabolite is best known in 

cancers with mutations in IDH1 or IDH2 (Ward and Thompson, 2012). These mutations 

impart a neomorphic activity, allowing the enzyme to catalyze the NADPH-dependent 

reduction of α-KG to D-2-HG (Dang et al., 2009). IEMs associated with elevated 2-HG 

include mutations in L2HGDH or D2HGDH, the dehydrogenases that convert naturally 

occurring L- or D-2-HG to α-KG (Kranendijk et al., 2012). The only IEMs reported to cause 

elevations of both isomers are defects in the mitochondrial citrate carrier encoded by 

SLC25A1 (Notaetal., 2013). In LIPT1 deficiency, combined L- and D-2-HG accumulation 

may result from elevated α-KG caused by reduced AKGDH lipoylation in some tissues. The 

striking rise in L-2-HG during acidosis may be related to the propensity of malate 

dehydrogenase and lactate dehydrogenase to convert α-KG to L-2-HG at low pH 

(Intlekoferetal., 2017; Nadtochiy et al., 2016). At high levels, both L- and D-2-HG are 

thought to elicit epigenetic effects through their influence on histone demethylases and TET 
family 5-methylcytosine hydroxylases, which require α-KG as a substrate (Ansó et al., 

2017; Figueroa et al., 2010; Shim et al., 2014). Tissue levels of 2-HG were not measured in 

our patient, but her plasma levels were lower than the millimolar concentrations observed in 
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IDH1/2 mutant tumors. It is unknown whether 2-HG elevations in LIPT1 deficiency lead to 

clinically relevant epigenetic alterations.

The effect of LIPT1 deficiency on substrate utilization has not been studied in detail. P3–002 

cells were sensitive to glutamine deprivation, and glutamine replenishment was similar to 

expression of WT LIPT1 in its ability to restore growth. Although P3–002 fibroblasts 

oxidized glutamine, this was accompanied by reductively labeled citrate (citrate m+5), and 

complementing with WT LIPT1 reduced this fraction. These findings, coupled with the 

depletion of 4-carbon TCA cycle intermediates, emphasize altered anaplerosis in LIPT1 

deficiency. Accordingly, feeding glutamine-deprived fibroblasts with single anaplerotic 

intermediates enhanced ATP content. Glutamine’s contribution to fatty acid synthesis was 

also increased in LIPT1-deficient cells, as commonly observed in settings of reductive 

metabolism (Metallo etal., 2011; Mullen etal.,2011; Rajagopalanetal., 2015). Thus, in LIPT1 

deficiency, glutamine continues to supply pathways that contribute to energy formation and 

biosynthesis.

Poor 2KDH lipoylation and mid-gestation demise of LIPT7N44S/N44S homozygotes verify 

LIPT1's importance in embryonic development. Defects in lipoate biosynthesis also cause 

embryonic lethality (Yi and Maeda, 2005). It is unclear why N44S homozygosity caused 

embryonic lethality in these mice (mixed C57BL/6J and C3H/HeJ background) while the 

proband survived development. The proband is a compound heterozygote, perhaps resulting 

in a different level of enzyme activity than N44S homozygosity. Furthermore, although 

N44S and S292X had similar effects on PDH in fibroblasts, the cells and embryos differed 

markedly in 2KDH lipoylation. P3–002 cells displayed near-complete loss of PDH 

lipoylation but retained some AKGDH lipoylation and activity, whereas the embryos 

displayed more prominent effects on AKGDH. This may explain the seemingly more severe 

phenotype in the mice. In humans, isolated PDH deficiency causes postnatal lactic acidosis, 

but most patients lack major anomalies in organ development. In contrast, isolated AKGDH 

deficiency is associated with defects in embryonic development, in addition to metabolic 

dysfunction after birth (Surendran et al., 2002).

Although there is no definitive treatment for LIPT1 deficiency, this case provides an 

example of the benefits of establishing the diagnosis and clarifying the functional 

significance of rare genetic variants. First, establishing the molecular diagnosis enables 

specific counseling regarding recurrence risk. Second, because a few other LIPT1-deficient 

patients have been reported, it becomes possible to assess the clinical spectrum of this 

disease and to begin to establish genotype-phenotype correlations that might predict 

outcomes. We believe the disorder is underdiagnosed based on the high frequency of 

unexplained syndromes involving lactic acidosis. Incorporating metabolomics into the 

diagnostic workflow should help identify patients from this group with defects in LIPT1 and 

lipoic acid synthesis (Tort et al., 2016). Finally, confirming LIPT1 deficiency helps direct 

some aspects of therapy. Because these children have reduced PDH activity, it is reasonable 

to consider therapies used in isolated PDFI deficiency. These include ketogenic diets and 

dichloroacetate (DCA), which reduces inhibitory phosphorylation of PDH’s E1 complex by 

inh ibiting PDKs. But neither of these therapies are expected to be effective in LIPT1 

deficiency. Ketogenesis from branched-chain amino acids is compromised by poor 
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lipoylation of BCKDH. Our patient experienced severe metabolic acidosis on a ketogenic 

diet, perhaps because branched-chain ketoacids accumulated and/or because of excessive 

ketogenesis from fatty acids in the setting of compromised utilization of other fuels. DCA 

lowers lactic acidosis in isolated PDH deficiency (Stacpoole et al., 2003), but here we 

demonstrate that PDH phosphorylation is barely detectable in the absence of lipoylation. 

Other modalities, such as the nutritional provision of anaplerotic precursors and 

pharmacologic inhibition of delipoylating enzymes, may benefit patients with LIPT1 

deficiency.

STAR★METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

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

fulfilled by the Lead Contact, Ralph J. DeBerardinis 

(ralph.deberardinis@utsouthwestern.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Clinical samples—Plasma samples were obtained from fresh blood collected in 

heparinized tubes from the patient, her family and 60 children admitted to the newborn 

screening follow-up clinic at the Children’s Medical Center at Dallas. Punch biopsies of the 

skin for fibroblast culture were obtained from the patient, following the standard of 

procedure for clinical diagnostics. All subjects were enrolled in the study (NCT02650622) 

approved by the Institutional Review Board (IRB) at University of Texas Southwestern 

Medical Center (UTSW). informed consent was obtained from all patients and their families. 

The gender and age information of human subjects were included in the data tables for 

plasma metabolomics (Table S2) and lipidomics (Table S3).

Cell lines—Primary patient fibroblasts were grown from skin biopsy specimen and the 

immortalized line was generated by stable expression of hTERT. The human normal 

fibroblast lines were obtained from ATCC. The fibroblasts were maintained in low-glucose 

DMEM (Sigma, D6046) supplemented with 5% heat-inactivated fetal bovine serum (FBS), 

and cultured at 37°C with 5% CO2.

Mice—All animal procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) at UTSW, and conducted in accordance with institutionally approved 

protocols and guidelines for animal care and use. Liptl N44S knock-in mice were generated 

by the Mouse Genome Engineering Core of the Children’s Research Institute at UTSW 

using CRISPR/Cas9 genome editing technology. Guide RNA was designed to target the 

sequence that is 24 bp downstream of the N44S point mutation site. Guide RNA, S. 

pyogenes Cas9 mRNA, and a single-strand oligo donor containing the N44S point mutation 

were injected into single celled zygotes. B6C3F1/J mice were used to generate founder 

mice. To generate Lipt1N44S/+ study mice, C57BL/6J WT females were crossed to 

Lipt1N44S/+ founder males to confirm germline transmission. Interbreeding of Lipt1N44S/+ 

male and female littermates was performed to obtain Lipt1+/+, Lipt1N44S/+ and 

Lipt1N44S/ N44S mice or embryos.
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METHOD DETAILS

Genotyping—The mutation status of the LIPT1 gene was identified by clinical whole 

exome sequencing and verified by Sanger sequencing at Baylor Genetics Laboratory using 

genomic DNA from the proband and her parents. In this study, we obtained genomic DNA 

from whole blood from the proband and her healthy sibling using a QIAGEN kit, following 

the manufacturer’s instructions. 420 bp regions covering the N44 or S292 sites were PCR 

amplified using the primer pairs listed above. The genotypes were then determined by 

Sanger sequencing (Genewiz).

Targeted metabolomics—Fifty μL of patient plasma was added to 950 μL of ice-cold 

methanol/water 80% (vol/vol) for metabolite extraction. After vigorous mixing and 

centrifuging, the metabolite-containing supernatant was dried in a SpeedVac concentrator 

(Thermo Savant) for 5–7 hours. For analysis of patient fibroblasts, 500,000 cells were 

collected and lysed with ice-cold 80% methanol. After three freeze-thaw cycles in liquid 

nitrogen, the lysate was centrifuged to remove debris and the supernatant was collected and 

dried in a SpeedVac. The metabolite pellets obtained from either plasma samples or 

fibroblasts were analyzed by targeted metabolomics using a liquid chromatography-tandem 

mass spectrometry (LC-MS/MS) approach as described previously (Mullen et al., 2014). 

Briefly, metabolites were reconstituted in 100 μL of 0.03% formic acid in LCMS-grade 

water, vortex-mixed and centrifuged to remove debris. LCMS/MS and data acquisition were 

performed using an AB QTRAP 5500 liquid chromatography/triple quadrupole mass 

spectrometer (Applied Biosystems SCIEX) with an injection volume of 20 μL 

Chromatogram review and peak area integration were performed using MultiQuant software 

version 2.1 (Applied Biosystems SCIEX). The peak area for each detected metabolite was 

normalized against the total ion count of each sample and the mean for each metabolite 

within the sample batch of each run to correct for variations introduced by sample handling 

through instrument analysis. The normalized areas were used as variables for the 

multivariate analyses and modeling using SIMCA-P (version 13.0.1; Umetrics). The 

processed datasets were mean-centered, unit-variance scaled and then applied to principal 

component analysis to evaluate the clustering and to detect outliers. Univariate statistical 

differences of the metabolites between two groups were analyzed using Student’s t test. The 

pathway enrichment analysis of differential metabolites between two groups was performed 

using Metaboanalyst 3.0 (http://www.metaboanalyst.ca).

Quantitation of L-2-HG and D-2-HG—Measurement of L-2-HG and D-2-HG was 

performed as described previously (Rakheja et al., 2011). Briefly, the metabolites were 

extracted from plasma samples and derivatized with (+)-Di-O-acetyl-L-tartaric anhydride 

and injected for chromatographic separation on an Agilent Hypersil ODS 4.0 3 250 mm, 5 

mm column followed by detection and measurement using an API 3000 triple-quadrupole 

mass spectrometer equipped with an ESI source (Applied Biosystems). MRM transitions 

were monitored at 363.2 > 147.2 for both L-2-HG and D-2-HG.

Lipidomics—The lipid extracts were infused into a Sciex quadrupole time of flight 

(QTOF) TripleTOF 6600 mass spectrometer (Framingham, MA, USA) via a custom 

configured LEAP InfusePAL HTS-xt autosampler (Morrisville, NC, USA). The sample was 
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infused over 3 minutes to the QTOF at a flow rate of 10μL/min. Chronos XT® software from 

Axel Semrau (Srockhovel, Germany) was used to control the infusePAL system. The 

electrospray ionization (ESI) source parameters were, GS1 at 25, GS2 at 55, curtain gas 

(Cur) at 20, temperature at 300°C and ion spray voltage at 5500V and −4500V in positive 

and negative ionization mode, respectively. The optimal declustering potential and collision 

energy settings were 120V and 40eVfor positive ionization mode and −90V and −50eV for 

negative ionization mode. For the MS/MSALL analysis, a production spectrum was collected 

at each mass unit from 200–1200 Da with an accumulation time of 0.3 s per mass. Analyst® 

TF 1.7.1 software (Sciex) was used for the TOF MS and MS/MSALL data acquisition. The 

obtained data were processed by in-house software, LipPY (Dallas, Tx, USA). The intensity 

of each peak was normalized to the total lipid signal and the z scores were determined over 

the whole sample set. The heatmap of lipid species was generated by Pleatmap 3 (https://

cran.r-project.org/web/packages/heatmap3/index.html) using the R package.

2KDH activity assay—Enzyme activities of PDH and BCKDH complexes were assessed 

as described previously (Yang et al., 2014a). Briefly. Micro-bridges (Hampton Research) 

were placed into wells of a 24-well plate with one piece of 0.6 × 1 cm2 chromatography 

paper per well. PBS with 0.2% of BSA was used as basic assay medium. One million cells 

per well were then suspended in 350 μLof the assay medium on ice, supplemented with 4 

mM [1-14C]pyruvate(0.1 μCi/well), or 100 μM [U-14C]valine (0.25 μCi/well), respectively. 

Each micro-bridge was moistened with 20 μL of phenethylamine, and the plate was sealed 

with adhesive film. Reactions were initiated by transferring the plate to a 37°C water bath. 

After 60 min of incubation, metabolism was terminated by adding 50 μL of 20% 

trichloroacetic acid. The plate was re-sealed with adhesive film and incubated at room 

temperature for another 60 min to release 14CO2. Then the 14CO2-containing 

chromatography papers were collected for scintillation counts. The medium aliquot from 

each sample was used to quantify radioactivity on a scintillation counter. This value was 

used to determine the specific activity of each substrate, respectively. Samples containing 

350 pg BSA without cells in 350 μl assay medium were used to establish background levels 

of 14CO2. This level was used as a background value to be subtracted from assayed samples. 

Enzyme activities were presented as 14CO2 production rates as nmol/hr of 10e6 cells.

Lipogenesis assay—Lipogenesis was assayed using tritium-labeled water described 

previously (Mullen et al., 2011) with slight modifications. 4–8 million cells were plated in to 

225 cm2 flasks with regular DMEM culture medium on day 0. On day 1, cells were switched 

to 35 mL fresh culture medium supplemented with 0.5 mCi tritium water (PerkinElmer, 1 

mCi / ml). After 48 hours of incubation, cells were collected by trypsinization and total 

lipids were extracted by Bligh/Dyer method (Bligh and Dyer, 1959). Newly synthesized 

lipids were determined by measurement of radio activities from 3H radioisotope using 

scintillation counter.

Fatty acid oxidation assay—Fatty acid oxidation was measured using Seahorse FAO 

assay, following the manufacturer’s protocol. Briefly, 1×104 cells per well were seeded into 

a 96-well Seahorse assay plate with regular growth medium. After 24 hours, the medium 

was replaced with substrate-limited medium (0.5 mM glucose, 0.5 mM carnitine and 1% 
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dialyzed FBS) supplemented with or without 1mM glutamine. After cultured for another 24 

hours, the cells were washed twice with FAO assay medium (111 mM NaCl, 4.7 mM KCl, 

1.25 mM CaCl2, 2 mM MgSO4, 1.2 mM NaH2PO4) supplemented with 2.5 mM glucose, 

0.5mM carnitine and 5 mM HEPES, and then incubated in a non-CO2 incubator for 45 

minutes at 37°C. At the same time, the assay cartridge with cell mito stress compounds 

(final concentrations: 2 uM oligormycin, 1 uM CCCP, 2 uM antimycin A) were prepared and 

loaded onto the machine. 15 minutes prior to starting the assay, Etomoxir was added to the 

designated wells at the final concentration of 17 uM. After incubate for 15 minutes, BSA or 

palmitate-BAS (1 mM) was added to the designated wells and the plate was immediately 

loaded onto the machine to run the assay. The maximal respiration rate was analyzed using 

Seahorse Wave software.

PDH activity colorimetric assay—Mitochondria were isolated from ten million 

fibroblasts using the Mitochondria Isolation Kit (Biovision, K288–50) and the mitochondrial 

PDH activity was assessed using the Pyruvate Dehydrogenase Activity Colorimetric Assay 

kit (Biovision, K679–100), following the manufacturer’s instructions. Protein concentration 

was determined using the BCA protein assay kit (Pierce, 23227).

Acetyl-CoA assay—Two million primary fibroblasts were lysed and deproteinized using 

a perchloric acid (PCA)/KOH protocol (Deproteinizing Sample Preparation Kit, BioVision). 

10 μL of the samples were added into assay wells in triplicate to measure the acetyl-CoA 

level using the PicoProbeAcetyl-CoA Fluorometric Assay kit (BioVision) according to the 

manufacturer’s manual. Standard curves were generated to calculate the amount of acetyl-

CoA in each sample with background correction.

Lentiviral production and transduction—Lentivirus was produced by transfection of 

HEK293T cells using the LENTI-Smart reagent (Invivogen, ltslnt-10). Viral supernatants 

were harvested at 48 hr and 72 hr, filtered through a 0.45 um filter and concentrated using 

PEG-it Virus Precipitation Solution (System Biosciences, LV810A-1). For transduction, the 

lentiviral pellets were suspended in culture medium and added to fibroblasts at 70%80% 

confluency per well in 6-well plates. After 48 hr of transduction, the fibroblasts were 

selected under puromycin for one week for stable expression of wild-type or mutant LIPT1.

Cell viability assay—Fibroblasts were seeded into 96-well plates at a density of 3×103 

cells per well. After 48 hr, the cells were cultured in the conditional DMEM containing no 

L-glutamine, 2 mM glucose, 8 mM galactose and 5% dialyzed FBS (Gemini Bio-Products, 

100–108) with or without supplementation of the indicated metabolites. After incubation for 

48 hr, the cells were subjected to the CellTiter-Glo Luminescent Cell Viability Assay 

(Promega, G7573) according to the manufacturer’s instruction.

Immunoblotting—Whole cell lysates were extracted from cells or embryos in RIPA buffer 

followed by three freeze/thaw cycles. The protein supernatants were quantified using the 

BCA protein assay (Pierce, 23227). Proteins were separated on 4%-20% SDS-PAGE gels, 

transferred to PVDF membranes, and probed with primary antibodies against the indicted 

proteins as listed above and secondary antibodies. Immunoreactive proteins were visualized 

by enhanced chemiluminescence (Pierce, 32106).
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Stable isotope tracing—Isotope tracing was modified from a previously described 

procedure (Cheng et al., 2011; Faubert et al., 2017; Yang et al., 2014b). Briefly, 5×105 H460 

lung cancer cells or fibroblasts were traced with 4 mM [U-13C]glutamine in phenol-red free 

DMEM with 5% dialyzed FBS forthe indicated time. Then cells were rinsed in ice-cold 

saline and collected in 80% ice-cold methanol. After three freeze-thaw cycles, the lysates 

were centrifuged to remove proteins and cell debris. The purified lysates, with 1 ml of d27-

myristic acid added as an internal control, were evaporated and derivatized using TBDMS. 

Two ul_ of the derivatized samples were injected and analyzed using an Agilent 7890 gas 

chromatograph coupled to an Agilent 5975C Mass Selective Detector, respectively. The 

observed distributions of mass isotopologues were corrected for natural abundance of 13C. 

To assay 13C enrichment in palmitate, cells were cultured with 10 mM [U-13C]glucose or 4 

mM [U-13C]glutaminefor 24 hours, and then lipids were extracted in methanol:chloroform: 

water (1:1:1, v/v/v). The organic phase was evaporated with air dryer. Samples were 

processed with 100 μL of 1N HCl, followed by adding of 200 μL toluene to form two layers 

after vortexing and centrifuging. The toluene layers were transferred to glass tubes, 

evaporated to dry and derivatized using TBDMS. Two μL of the derivatized samples were 

injected and analyzed using an Agilent 7890 gas chromatograph coupled to an Agilent 

5975C Mass Selective Detector, respectively. Fragment ion m/z 313–329 was used to 

monitor enrichment in palmitate.

QUANTIFICATION AND STATISTICAL ANALYSIS

No method was used to predetermine sample sizes. Metabolomics and lipidomics of patient 

plasma samples or human fibroblasts were performed once with multiple replicates. 

Biochemical assays of 2KDH activities, fatty acid oxidation, lipogenesis, CTG activity and 

respiration were performed two or three times with multiple replicates. Biochemical assays 

of PDH activity in mouse embryos were performed once with multiple replicates. Isotope 

tracing assays were performed 2–3 times with multiple replicates. Samples for 

metabolomics, lipidomics and isotope tracing were randomized before analysis. All other 

experiments were nonrandomized and no blinding of the investigators was involved. To 

assess statistical significance between two groups, a two-tailed unpaired t test was used, and 

data were presented as mean ± SEM or SD (indicated in the figure legend). In all figures, the 

p values were shown as: *, p < 0.05; **, p < 0.01; ***, p < 0.001, ****, p < 0.0001.

Supplementary Material

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

• Human LIPT1 mutations impair 2-ketoacid dehydrogenase lipoylation and 

activity

• LIPT1 deficiency increases 2-HG and depletes structural lipids in plasma

• LIPT1 deficiency impedes lipogenesis but increases fatty acid oxidation

• LIPT1 regulates the balance between oxidative and reductive glutamine 

metabolism
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Figure 1. Metabolic Defects in a Patient with Compound Heterozygous Mutations of LIPT1
(A) Patient (P3–002) and affected siblings are indicated in black. The LIPT1 genotype is 

indicated under the individuals subjected to molecular analysis.

(B) Chromatogram of LIPT1 sequences from the patient (II.5, P3–002) and healthy sibling 

(II.3).

(C) Schematic of LIPT1 proteins encoded from paternal and maternal alleles. The N44S and 

S292X mutations in the lipoyltransferase domain are indicated in red.
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(D) Conservation of N44 (red frame) and three interacting residues (blue frames) in 16 

species.

(E) Three-dimensional structure of bovine Liptl (left panel) and an enlargement (right panel) 

showing hydrogen bonding among Asn44, Ser36, Ser38, and Asn68. The locations of 

cofactors, AMP-conjugated lipoic acid (lipoyl-AMP) and magnesium ion, are also indicated.

(F) Plasma lactate concentrations from P3–002 over 12 years. The upper limit of the 

reference range (0.7–2.5 mmol/L) is indicated in red.

(G) Plasma alanine, proline, and glutamate in P3–002. The dashed lines indicate the upper 

limit of the normal range for each amino acid.

(H) Principal-component analysis (PCA) of plasma metabolomics from patient P3–002, the 

healthy sibling (II.3), and healthy controls (n = 60}.

(I) Quantitative plasma abundance of total 2-hydroxyglutarate (2-HG), L-2-hydroxyglutarate 

(L-2-HG), and D-2-hydroxyglutarate (D-2-HG) in P3–002, the healthy sibling (II.3), and 

controls (n = 6). Data are the mean and SD from two (sick) or six (control) replicates.

(J) Heatmap of plasma lipidomics showing species with variable importance in the 

projection (VIP) scores ≥1.0 between patient P3–002 and healthy controls (n = 16).
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Figure 2. Functional Analysis of LIPT1 Variants in Patient-Derived Fibroblasts
(A) Immunobiot analysis of primary human fibroblasts from five healthy subjects and 

patient P3–002. DLAT, DLST, and DBT are the E2 subunit of PDH, AKGDH, and BCKDH 

complexes, respectively.

(B) Metabolite set enrichment analysis of metabolites decreased in the P3–002 fibroblasts 

compared to the control primary fibroblasts. The metabolomic profiling was performed on 

primary human fibroblasts from five healthy subjects and patient P3–002.

(C) Comparison of selected metabolites determined by liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) in the fibroblasts from five controls and patient P3–002. Data are 

the mean and SD from 3 replicates for P3–002 and 15 replicates for controls. An unpaired, 

two-tailed t test was used to assess statistical significance. ****p < 0.0001, ***p < 0.001.

(D) PDH activity determined by the amount of CO2 released from 14C-pyruvate in control 

primary fibroblasts and P3–002 fibroblasts. Data are the mean and SD from four replicates. 

****p < 0.0001, ***p < 0.001, calculated by unpaired two-tailed t test.

(E) PDH activity measured by the amount of CO2 released from 14C-pyruvate in P3–002 

fibroblasts with or without ectopic expression of WT LIPT1. Data are the mean and SD from 

four replicates. ****p < 0.0001, calculated by unpaired two-tailed t test.
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(F) Seahorse assay to measure the maximal palmitate-stimulated respiration in P3–002 

fibroblasts with or without ectopic expression of LIPT1. Data are the mean and SEM from 

six replicates. **p < 0.01, *p < 0.05, calculated by unpaired two-tailed t test.

(G) Lipogenesis rate measured with 3H2O in H460 cells containing or lacking LIPT1. Data 

are the mean and SD from nine replicates. ****p < 0.0001, calculated by unpaired two-

tailed t test. The immunobiot analysis of LIPT1 is shown in the insert panel.

(H) Immunobiot analysis of human neonatal fibroblast cell (HNFC), P3–002 fibroblasts, and 

P3–002 fibroblasts with ectopic expression of WT LIPT1 or either of the two LIPT1 variants 

(N44S and S292X) observed in the patient.

(I) Relative PDH activity in P-3002 fibroblasts and in P3–002 fibroblasts with ectopic 

expression of the WT LIPT1 or the LIPT1 mutants (N44S and S292X). Data are the mean 

and SD from five replicates. ****p < 0.0001, ***p < 0.001, **p < 0.01, calculated by 

unpaired two-tailed t test.
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Figure 3. Homozygosity of the Lipt1 N44S Variant Causes Mid-embryonic Demise in Mice
(A) Genotype frequencies of embryos derived from Lipt1N44S/+ intercrosses.

(B) Lateral view of mouse embryos at embryonic day (E) 10.5 with the denoted Liptl 
genotypes. Scale bars: 1 mm.

(C) Immunoblot analysis of embryos with WT Liptl (Liptl+/+) or with heterozygosity 

{LiptTN44S/+) or homozygosity (Lipt1N44S/N44S) for the N44S variant. All embryos on the 

blot are from the same litter; these results are representative of two independent litters.

(D) PDH activity in mouse embryos with the denoted genotypes. The data are the mean and 

SD of Lipt1+/+ (n = 3) or Lipt1N44S/+ (n = 8) embryos. The data from two individual 

Lipt1N44S/N44S embryos are also shown. Unpaired two-tailed t tests were used to assess 

statistical significance. *p < 0.05; n.s., not significant.
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Figure 4. Oxidative and Reductive Glutamine Metabolism Support TCA Cycle Replenishment, 
Fatty Acid Synthesis, and Growth of LIPT1Deficient Fibroblasts
(A) Representative phase contrast images showing the morphology of P3–002 fibroblasts in 

culture when LIPT1 was ectopically expressed or when the indicated metabolites were 

supplemented in conditional medium (2 mM glucose, 0 mM glutamine, 8mM galactose, and 

2.5% dialyzed fetal bovine serum [FBS]). Scale bar: 100

(B) P3–002 fibroblast viability and bioenergetics were evaluated in conditional medium 

supplemented with the indicated metabolites for 48 h. The results are shown as mean and SD 

from three replicates, and p values are calculated by unpaired two-tail t test. ***p < 0.001, 

**p < 0.01, *p < 0.05.

(C) Immunoblot analysis of P3–002 fibroblasts cultured with the indicated metabolites in the 

conditional medium for 48 h.

(D) Heatmap of metabolic pathways enriched after LIPT1 expression or metabolite 

supplementation in P3–002 fibroblasts. The color scale represents the impact score on 
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pathways using metabolomic pathway analysis (MetPA). Gray indicates no enrichment of 

the indicated pathway.

(E) Cellular respiration rate measured in P3–002 fibroblasts in the presence or absence of 

glutamine (2 mM). Data are the mean and SEM from eight replicates. ****p < 0.0001, 

calculated by unpaired two-tail t test.

{F) Fractional enrichment of the citrate isotopologues in P3–002 fibroblasts with or without 

ectopic LIPT1 expression (P3–002+LIPT1). The cells were cultured in [U-13C]glutamine for 

24 h. Data are the mean and SD from three replicates. **p < 0.01, calculated by unpaired 

two-tail t test.

(G) Fractional enrichment of the malate isotopologues in P3–002 or P3–002+LIPT1 

fibroblasts after culture with [U-13C]glutarmine for 24 h. Data are the mean and SD from 

three replicates. **p < 0.01, calculated by unpaired two-tail t test.

(H) Fractional enrichment of the citrate isotopologues in WT or L1PT1-knockout (KO) 

H460 cell clones after culture with [U-13C]glutamine for 6 h.

(I) Fractional enrichment of the malate isotopologues in WT or LIPT1-KO H460 cell clones 

after cultured with [U-13C]glutamine for 6 h.

(J) Mass isotopologue distribution in palmitate from WT or LIPT1-KO H460 cells after 

culture with [U-13C]glutamine for 24 h. Data are the mean and SD from three replicates.

(K) Mass isotopologue distribution in palmitate from WT or LIPT1-KO H460 cells after 

culture with [U-13C]glucose for 24 h. Data are the mean and SD from three replicates.

(L) Major metabolic alterations associated with LIPT1 deficiency in humans. Green arrows 

indicate elevation, and red arrows indicate reduction.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Lipoic acid Millipore 437695-100UL; 
RRID:AB_212120

Anti-LIPT1 Sigma-Aldrich AV48784; 
RRID:AB_1852908

Anti-DLAT Cell Signaling #12362; 
RRID:AB_2797893

Anti-DLAT Santa Cruz sc-271534; 
RRID:AB_10649809

Anti-DLST Cell Signaling #5556; 
RRID:AB_10695157

Anti-DBT GeneTex GTX113412; 
RRID:AB_2036741

Anti-p-PDHA1(Ser293) Millipore ABS204; 
RRID:AB_11213668

Anti-PDHA1 Cell Signaling #3205; 
RRID:AB_2162926

Anti-ACTB Sigma-Aldrich A3854; 
RRID:AB_262011

Anti-GAPDH Cell Signaling #8884; 
RRID:AB_11129865

Biological Samples

Patients’ blood samples This paper N/A

Patient’s skin biopsies This paper N/A

Chemicals, Peptides, and Recombinant Proteins

Puromycin ThermoFisher A1113803

Etomoxir sodium salt hydrate Sigma-Aldrich E1905

α-Ketoglutarate Sigma-Aldrich K1128

Citrate Sigma-Aldrich 251275

Fumarate Sigma-Aldrich F19353

Malate Sigma-Aldrich 240176

Succinate Sigma-Aldrich S3674

L-Aspartate Sigma-Aldrich A7219

Adenosine Sigma-Aldrich A9251

Guanosine Sigma-Aldrich G6264

Uridine Sigma-Aldrich U3003

[U-13C5]Glutamine Cambridge Isotope 
Laboratories

CLM-1822

[U-13C6]Glucose Cambridge Isotope 
Laboratories

CLM-1396

[1-14C]Pyruvate PerkinElmer NEC255050UC

L-[U-14C]Valine PerkinElmer NEC291EU050UC

3H2O PerkinElmer 6004052
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REAGENT or RESOURCE SOURCE IDENTIFIER

Critical Commercial Assays

Kit Lenti-Smart INT Invivogen ItIns-10

Kit mammalian mitochondria isolation BioVision K288

Kit PDH activity colorimetric assay BioVision K679

Deproteinizing Sample Preparation Kit BioVision K808

Kit PicoProbeAcetyl-CoA Fluorometric Assay BioVision K317

Kit Q5 Site-Directed Mutagenesis Kit NEB E0554S

Kit CellTiter-Glo luminescent cell viability assay Promega G7572

Deposited Data

Human LIPT1 mutation N44S ClinVar SCV000588895

Human LIPT1 mutation S292X ClinVar SCV000588895

Experimental Models: Cell Lines

Patient-derived fibroblast and ctrl-4917 control fibroblast This paper N/A

Primary normal human neonatal fibroblasts ATCC PCS-201-010

Primary normal human adult fibroblasts ATCC PCS-201-012

Detroit 551 ATCC CCL-110

BJ ATCC CRL-2522

H460 ATCC HTB-177

Experimental Models: Organisms/Strains

B6C3F1/J mice The Jackson 
Laboratory

100010

Lipt1N44S/+ mice This paper N/A

Oligonucleotides

Genotyping primer LIPT1-N44S forward: 5′-AAAGCCAAAAGCAACTGCAC-3′ This paper N/A

Genotyping primer LIPT1-N44S reverse: 5′-GCCAAGGATTTTGATGCCTA-3′ This paper N/A

Genotyping primer LIPT1-S292X forward: 5′-AAACCCAACGGATGAGACAC-3′ This paper N/A

Genotyping primer LIPT1-S292X reverse: 5′-TGTTTAGTTTGTGGTCTTGTGGA-3′ This paper N/A

Cloning primer LIPT1 forward: 5′-CCGGCGATCGCATGCTGATCCCATTTTC –3′ This paper N/A

Cloning primer LIPT1 reverse: 5′-CGGACGCGTCATTATTCCCTTAATTTTTTC-3′ This paper N/A

Cloning primer LIPT1-S292X reverse: 5′-CGGACGCGTCTGTTCATATAACACATGAAAGG-3′ This paper N/A

Mutagenesis primer LIPT1-N44S forward: 5′-GTCTATCAAAGTCTGGCTGTG-3′ This paper N/A

Mutagenesis primer LIPT1-N44S reverse: 5′-ATCATTGGAAATTGACTGTAAAATG-3′ This paper N/A

Genotyping primer Lipt1-N44S forward: 5′-AAGAAGGTCTGGACCCTTTGA-3′ This paper N/A

Genotyping primer Lipt1-N44S reverse: 5′-GCCAGTTTGATTCCTTCCTG-3′ This paper N/A

sgRNA target sequence of Lipt1 for CRISPR knock-in of N44S: 5′-CTTCTAGATGTATGTGGTCGTGG-3′ This paper N/A

HR template single-strand oligo for CRISPR knock-in of N44S: 5′-
CTTTGTCAGCACAAGGTCCCAGCAGCTGGCTTTAAAAGCCCACCCACACATGGGCTCATTTTACAGTCGATCTCCAATGATGTATATGAAAGTCTGGCTTTTGAAGACTGGATTCATGACCACATACATCTCGAAGGCAAGCCGATTCTTTTCCTTTGGAGAAATTCTCCTTCTGTCGTCATC-3′

This paper N/A

Recombinant DNA

pLOX-TERT-iresTK Addgene 12245

pLenti-EF1a-C-Myc-DDK-IRES-Puro OriGene PS10085

Cell Rep. Author manuscript; available in PMC 2020 July 10.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ni et al. Page 29

REAGENT or RESOURCE SOURCE IDENTIFIER

pLenti-EF1a-C-Myc-DDK-IRES-Puro-LIPT1-WT This paper N/A

pLenti-EF1a-C-Myc-DDK-IRES-Puro-LIPT1-N44S This paper N/A

pLenti-EF1a-C-Myc-DDK-IRES-Puro-LIPT1-S292X This paper N/A

Software and Algorithms

MultiQuant software v2.1 Applied Biosystems N/A

SIMCA-P v13.0.1 Umetrics N/A

Heatmap3 https://cran.r-
project.org/web/
packages/heatmap3/
index.html

N/A

MetaboAnalyst 3.0 http://
www.metaboanalyst.ca/

N/A

HOPE-CMBI http://www.cmbi.ru.nl/
hope/

N/A

PyMol https://pymol.org/2/ N/A

Cell Rep. Author manuscript; available in PMC 2020 July 10.

https://cran.r-project.org/web/packages/heatmap3/index.html
https://cran.r-project.org/web/packages/heatmap3/index.html
https://cran.r-project.org/web/packages/heatmap3/index.html
https://cran.r-project.org/web/packages/heatmap3/index.html
http://www.metaboanalyst.ca/
http://www.metaboanalyst.ca/
http://www.cmbi.ru.nl/hope/
http://www.cmbi.ru.nl/hope/
https://pymol.org/2/

	SUMMARY
	In Brief
	Graphical Abstract
	INTRODUCTION
	RESULTS
	Compound Heterozygous LIPT1 Variants in a Child with Lactic Acidosis, Epilepsy, and Developmental Delay
	Plasma Metabolomic Profiling Broadens the Phenotype of LIPT1 Deficiency
	LIPT1 Mutations Impair Mitochondrial Protein Lipoylation and the TCA Cycle
	Homozygous Lipt1 N44S Mutations in Mice Cause Embryonic Demise
	LIPT1 Regulates Glutamine Metabolism in Support of Respiration, the TCA Cycle, and Fatty Acid Synthesis

	DISCUSSION
	STAR★METHODS
	CONTACT FOR REAGENT AND RESOURCE SHARING
	EXPERIMENTAL MODEL AND SUBJECT DETAILS
	Clinical samples
	Cell lines
	Mice

	METHOD DETAILS
	Genotyping
	Targeted metabolomics
	Quantitation of L-2-HG and D-2-HG
	Lipidomics
	2KDH activity assay
	Lipogenesis assay
	Fatty acid oxidation assay
	PDH activity colorimetric assay
	Acetyl-CoA assay
	Lentiviral production and transduction
	Cell viability assay
	Immunoblotting
	Stable isotope tracing

	QUANTIFICATION AND STATISTICAL ANALYSIS

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	KEY RESOURCES TABLE

