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Short-chain enoyl-CoA hydratase 1 (ECHS1) is involved in the second step

of mitochondrial fatty acid b-oxidation (FAO), catalysing the hydration of

short-chain enoyl-CoA esters to short-chain 3-hyroxyl-CoA esters. Genetic

deficiency in ECHS1 (ECHS1D) is associated with a specific subset of

Leigh Syndrome, a disease typically caused by defects in oxidative phos-

phorylation (OXPHOS). Here, we examined the molecular pathogenesis of

ECHS1D using a CRISPR/Cas9 edited human cell ‘knockout’ model and

fibroblasts from ECHS1D patients. Transcriptome analysis of ECHS1

‘knockout’ cells showed reductions in key mitochondrial pathways, includ-

ing the tricarboxylic acid cycle, receptor-mediated mitophagy and nucleo-

tide biosynthesis. Subsequent proteomic analyses confirmed these

reductions and revealed additional defects in mitochondrial oxidoreductase

activity and fatty acid b-oxidation. Functional analysis of ECHS1 ‘knock-

out’ cells showed reduced mitochondrial oxygen consumption rates when

metabolising glucose or OXPHOS complex I-linked substrates, as well as

decreased complex I and complex IV enzyme activities. ECHS1 ‘knockout’

cells also exhibited decreased OXPHOS protein complex steady-state levels

(complex I, complex III2, complex IV, complex V and supercomplexes

CIII2/CIV and CI/CIII2/CIV), which were associated with a defect in com-

plex I assembly. Patient fibroblasts exhibit varied reduction of mature

OXPHOS complex steady-state levels, with defects detected in CIII2, CIV,

CV and the CI/CIII2/CIV supercomplex. Overall, these findings highlight

Abbreviations
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the contribution of defective OXPHOS function, in particular complex I

deficiency, to the molecular pathogenesis of ECHS1D.

Introduction

ECHS1 (also called crotonase; EC42.1.17) catalyses

the second step of fatty acid b-oxidation (FAO) in

mitochondria; the hydration of C4–C6 fatty acyl-CoA

molecules. Expressed in most tissues, ECHS1 encodes

eight exons, and transcribes a 1.4 kb transcript that is

expressed as a 290 amino acid precursor protein. The

mature 28.3 kDa ECHS1 forms a homohexamer

‘dimer of trimers’ in the mitochondria once the mito-

chondrial targeting sequence has been cleaved. Apart

from its role in FAO, ECHS1 is also involved in the

breakdown of leucine and isoleucine, and is essential

for the breakdown of valine [1].

Short-chain enoyl-CoA hydratase 1 deficiency

(ECHS1D) is a specific subset of Leigh Syndrome

(subacute necrotizing encephalomyelopathy; LS)

caused by genetic mutations in ECHS1 that were first

identified in 2014 [2] before being characterised as a

distinct disease in 2015 [3]. LS is a neurodegenerative

disorder associated with over 75 different genes,

including those that encode OXPHOS complex sub-

units and which play a role in OXPHOS complex sta-

bility and biogenesis [4]. One of the hallmarks of LS is

T2 weighted bilateral hyperintensities, which have been

observed in almost all reported cases of ECHS1D.

Affected individuals present with a range of symptoms,

including developmental delay, dystonia, cardiomyopa-

thy, brain lesions and metabolic acidosis. Patients have

a median life span of 2 years, but in severe cases,

death can occur within 48 h [2,5,6].

Since the categorisation of ECHS1D as a distinct

form of LS, more than 46 cases with confirmed

ECHS1 mutations have been reported [2,3,5–24]. Due

to ECHS1’s multi-functional role, several techniques

have been employed to identify ECHS1 deficiency.

Western blotting of cultured patient cells has been

used [22], as well as exome sequencing and metabolite

analysis [8,12,14,17]. Metabolite analysis has frequently

revealed increased levels of C4 waste products, as well

as the formation of amino acid by-products such as

metharcylyl-CoA [2,6,10,12].

While biochemical categorisation is still lacking, a

phenotypic spectrum consisting of four specific cate-

gories, Perinatal Early Fatal (PEF), Severe Infantile

(SI), Slowly Progressive Infantile (SPI) and Intermit-

tent (I), has been developed based on current patient

clinical and neurological features [25]. As almost all

patients have heterozygous ECHS1 mutations, predict-

ing disease severity based on specific genotypes

remains difficult [1]. While all genotypes to date have

resulted in decreased function of ECHS1, some geno-

types have been found to be more pathogenic than

others, with mutations such as p.Asn59Ser predicted

to be ‘probably damaging’ and associated with lethal-

ity in some patients [1,3]. However, other mutations

such as p.Ala173Val are predicted to be ‘possibly dam-

aging’ and appear to be associated with milder symp-

toms [18], highlighting the clinical heterogeneity of

ECHS1D.

Many patients have also been found to have reduced

activity of OXPHOS complex enzymes, suggesting that

a primary deficiency in ECHS1 causes secondary

defects in OXPHOS [3,12,13,20,22]. However, the

mechanism associated with these OXPHOS defects is

unknown [1]. OXPHOS complexes I, III and IV have

been found to have reduced activity in patient cells,

with the accumulation of fatty acid intermediates inter-

fering with OXPHOS activity suggested as a possible

mechanism [1]. In addition to reduced OXPHOS activ-

ity, western blotting has revealed decreased levels of

native OXPHOS complex IV [22].

In this study, we examined nine patients diagnosed

with ECHS1D, and a CRISPR/Cas9 ECHS1 ‘knock-

out’ cell line, to investigate ECHS1D pathogenesis.

ECHS1 knockout cells exhibited global gene and

protein expression changes, with several key metabolic

pathways downregulated, including mitochondrial

oxidoreductase activity, NAD binding, and aldehyde

dehydrogenase activity. Reduction in native

OXPHOS complex levels, reduction in OXPHOS sub-

unit levels, reduced OXPHOS complex I and complex

IV activities, and reduced respiratory function were also

detected in ECHS1 knockout cells. Similarly, ECHS1D

patient fibroblasts also exhibited reduced OXPHOS

subunit and complex steady-state levels, with common

defects observed in complex III2, complex IV and the

CI/CIII2/CIV supercomplex. Putative interactions

between ECHS1 and the OXPHOS complex I subunits

NDUFV3 and NDUFB11 were identified by co-

immunoprecipitation and mass spectrometry, suggesting

that loss of ECHS1 may affect the stability of

these proteins, and in turn, the stability and/or assem-

bly of mature complex I and the CI/CIII2/CIV super-

complex.

2 The FEBS Journal (2022) � 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of
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Overall, our findings suggest that loss of ECHS1 is

associated with OXPHOS complex dysfunction and

instability, in particular OXPHOS complex I, which

may contribute to the pathogenesis of ECHS1D.

Results

Generation of an ECHS1 ‘knockout’ cell line

using CRISPR/Cas9 gene editing

To elucidate the molecular defects underlying

ECHS1D, a ‘knockout’ model was generated using

CRISPR/Cas9 to edit ECHS1 in 143BTK� osteosar-

coma cells. Following transformation with recombi-

nant lentiCRISPR v2-ECHS1, single-cell clones were

generated and screened via western blot for the

absence of ECHS1 protein (data not shown). Sanger

sequencing confirmed a heterozygous compound muta-

tion consisting of an 11-bp deletion (p.Lys92GlyfsX40)

and a 44-bp deletion combined with a 21-bp insertion

(p.Iso85LeufsX34).

No ECHS1 protein was detectable by SDS/PAGE

and western blotting in mitochondria isolated from the

edited 143BTK� cell clone (Fig. 1A), confirming the

loss of ECHS1 expression in these 143BTK� cells

(now referred to as ECHS1 KO cells). BN-PAGE also

showed that no native ECHS1 was detectable via west-

ern blotting.

Complete loss of ECHS1 expression affects

global gene expression

RNA-seq analysis was performed using ECHS1 KO

cells and control 143BTK� cells (CON) to determine

the effects of ECHS1 loss on global gene expression.

Multidimensional scaling analysis was used to cluster

samples based on similarity, which showed that CON

and ECHS1 KO samples cluster into separate groups

(Fig. 1B). Analysis revealed 11 278 differentially

expressed genes (FDR < 0.05; False Discovery Rate,

false positive to total positive rate), 5359 of which are

upregulated in ECHS1 KO and 5919 which are down-

regulated compared to CON (Fig. 1C, full list in

Table S1). Shown in Fig. 1D are the top 50 differen-

tially regulated genes, including C15orf48, a mitochon-

drial gene involved in replacing NDUFA4 in complex

IV during inflammation to reduce ROS production

[26].

Several OXPHOS transcripts were downregulated in

ECHS1 KO cells, including subunits of complex II

(SDHA; �0.48 log2 fold change), complex III

(UQCRC2; �0.76 log2 fold change) and complex IV

(COX5B; �0.22 log2 fold change, COX7B; �0.27 log2

fold change, COX8A; �0.21 log2 fold change, COX10;

�0.66 log2 fold change, COX18; �0.43 log2 fold

change, COX20; �0.55 log2 fold change). Notably,

each of the six modules that assemble to form mature

holocomplex I had reduced expression of their sub-

units, or their associated assembly factors, in ECHS1

KO cells (Fig. 1E). These include: NDUFB6 (�0.36

log2 fold change), NDUFB10 (�0.53 log2 fold

change), NDUFB11 (�0.30 log2 fold change) and

TMEM70 (�0.33 log2 fold change) in the ND4 mod-

ule; NDUFC1 (�0.33 log2 fold change), ECSIT (�0.18

log2 fold change) and TMEM126B (�0.52 log2 fold

change) in the ND2 module; NDUFA5 (�0.34 log2

fold change), NDUFS3 (�0.49 log2 fold change),

NDUFS8 (�0.29 log2 fold change) and NDUFAF4

(�0.65 log2 fold change) in the Q/ND1 module;

NDUFV2 (�0.18 log2 fold change) in the N module and

NDUFAB1 (�0.68 log2 fold change)in the ND5 mod-

ule. TMEM70 (�0.33 log2 fold change), a protein

involved in CV biosynthesis and complex I assembly

[27], as well as TMEM186 (�0.51 log2 fold change), a

known chaperone involved in complex I assembly [28],

were also downregulated in ECHS1 KO cells (Fig. 1E).

Interestingly, other mitochondrial genes not involved

in OXPHOS or FAO were also impacted in ECHS1

KO cells (Table S1, Fig. 1C). VDAC1 (voltage depen-

dent anion channel 1), which has a role in calcium

transport and is the most abundant protein in the

mitochondrial outer membrane [29], was found to be

upregulated in ECHS1 KO cells (0.18 log2 fold

change). The mitochondrial matrix enzyme citrate syn-

thase (CS), which is involved in the TCA cycle [30],

also had reduced transcript levels in ECHS1 KO cells

(�0.23 log2 fold change). A full list of differentially

regulated genes is available in Table S1.

Functional enrichment shows altered gene sets

in ECHS1 KO cells

Mitch analysis [31] of Reactome gene sets was used to

examine expression changes at the pathway level. After

filtering, there were 1471 gene sets with 10 or more

detected gene members (out of a total of 2512 gene

sets), with 43 upregulated and 464 downregulated in

ECHS1 KO cells (Fig. 2A). The top 20 differentially

regulated gene sets as ranked by effect size included

upregulated pathways such as ‘Mucopolysacchari-

doses’ (NAGL4, ARSB, GALNS), ‘Hyaluronan uptake

and regulation’ (HEXA), Biotin transport and metabo-

lism (ACACA, ACACB, BTD), which is impacted in

Leigh syndrome [32], and ‘unwinding of DNA’, which

is comprised primarily of proteins involved in the

MCM-GINS complex (MCM2, MCM3, MCM4,

3The FEBS Journal (2022) � 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.
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GINS1, GINS2, GINS3; Fig. 2B). Downregulated

pathways in the top 20 gene sets include ‘Receptor-

mediated mitophagy’ (SRC, PGAM5, ATG5) with

‘Nucleotide biosynthesis’ (ATIC, GART, PPAT,

IMPDH2), ‘FOXO-mediated transcription of cell

death genes’ (NFYA, BCL2L11, CREBBP, FOXO3,

PINK1) and ‘Regulation of PTEN mRNA translation’

(PTEN, PTENP1, AGO2, VAPA) in the top 50 gene

sets.

Other significantly downregulated gene sets associ-

ated with mitochondrial processes include ‘mitochon-

drial biogenesis’ (�0.22 s.dist; PPARGC1B, CRTC3,

SOD2, TFB1M, IDH2), ‘mitochondrial iron sulfur

cluster biogenesis’ (�0.43 s.dist; HSCB, SLC25A37,

GLRX5, FDX1, NFS1), ‘pyruvate metabolism and

citric acid (TCA) cycle’ (�0.23 s.dist; SDHA, CS,

IDH2, ME2, SLC16A1), ‘mitochondrial protein

import’ (�0.20 s.dist; HSPD1, TIMM44, TOMM5,

BCS1L, SAMM50), and ‘respiratory electron trans-

port’ (�0.16 s.dist; TRAP1, UQCRC2, COQ10B,

UCRFS1, NDUFA6, COX20; Fig. 2C; with signifi-

cance determined by FDR < 0.05).

Mitch analysis also revealed a coordinated increased

in ‘reduction of cytosolic Ca2+’ (SLC8A3, ATP2A3,

CALM1), which could contribute to calcium dysregu-

lation in ECHS1 KO cells. Additionally, ‘diseases of

carbohydrate metabolism’ (GBE1, GAA, NAGLU,

ARSB, GALNS) was also increased in ECHS1 KO

cells (a full list of altered pathways is available in

Table S2).

Knockout of ECHS1 disrupts the expression of

proteins involved in key mitochondrial pathways

To determine the effects of ECHS1 expression loss at

the protein level, mitochondria from ECHS1 KO cells

and 143BTK� CON cells were isolated and prepared

for proteomic analysis via mass spectrometry. Approx-

imately 2500 proteins were detected (Fig. 3A, shown

in grey), with 274 of these having significantly altered

enrichment score
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Fig. 2. Downregulated mitochondrial metabolic pathways in ECHS1 KO cells. (A) Volcano plot of Reactome gene set enrichment. Out of

1472 gene sets analysed, 43 were upregulated and 464 were downregulated in ECHS1 KO cells. Red points indicate FDR < 0.05. (B) Mitch

pathway analysis indicating top 20 differentially expressed gene sets as ranked by effect size in ECHS1 KO cells. (C) Ridge plot of 10 key

gene sets that are differentially expressed in ECHS1 KO cells (FDR < 0.05).

Fig. 1. Knockout of ECHS1 impacts global gene expression. (A) Western blot analysis of ECHS1 KO cells confirming the absence of ECHS1

protein via both SDS/PAGE and BN-PAGE. Image shown is representative of three independent experiments. (B) Multidimensional scaling

analysis shows sample clustering based on sample type, either ECHS1 KO cells or control (CON) cells. (C) Volcano plot depicting gene

expression changes in ECHS1 KO cells. In total, 11 278 genes were differentially expressed, with 5359 upregulated and 5919 downregu-

lated. Red points indicate False discovery rate; false positive to total positive rate; FDR < 0.05. Top 30 genes with differential expression (as

determined by P value) labelled. (D) Heatmap of the 50 most significantly differentially expressed genes in ECHS1 KO cells. (E) Topographi-

cal heatmap showing RNA-Seq log2 fold-changes mapped onto the structure of complex I, and its assembly factors, from ESCH1 KO cells.

Complex I assembly factors are grouped according to their associated complex I assembly modules. Grey subunits had no significant differ-

ences in expression.

5The FEBS Journal (2022) � 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

H. Burgin et al. OXPHOS complex I is disrupted in ECHS1 deficiency

 17424658, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.16595 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [20/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



expression levels in ECHS1 KO mitochondria com-

pared to control 143BTK� mitochondria (142 proteins

upregulated and 132 downregulated; Table S3). Of

these, 21 of the upregulated and 41 of the downregu-

lated proteins have a known mitochondrial location

[33]. Notably, 22 differentially expressed proteins had

corresponding altered expression at the transcript level

(Fig. 3A, shown in red, and Fig. 3C,D).

We next performed enrichment analysis of Gene

Ontology proteomic data sets to detect pathway

defects at a functional level (Fig. 3B). Downregulated

Molecular Functions (MF) in ECHS1 KO

mitochondria include ‘catalytic activity’ (GATC,

COX5B, ETFA, PTK7), ‘small molecule binding’

(GATC, ALDH1B1, MMUT, PC), ‘oxidoreductase

activity’ (ALDH2, COX5B, IDH2, ACAD10) and

‘aldehyde dehydrogenase (NAD+) activity’ (ALDH2,

ALDH1B1, ALDH1L2). The top terms as ranked by

g:Profiler of downregulated Biological Processes (BP)

in ECHS1 KO mitochondria include ‘carboxylic acid

metabolic process’ (GATC, ECHS1, DGLUCY,

ALDH1L2) and ‘NADP Biosynthetic process’ (IDHP,

NAKD2), as well as multiple terms associated with

fatty acid metabolism including ‘fatty acid catabolic

Label Primary Accession Protein name Gene name
17 O43688-2 Phospholipid phosphatase 2 PLPP2
18 Q15382 GTP-binding protein Rheb RHEB
19 Q9BXX0 EMILIN-2 EMILIN2
20 Q12756 Kinesin-like protein KIF1A KIF1A
21 Q9NWW5 Ceroid-lipofuscinosis neuronal protein 6 CLN6

0
1

2
3

4
5

6
7

8
9

Loading...
17

6

14

12

ECHS1 
11

20

10

18

3

15

1

8

2

9

4
16

5

19

21

13

7

-10 -8 -6 -4 -2 0 2 4 6 8

Difference (ECHS1 KO vs CON)

- l
og

 p
 v

al
ue

(A) Differentially expressed proteins
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Oxoacid metabolic process
Carboxylic acid metabolic process
Metabolic process
Cellular metabolic process
Monocarboxylic acid metabolic process
Small molecule catabolic process
Fatty acid metabolic process
Carbon metabolism
organic acid catabolic process
Carboxylic acid catabolic process
Monocarboxylic acid catabolic process
Lipid catabolic process
Fatty acid catabolic process
Cellular lipid catabolic process
Valine, leucine and isoleucine degradation
Fatty acid beta-oxidation
Propanoate metabolism
Fatty acid metabolism
Tryptophan metabolism
Lysine degradation
Fatty acid degradation
Beta-Alanine metabolism

log 2 fold change

Factor: KLF3; motif: NNNNNNGGGCGGGGCNNGN
Factor: Sp1; motif: NGGGGCGGGGN

Factor: CPBP; motif: GNNRGGGHGGGGNNGGGRN

(B) Differentially expressed biological pathways

(C) (D)
Label Primary Accession Protein name Gene name
ECHS1 P30084 Enoyl-CoA hydratase ECHS1
1 Q53H82 Endoribonuclease LACTB2 LACTB2
2 Q8IVH4 Methylmalonic aciduria type A protein MMAA
3 Q3SY69 Mitochondrial 10-formyltetrahydrofolate dehydrogenase ALDH1L2
4 Q8NBS9 Thioredoxin domain-containing protein 5 TXNDC5
5 Q9BQ69 O-acetyl-ADP-ribose deacetylase MACROD1 MACROD1
6 O43824 Putative GTP-binding protein 6 GTPBP6
7 Q9Y2Z2-4 Protein MTO1 homolog MTO1
8 Q6ZNB6 NF-X1-type zinc finger protein NFXL1 NFXL1
9 Q8IVS2 Malonyl-CoA-acyl carrier protein transacylase MCAT
10 Q13308 Inactive tyrosine-protein kinase 7 PTK7
11 P48735 Isocitrate dehydrogenase [NADP] IDH2
12 P22033 Methylmalonyl-CoA mutase MMUT
13 Q9UBQ7 Glyoxylate reductase/hydroxypyruvate reductase GRHPR
14 P10606 Cytochrome c oxidase subunit 5B COX5B
15 Q4G0N4 NAD kinase 2 NADK2
16 Q96I99 Succinate--CoA ligase [GDP-forming]subunit beta SUCLG2

Fig. 3. Biological pathways impacted by the loss of ECHS1 protein. (A) Volcano plot of 274 differentially expressed proteins from isolated

ECHS1 KO mitochondria; 142 are upregulated and 132 are downregulated compared to control. ECHS1 is shown in red in the top left

quadrant. Permutation-based FDR set at < 1% and s0 = 1. ECHS1 was present in control (CON) cells but at negligible levels in ECHS1 KO

cells. Significantly altered proteins which also had significantly altered transcript levels are numbered in red. (B) Functional enrichment of

mitochondrial proteins using GO terms and KEGG pathways. Shown are top tier terms with Fisher’s exact test and Bonferroni post hoc test-

ing with P < 0.05. (C) Significantly decreased proteins in ECHS1 KO mitochondria that also had significantly reduced transcript levels

detected by RNA-seq (proteins 1–16 in Volcano plot, ranked by protein log2 fold change). (D) Significantly increased proteins in ECHS1 KO

mitochondria that also had increased transcript levels detected by RNA-seq (proteins 17–21 in Volcano plot, ranked by protein log2 fold

change).

6 The FEBS Journal (2022) � 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

OXPHOS complex I is disrupted in ECHS1 deficiency H. Burgin et al.

 17424658, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.16595 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [20/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



process’ (ACAD10, ECHS1, ETFA), ‘fatty acid beta-

oxidation’ (ETFA, ECHS1, ACAD10, MCAT) and

‘short-chain fatty acid metabolic process’ (MMUT,

MMAA, PCK2, OXSM; Fig. 3B and Table S4) as

might be expected with ECHS1 expression absent.

Interestingly, COX5B (#14, Fig. 3A), a subunit of

complex IV involved in the assembly of the MT-CO2

module, was downregulated in ECHS1 KO mitochon-

dria, corresponding with the RNA-seq data, where

COX5B transcripts were also downregulated (Fig. 3C).

Other genes that had corresponding decreased expres-

sion at both the protein level and transcript level

include: GTPBP6 (#6, Fig. 3A), which is required for

the assembly of mitochondrial ribosomes [34], MTO1

(#7, Fig. 3A), involved in wobble base pairing of mito-

chondrial tRNAs [35], IDH2 (#11, Fig. 3A) and

NADK2 (#15, Fig. 3A), both involved in NADPH

production [36,37], and LACTB2 (#1, Fig. 3A), which

is essential for normal mitochondrial function [38]

(Fig. 3C).

The only increased Gene Ontology terms for ECHS1

KO mitochondrial proteins were three transcription

factors with predicted binding site motifs (Fig. 3B).

Five of the upregulated proteins included in these

terms (PLPP2, KIF1A, RHEB, EMILIN2 and CLN6)

were also upregulated at the transcript level

(Table S1). Notably, these were the only five genes to

be upregulated at both the transcript and protein level

in ECHS1 KO cells (Fig. 3D), with none having a

known mitochondrial function. A full list of all differ-

entially regulated proteins is available in Table S3.

Loss of ECHS1 expression results in reduced

steady-state levels of OXPHOS proteins

As the transcriptomic and proteomic data revealed the

disruption of multiple mitochondrial pathways in

ECHS1 KO cells, particularly those associated with

OXPHOS, electron transfer and ATP generation, we

next investigated whether OXPHOS protein steady-

state levels were also affected. SDS/PAGE and western

blotting revealed reduced steady-state levels of the

OXPHOS complex I subunit NDUFB8 (49.8 � 8.1%,

P < 0.01) and the complex IV subunit MT-CO2

(64.0 � 9.8%, P < 0.05) in ECHS1 KO cells compared

to control (CON) cells (Fig. 4A).

Interestingly, increased VDAC1 steady-state levels

were observed in ECHS1 KO cells (221.7 � 44.9%,

(B)

(A)
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Fig. 4. ECHS1 KO cells have decreased OXPHOS protein steady-state levels. (A) Steady-state levels of NDUFB8 and MT-CO2 were

decreased in ECHS1 KO mitochondria, whereas levels of the voltage-dependent anion-selective channel protein 1 (VDAC1) were increased.

(B) Steady-state levels of complex I (CI), the complex III dimer (CIII2), complex IV (CIV), complex V (CV), the CIII2/CIV supercomplex and the

CI/CIII2/CIV supercomplex were all reduced in ECHS1 KO mitochondria compared to control (CON) mitochondria. Data shown as

mean � SD, n = 3. *P < 0.05, **P < 0.01 and ***P < 0.001 compared to control values (Student’s two-tailed t-test).
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P < 0.05), matching the increased VDAC1 transcript

expression detected by RNA-seq (0.18 log2 fold

change). OXPHOS complex III subunit UQCRC2 and

OXPHOS complex V subunit ATP5A levels were not

altered in ECHS1 KO cells (P = 0.140 and P = 0.485

respectively).

BN-PAGE and western blotting also revealed

decreased steady-state levels of mature OXPHOS com-

plex I (CI, 69.4 � 10.4%, P < 0.05), the complex III

dimer (CIII2, 41.8 � 20.1%, P < 0.05), complex IV

(CIV, 47.5 � 1.4%, P < 0.001) and complex V (CV,

62.4 � 1.4%, P < 0.01) in ECHS1 KO cells. In addi-

tion, the steady-state levels of the OXPHOS CI/CIII2/

CIV supercomplex (55.7 � 16.4%, P < 0.05) and the

CIII2/CIV supercomplex (22.2 � 8.7%, P < 0.01) were

reduced compared to control (CON) levels (Fig. 4B).

The levels of the TOM complex were unchanged

between CON and ECHS1 KO cells (P = 0.420).

Interestingly, steady-state levels of CII (P = 0.235),

and its subunit SDHA (P = 0.105), were not altered in

ECHS1 KO cells compared to control cells, even

though transcript levels of SDHA were significantly

reduced (�0.48 log2 fold change). In this case, SDHA

protein levels may be stabilised to maintain complex II

activity, acting as a compensatory mechanism in the

face of other OXPHOS defects, as observed in some

complex I deficiencies [39].

Loss of ECHS1 expression affects OXPHOS

complex I and IV activity

We next investigated if the altered OXPHOS complex

steady-state levels observed in ECHS1 KO cells also

impacts OXPHOS enzyme activity. When compared to

mitochondrial matrix enzyme, citrate synthase (CS),

complex I (42.6 � 39.9%, P < 0.05) and complex IV

(66.3 � 9.4%, P < 0.05) had reduced activity com-

pared to controls (Fig. 5A). Activity of complex II

(P = 0.241) and complex III (P = 0.195, measured

coupled to CII) were not significantly different com-

pared to controls. Interestingly, CS also had signifi-

cantly reduced activity in ECHS1 KO mitochondria

(31.1 � 4.6%, P < 0.0001), corresponding to the

reduced transcript levels identified by RNA-seq (�0.23

log2 fold change). Therefore, CS may not be an appro-

priate reference enzyme in this case, and as such we
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Fig. 5. Loss of ECHS1 expression reduces mitochondrial respiratory and enzymatic function. (A) ECHS1 KO mitochondria have reduced

levels of CI and CIV activity (normalised to citrate synthase, CS, activity), whereas CII and CII + CIII activity is unchanged compared to

control (CON). (B) ECHS1 KO mitochondria have reduced complex I, complex IV and citrate synthase activities (raw rates) compared to

control (CON) rates. (C) Basal and maximal respiration rates in ECHS1 KO cells were both significantly reduced when metabolising glucose.

(D) Basal and maximal respiration rates in ECHS1 KO cells were both significantly reduced when metabolising the fatty acid ester palmitoyl-

l-carnitine. (E) ECHS1 KO mitochondria have reduced state IV respiratory rates when metabolising glutamate and malate or pyruvate and

malate, but not succinate. (F) Average change in H2DCFDA fluorescence intensity in CON and ECHS1 KO cells under basal and inhibitory

conditions. Cellular H2O2 production was decreased after treatment with rotenone (Rot) or antimycin A (AntA) in CON cells. However, only

antimycin A treatment reduced H2O2 production in ECHS1 KO cells. Data shown as mean � SD, n = 3. *P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001 relative to control (CON), #P < 0.05 compared to ECHS1 KO (Student’s two-tailed t-test).
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also report the raw enzymatic rates. Here, complex I

(21.4 � 6.6%, P < 0.01) and complex IV (28.2 �
4.2%, P < 0.001) activity were both decreased com-

pared to controls, whereas complex II and complex

II + III activity remain unaffected (P = 0.135 and

P = 0.797 respectively) (Fig. 5B).

Loss of ECHS1 expression reduces mitochondrial

respiratory capacity

As both OXPHOS complex I and complex IV activi-

ties were reduced in ECHS1 KO mitochondria, we

next investigated whether these defects affect overall

mitochondrial respiratory capacity.

In the presence of glucose, intact ECHS1 KO cells

exhibited reduced basal respiration compared to con-

trol cells (69.2 � 4.4%, P < 0.05; Fig. 5C). Maximal

respiration in the presence of FCCP was also reduced

in ECHS1 KO cells compared to control cells

(57.5 � 1.8%, P < 0.05). Leak respiration (in the pres-

ence of oligomycin) was unaffected in ECHS1 KO

cells, with no difference in the cell respiratory control

ratio (P = 0.702; data not shown). However, spare res-

piratory capacity was significantly reduced in ECHS1

KO cells compared to the control (55.7 � 2.6%,

P < 0.001).

When metabolising palmitoyl-l-carnitine to drive

ATP production via fatty acid b-oxidation, ECHS1

KO cells exhibited reduced basal (26.8 � 12.3%,

P < 0.05) and maximal (42.8 � 16.5%, P < 0.05) res-

piration rates (Fig. 5D). This highlights the greater

defect in respiratory capacity when ECHS1 KO cells

are utilising fatty acids as an energy source, rather

than glucose.

The effects of ECHS1 loss on respiratory capacity

was also examined in isolated mitochondria using sub-

strates that specifically drive either complex I- or com-

plex II-linked respiration. In the presence of the

complex I-linked substrates glutamate and malate,

state IV respiration (ADP-limiting) in ECHS1 KO

mitochondria was 71.5 � 21.4% (P < 0.01) of control

mitochondria (Fig. 5E). State III respiration (stimu-

lated by the addition of ADP) was not significantly

different to control mitochondria (P = 0.326). Simi-

larly, when using pyruvate and malate as complex I-

linked substrates, state IV respiration was 76.9 �
4.4% (P < 0.05) of control mitochondria, while State

III respiration was unaffected (P = 0.380; Fig. 5E).

When using the complex II-linked substrate succinate,

there was no significant difference in either State IV

(P = 0.985) or State III respiration (P = 0.962)

between control and ECHS1 KO mitochondria

(Fig. 5E).

ECHS1 knockout cells are insensitive to rotenone

inhibition

As mitochondrial respiration is disrupted by the loss

of ECHS1 expression, we next investigated if this

defect in electron flux is associated with increased reac-

tive oxygen species (ROS) generation (Fig. 5F). Total

cellular hydrogen peroxide production rates in live

cells were assessed using the fluorescent probe

H2DCFDA, with no significant difference observed

between ECHS1 KO cells and CON cells (Fig. 5E,

‘cells only’, P = 0.989).

Cells were next supplemented with either rotenone,

an OXPHOS complex I inhibitor, or Antimycin A, an

OXPHOS complex III inhibitor. After supplementa-

tion with rotenone, control cells had reduced fluores-

cence compared to their untreated counterparts

(63.3 � 18.9% of ‘cells only’ values, P < 0.05). In con-

trast, rotenone treated ECHS1 KO cells did not exhi-

bit reduced fluorescence (P = 0.4073). After

supplementation with Antimycin A, both CON cells

(45.9 � 18.9% of CON ‘cells only’ values, P < 0.01)

and ECHS1 KO cells (45.4 � 14.3% of ECHS1 ‘cells

only’ values, P < 0.01) exhibited reduced fluorescence.

These findings suggest that ECHS1 KO cells have

reduced complex I sensitivity to rotenone, as the drug

did not reduce cellular H2O2 generation as in CON

cells.

Co-immunoprecipitation of ECHS1 identifies

putative interactions with OXPHOS complex I

structural subunits

To identify potential interacting protein partners of

ECHS1, we performed co-immunoprecipitation (Co-

IP) analysis of digitonin-solubilised mitochondria fol-

lowed by quantitative mass spectrometry. Co-IPs were

performed in triplicate using Protein A-Sepharose

bound anti-ECHS1 antibodies as bait (ECHS1-PAS),

or with PAS beads alone. In addition, we performed

Co-IPs using ECHS1-PAS with ECHS1 KO mitochon-

dria to identify proteins that bind non-specifically to

ECHS1 antibodies.

Following solubilisation of control mitochondria in

1% (w/v) digitonin, ECHS1 was captured by ECHS1-

PAS, however non-specific, high-molecular weight pro-

teins (detectable by ECHS1 antibodies on western

blot) were also captured (Fig. 6A, lane 1). Similar

non-specific, high-molecular weight proteins were also

captured by ECHS1-PAS from ECHS1 KO mitochon-

dria, although no ECHS1 was captured as would be

expected (Fig. 6A, lane 2). Anti-ECHS1 antibodies did

not detect any captured proteins from either control or

9The FEBS Journal (2022) � 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of
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Protein names Gene names Match RNA-seq data

NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 11 NDUFB11 �

NADH dehydrogenase [ubiquinone] flavoprotein 3 NDUFV3 �

60S ribosomal protein L12 RPL12 �

60S ribosomal protein L29 RPL29 ns
Very long-chain specific acyl-CoA dehydrogenase ACADVL ns

ATP synthase subunit delta ATP5D ns
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Fig. 6. Co-immunoprecipitation of ECHS1 identifies putative OXPHOS complex I binding partners, with loss of ECHS1 disrupting complex I

assembly. Co-immunoprecipitation with ECHS1 antibodies (ECHS1-PAS) or PAS alone, followed by western blotting and immunodetection

with anti-ECHS1 antibodies. (A) ECHS1-PAS pull-down captured ECHS1 (Lane 1) from control (CON) mitochondria, with non-specific proteins

also pulled down (lane 1). ECHS1 was not captured from ECHS1 KO mitochondria as expected, however non-specific proteins were pulled

down (lane 2). PAS alone did not capture any non-specific proteins detectable with anti-ECHS1 antibodies (Lanes 3 and 4) from either CON

or ECHS1 KO mitochondria. Image shown is representative of three independent experiments. (B) Six proteins specific for ECHS1 immuno-

capture identified by comparative analyses of co-immunoprecipitated proteins captured from CON mitochondria with those captured from

ECHS1 KO mitochondria. Of these, RNA-seq identified reduced transcript levels of NDUFB11, NDUFV3 and RPL12 (ns, not significant). (C)

Volcano plot of captured proteins by ECHS1 coimmunoprecipitation. Permutation-based FDR set at < 1% and s0 = 1. RPL12, RPL29,

NDUFB11, NDUFV3, ATP5D and ACADVL (shown in red) present in capture from CON mitochondria but not ECHS1 KO mitochondria

(n = 3, Student’s two-tailed t-test, P < 0.05). (D) BN-PAGE showing the assembly of NDUFA9 into mature complex I (CI) following solubilisa-

tion of 40 lg mitochondria per lane in 1% TX-100. (E) SDS/PAGE showing NDUFA9 following import into both CON and ECHS1 KO mito-

chondria. NDUFA9 is detectable in its precursor (p) form and as a proteinase K (PK+) resistant mature (m) form. (F) Quantitation of NDUFA9

assembly into mature complex I after 10, 30 and 60 min of import, normalised to maximum amount of NDUFA9 imported after 60 min in

CON. The amount of NDUFA9 assembled into complex I (CI) after 60 min in ECHS1 KO mitochondria was only 37.9 � 19.3% of CON

levels. Data shown are mean � SD with n = 3, **P < 0.01 relative to control (CON; Student’s two-tailed t-test). Images shown are repre-

sentative of three independent experiments.
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ECHS1 KO mitochondria following pull-down with

PAS alone (Fig. 6A, lanes 3 and 4).

Statistical analysis of proteins captured from control

mitochondria by ECHS1-PAS, compared to ECHS1

KO mitochondrial proteins captured by ECHS1, iden-

tified six putative ECHS1-interacting proteins: the

complex I subunits NDUFB11 and NDUFV3, the

complex V subunit ATP5F1D, the FAO protein

ACADVL and two ribosomal proteins RPL12 and

RPL29 (most likely cytoplasmic contaminants;

Fig. 6B,C). Notably, RNA-seq analysis detected

reduced transcript expression of NDUFB11 (�0.26

log2 fold change) and NDUFV3 (�0.30 log2 fold

change) in ECHS1 KO cells, suggesting the loss of

ECHS1 impacts the expression of these proteins due to

the loss of important protein–protein interactions

involved in their stability and/or assembly into holo-

complex I.

OXPHOS complex I assembly is disrupted in

ECHS1 KO cells

To confirm if the reduced complex I steady-state levels

observed in ECHS1 KO cells are due to defects in

complex I biogenesis, we performed radiolabelled

assembly assays using the complex I structural subunit

NDUFA9 (Fig. 6D).

The amount of radiolabelled NDUFA9 assembled

into mature complex I was not significantly different

between CON and ECHS1 KO cells after 10 or

30 min (P = 0.38 and P = 0.25 respectively, Fig. 6D).

However, after 60 min, the amount of NDUFA9

assembled into mature complex I in ECHS1 KO cells

was 37.9 � 19.4% (P < 0.01) of CON levels (Fig. 6D,

F).

The mature, proteinase K (PK) resistant form of

NDUFA9 (m) was detectable at similar levels in both

CON and ECHS1 KO mitochondria following 60 min

of import (Fig. 6E). This indicates that the decreased

amount of NDUFA9 assembled into complex I is due

to the disruption of complex I biogenesis, and not a

processing and/or import defect of NDUFA9 due to

the loss of ECHS1.

ECHS1D patients exhibit varied defects in

mitochondrial OXPHOS protein steady-state

levels

As we observed a significant reduction of mitochon-

drial OXPHOS complex steady-state levels in ECHS1

KO cells, we next examined if similar OXPHOS pro-

tein defects are present in fibroblasts from patients

diagnosed with ECHS1D.

ECHS1 was not detected in patients P1, P2, P4, P6,

P7, P8 and P9, however some protein was detectable at

significantly reduced levels in patients P3 (3.9 � 6.8%,

P < 0.05) and P5 (20.8 � 13.2%, P < 0.05; Fig. 7A).

When compared to two control human skin fibrob-

last lines from healthy subjects, it was found that the

complex I subunit, NDUFB8, was decreased in

patients P1, P2, P4, P6, P8 and P9 (reduced to

between 52% and 38% of CON values) Interestingly,

NDUFB8 was increased in P5 to 179.0 � 9.6% of

CON levels (P < 0.01). Patients P1, P2, P4, P7 and P8

had reduced steady-state levels of the complex III sub-

unit UQCRC2 (reduced to between 53% and 39% of

CON values). Decreased levels of the complex IV sub-

unit, MTCO2, was additionally found in P1, P2, P3,

P4 and P9 at approximately 40% of CON levels.

Reduced levels of the complex V subunit, ATP5A, was

detected in patients 8 and 9 only (approximately 50%

of CON values).

Interestingly, patients 1, 2 and 9 also exhibited

reduced levels of VDAC1 to approximately 50% of

control levels. However, this is the opposite finding to

ECHS1 KO cells, where the expression of VDAC1 was

increased (Fig. 4A).

Native OXPHOS holocomplexes also had altered

protein levels in ECHS1D patients (Fig. 7B), with the

complex III dimer (CIII2) commonly reduced to

approximately 30% in patient cells (P1, P2, P3, P4, P6

and P9). Reduced levels of steady-state complex IV

were detected in patients 6, 7 and 8 (approximately

50% of CON) and reduced levels of steady-state com-

plex V were detected in patients 3 and 4 (approxi-

mately 25% of CON). Native complex I was not

found to be reduced in ECHS1D patients, however

patients P3, P4 and P9 had decreased levels of the

OXPHOS supercomplex CI/CIII2/CIV (approx. 35%

of CON levels; Fig. 7B).

Discussion

Mitochondrial disease affects approximately one in

4800 live births and commonly impacts cardiac, skele-

tomuscular and central nervous systems [40]. These

disorders are commonly caused by defects in either

oxidative phosphorylation (OXPHOS), mitochondrial

fatty acid b-oxidation (FAO) or disorders of pyruvate

metabolism, in particular pyruvate dehydrogenase

complex (PDC) deficiencies [41]. However, some mito-

chondrial disease aetiologies exhibit a combination of

defects in both OXPHOS and FAO, including

LCHAD, MCAD and ACAD9 deficiencies [42-44].

LCHAD-deficient patients exhibit defects in OXPHOS

complex I activity, while MCAD-deficient patients

11The FEBS Journal (2022) � 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of
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Fig. 7. ECHS1-deficient patient fibroblasts have reduced steady-state levels of OXPHOS subunits and mature complexes. (A) ECHS1 was

detectable in patients P3 and P5, but not in any other patients. NDUFB8 was reduced in all patients, except P5, where NDUFB8 levels were

increased, and P7, where NDUFB8 levels were not reduced. UQCRC2 levels were decreased in all patients except P5 and P9. MTCO2

levels were decreased in all patients except P5. ATP5A was decreased in P8 and P9. VDAC1 levels were decreased in P1, P2 and P9. (B)

Steady-state levels of CIII2 were reduced in P2, P3, P4, P6 and P9 compared to control (CON) mitochondria. CIV levels were reduced in P6,

P7 and P8. CV levels were reduced in P3 and P4. CI/CIII2/CIV supercomplex levels were reduced in P3, P4 and P9. Images shown are repre-

sentative of three independent experiments. Values shown are mean � SD, n = 3. *P < 0.05, **P < 0.01 relative to control (CON; Stu-

dent’s two-tailed t-test).
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have presented with decreased levels of OXPHOS

complexes I, III, IV and the OXPHOS ‘supercomplex’

[45]. ACAD9 has been shown to be essential for com-

plex I biogenesis, with ACAD9 deficient patients

exhibiting reduced levels of complex I [43,46,47]. Tra-

ditionally, combined defects in FAO and OXPHOS

were thought to be due to the accumulation of inter-

mediate FAO products that would inhibit normal

OXPHOS function [1]. However, current research indi-

cates more complex mechanisms are involved [45].

Studies have revealed that patients with some primary

FAO deficiencies, including ECHS1D, also exhibit

associated OXPHOS defects in enzyme activity [3,20]

and/or reduced native OXPHOS complex steady-state

levels [22]. Patients with ECHS1D have also been

found to have defects in PDC [2,3,5,7,10,12,22]. These

findings suggest that a combination of both FAO and

OXPHOS defects may contribute to ECHS1D patho-

genesis.

In this study, we generated an ECHS1 ‘knockout’

using CRISPR/Cas9 gene editing to examine the

molecular defects associated with ECHS1D. In partic-

ular, we investigated if loss of ECHS1 not only dis-

rupts mitochondrial FAO but whether secondary

defects in OXPHOS are also induced.

Transcriptomics revealed that loss of ECHS1 causes

the differential expression of multiple genes and sig-

nalling pathways. ECHS1 has been shown to be over-

expressed in different human cancers, with the knock-

down of ECHS1 reducing cell proliferation via the

downregulation of Akt signalling [48-50]. Here, we

found that knock-out of ECHS1 in 143B osteosarcoma

cells also reduced cell proliferation by 25% (P < 0.05)

(data not shown). While we only observed reduced

transcripts of the Akt family members AKT1S1 and

AKT2, our ontology analyses identified a significant

reduction of the ‘PIP3 activates AKT signalling’ path-

way, corresponding to previous findings where knock-

down of ECHS1 expression disrupts Akt signalling.

Transcriptomics also revealed the downregulation of

several mitochondrial pathways, including key

OXPHOS protein subunit genes. Pyruvate metabolism,

fatty acid metabolism, and the tricarboxylic acid cycle

were downregulated in ECHS1 KO cells, highlighting

the widespread impact of the loss of ECHS1 protein.

Key genes involved in OXPHOS complex I and com-

plex IV assembly were also found to be downregulated

in ECHS1 KO cells. The complex IV subunit COX5B

exhibited decreased expression both at the transcript

level and at the protein level (as shown by mass spec-

trometry). COX5B is essential for the formation of the

MT-CO2 module of complex IV [51]. Additionally, the

MT-CO2 module of complex IV requires COX18 for

membrane translocation [52] and COX20 for stabilisa-

tion [53]. Both COX18 and COX20 transcripts were

downregulated in ECHS1 KO cells. These findings

suggest a possible defect in complex IV assembly,

which is also supported by the reduced complex IV

activity and steady-state levels identified in ECHS1

KO cells.

Transcriptomics also revealed that the assembly of

complex I may be compromised, with several subunits

and assembly factors downregulated in ECHS1 KO

cells (Fig. 1E). NDUFB10 and NDUFB11, both com-

ponents of the ND4-module of complex I [51], were

downregulated. Furthermore, the assembly factor

TMEM70, which is involved in the assembly of the

ND4-module with the ND2-module, was also down-

regulated [27]. The ND2-module also had decreased

expression of its subunit NDUFC1 and associated

assembly factors ESCIT, SFXN4, TMEM186 and

TMEM126B, but interestingly had increased levels of

the assembly factors COA1 and ACAD9 [28,43]. The

ND5-module had decreased expression of NDUFAB1

and NDUFB9 and the assembly factor DMAC1 [54],

but increased expression of NDUFB2 and NDUFB8.

The N-module had decreased NDUFV2, NDUFV3,

NDUFS6 and NDUFA6 expression, while the Q-

module has decreased expression of its associated

assembly factor NDUFAF4 [55]. The ND1-module

has decreased expression of its subunits NDUFS8 and

NDUFS3, and the assembly factor C9orf72 [56]. Each

of these six subassemblies of complex I had some sub-

units and/or assembly factors downregulated, which

would contribute to the decreased functionality and

steady-state levels of complex I observed in ECHS1

KO cells.

The decreased levels of complex I transcripts, in

conjunction with the reduced steady-state levels of

complexes I, IV and complex III2, may also disrupt

the stability of the OXPHOS ‘supercomplex’ (CI/

CIII2/CIV). Indeed, this was the case in ECHS1 KO

cells, with decreased steady-state levels of the

OXPHOS ‘supercomplex’ CI/CIII2/CIV detected.

Proteomics data confirmed several of the downregu-

lated pathways from the transcriptome analyses, includ-

ing fatty acid degradation and metabolism, fatty acid

beta-oxidation, oxoacid metabolic processes and oxi-

doreductase activity. These pathways show defects in

the FAO proteins ACAD10, ETFA, MCAT and

ECHS1, as well as the OXPHOS protein COX5B. Pro-

teomics also revealed increased biotin transport and

metabolism, which is impacted in Leigh Syndrome [32].

Co-immunoprecipitation analyses of ECHS1

revealed putative interactions with the complex I sub-

units NDUFB11 and NDUFV3, both of which had

13The FEBS Journal (2022) � 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

H. Burgin et al. OXPHOS complex I is disrupted in ECHS1 deficiency

 17424658, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.16595 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [20/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



decreased transcript expression in ECHS1 KO cells.

The loss of ECHS1 protein would result in the loss of

these interactions, which may reduce the stability of

NDUFB11 and NDUFV3. This in turn appears to dis-

rupt the assembly of complex I, resulting in the

reduced steady-state complex I levels observed in

ECHS1 KO cells.

Mutations in NDUFV3 have not been associated

with human disease [57], with the knockout of

NDUFV3 not affecting complex I activity [58]. How-

ever, knockout of NDUFV3 does alter the migration

of complex I on native-PAGE, suggesting that its loss

does indeed disrupt complex I stability to some degree

[58]. Conversely, NDUFB11 mutations have been asso-

ciated with complex I deficiency [59], with loss of

NDUFB11 severely disrupting complex I assembly

[60]. Taken together, these findings highlight the

requirement of these two subunits for the formation of

mature complex I, and that loss of ECHS1 may dis-

rupt the ability of NDUFV3 and NDUFB11 to assem-

ble correctly into holocomplex I.

Previous literature has described patients with

ECHS1D who also exhibit OXPHOS defects, such as

reduced enzyme activity or reduced complex IV

steady-state levels [22]. Similarly, we observed reduced

activity of complex I and complex IV in ECHS1 KO

cells. These deficiencies contributed to mitochondrial

respiratory dysfunction under standard metabolic con-

ditions (with glucose as the substrate), with both basal

and maximal respiration decreased. In addition, a

much larger defect was observed when these cells

switched to metabolism via FAO (with palmitoyl-l-

carnitine as the substrate), in part likely due to the pri-

mary ECHS1 defect.

State IV respiration rates in isolated mitochondria

were also reduced in the presence of complex I-linked

substrates, but not in the presence of complex II-

linked substrates. This suggests that the respiratory

defect in ECHS1 KO cells is associated primarily with

complex I dysfunction. This finding is consistent with

the reduced complex I transcript and protein levels, as

well as the complex I enzyme defect that we identified

in these cells. Together, these results highlight that the

loss of ECHS1 expression decreases the steady-state

levels of the mature OXPHOS complexes and their

activity, in particular complexes I and IV, resulting in

decreased respiratory capacity.

Nine patients diagnosed with ECHS1D were also

examined to determine how pathogenic ECHS1 muta-

tions affect OXPHOS protein levels, in comparison to

the total loss of ECHS1 in KO cells. These patients

were found to have varied reductions in OXPHOS

complex steady-state levels, with six of the nine

patients exhibiting reduced complex III2. Notably

some, but not all, of these patients had decreased

levels of the complex III subunit UQCRC2, suggesting

that there may be other factors, such as disruption of

complex III biogenesis, playing a role in the loss of

holocomplex III. Eight ECHS1D patients had reduced

levels of the complex IV subunit MT-CO2, with three

of the patients having reduced levels of mature com-

plex IV. This is possibly due to disrupted assembly of

the MT-CO2 module into complex IV, as suggested by

the ECHS1 KO transcriptomic and proteomic data.

Interestingly, while two patients had decreased com-

plex V levels, they did not have decreased ATP5A sub-

unit levels, and vice versa (two patients who had

decreased ATP5A subunit levels did not have

decreased complex V levels). Only one patient, patient

5, exhibited an increase in OXPHOS protein subunit

levels, with elevated levels of the complex I subunit

NDUFB8 compared to controls (however this did not

lead to an increase in mature complex I in this

patient).

Of note, ECHS1 KO cells showed increased levels of

VDAC1 expression at both the transcript and protein

level. While patient samples did not have increased

levels of VDAC1, this may be an important protein

for future investigation. VDAC1 is known to have

roles in regulating Ca2+ homeostasis, oxidative stress

handling and mitochondrial-mediated apoptosis [61].

Furthermore, the Surf1 knockout mouse model of

Leigh Syndrome also exhibits elevated levels of

VDAC1 in both heart and skeletal muscle [62]. This

suggests that the upregulation of VDAC1 plays a role

in the pathogenesis of severe OXPHOS disease, or

instead plays a compensatory role to counteract the

OXPHOS deficiency present.

Heightened levels of VDAC1 have also been sug-

gested to contribute to the pathology of neurodegener-

ative disorders, such as Alzheimer’s disease [63]. It has

also been found that the overexpression of VDAC1 in

mice has led to increased Ab deposits, the hallmark of

Alzheimer’s Disease [64]. As such, elevated expression

of VDAC1 may also play a role in the neuropathologi-

cal symptoms of ECHS1D, where encephalopathic

white matter changes are a common feature [1].

We also examined whether the loss of ECHS1

expression increases oxidative stress under both basal

and OXPHOS inhibitory conditions. ECHS1 KO cells

generated the same amount of total cellular hydroxyl,

peroxyl and other ROS under basal conditions as

CON cells. However, once inhibited with rotenone,

ROS generation was reduced in CON cells but not

ECHS1 KO cells. In contrast, both ECHS1 KO and

control cells had lower total ROS species when
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inhibited with Antimycin A. ECHS1 KO’s insensitivity

to rotenone may be due to defects in the assembly of

the ND4 module of complex I (due to decreased

NDUFB11, a possible binding partner of ECHS1),

known to be a possible site for rotenone interaction

[65]. This provides further evidence that loss of

ECHS1 disrupts the structure and/or assembly of com-

plex I, which in turn affects its function.

Conclusion

Diseases associated with OXPHOS complex I typically

present with multisystemic symptoms such as growth

defects, developmental delay, dystonia, lactic acidosis,

hypotonia and neurological defects, including Leigh

Syndrome. ECHS1D was first characterised in 2014,

and is now considered a specific subset of Leigh Syn-

drome [2,3], a disease most commonly caused by com-

plex I disruptions [4]. Here, we confirm that defects in

complex I also contribute in some part to the molecu-

lar pathogenesis of ECHS1D.

It appears that loss of ECHS1 results in decreased

assembly, stability, and/or function of complex I, pos-

sibly through interactions with NDUFV3 and

NDUFB11. The reduction of complex I steady-state

levels correspond with the reduction of complex I

activity, with complex IV activity also reduced. These

findings have been previously characterised in patients

with ECHS1D. ECHS1 KO cells also have reduced

basal and maximal respiratory capacity and were

found to be less sensitive to complex I inhibition with

rotenone. Our findings highlight a role for ECHS1 in

OXPHOS complex biogenesis, and while it remains to

be determined exactly how ECHS1 interacts with com-

plex I and possibly other OXPHOS complexes (includ-

ing the OXPHOS ‘supercomplex’), it is clear that loss

of ECHS1 has a detrimental impact on OXPHOS

function. These findings have implications for our

understanding of ECHS1 deficiency and how

OXPHOS dysfunction contributes to disease pathogen-

esis.

Materials and methods

Patient details

Patients were diagnosed with ECHS1D following clinical

examination and genotyping (Table S5). All experiments

using patient fibroblasts were performed in accordance with

relevant guidelines and regulations, with human ethics

approved by the Chiba Children’s Hospital Ethics Commit-

tee (20150701), the Saitama Medical University Ethics

Committee (482) and Deakin University Human Research

Ethics Committee (2018-358). Informed consent was

obtained in writing from all participants and/or their legal

guardians.

Cell lines and culture conditions

Cells were cultured in supplemented Dulbecco’s Modified

Eagle Medium (DMEM) media containing 10% (v/v) fetal

bovine serum (FBS), 50 units�mL�1 penicillin and

50 lg�mL�1 streptomycin at 37 °C/5% CO2.

Mitochondrial isolation

Cell pellets were resuspended in 20 mM HEPES pH 7.6,

220 mM mannitol, 70 mM sucrose, 1 mM EDTA, 0.5 mM

phenylmethylsulfonyl fluoride (PMSF), 2 mg�mL�1 fatty

acid-free BSA, and incubated on ice for 15 min. Cells were

then homogenised with 30 strokes of a drill fitted Teflon pes-

tle, then centrifuged for 10 min at 800 g at 4 °C to pellet cel-

lular debris. The supernatant was removed and centrifuged at

10 000 g for 20 min at 4 °C.Mitochondrial pellets were when

washed in 20 mM HEPES pH 7.6, 220 mM mannitol, 70 mM

sucrose, 1 mM EDTA, and resuspended for downstream anal-

ysis. Mitochondrial protein was quantified by measuring the

absorbance at 280 and 310 nm according to [66].

Denaturing gel electrophoresis

Proteins were separated using denaturing gel electrophore-

sis as previously described [67]. In brief, 40 lg of total cell

protein (or isolated mitochondria) was separated on a 10–
16% (w/v) Tris-tricine continuous gradient gel at 100 V/

25 mA for approximately 14 h.

Native gel electrophoresis

Blue-native polyacrylamide gel electrophoresis (BN-PAGE)

was performed as previously described [67]. In brief, 40 lg of

total cell protein or isolated mitochondria was solubilised for

30 min on ice in 50 lL of 20 mM Bis-Tris (pH 7.4), 50 mM

NaCl, and 10% (v/v) glycerol containing either 1% (v/v)

Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) or 1%

(w/v) digitonin (Merck, Branchburg, NJ, USA). Samples were

spun at 18 000 g for 5 min, 4 °C to pellet insoluble material,

and the supernatant was combined with 5 lL of 109 BN-

PAGE loading dye (5% (w/v) Coomassie Blue G, 500 mM

Ɛ-amino-n-caproic acid). Samples were resolved on a 4–13%
(w/v) BN-PAGE gel at 100 V/7 mA for 14–16 h at 4 °C.

Western blotting

Semi-dry Western transfer and immune detection was per-

formed as previously described [68]. Proteins were trans-

ferred to a PVDF membrane using a semi-dry transfer
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method, blocked in 10% (w/v) skim milk in 19PBS/0.05%

(v/v) Tween 20, then probed overnight with primary antibod-

ies at 4 °C. Membranes were then incubated with appropriate

HRP-coupled secondary antibody, and proteins visualised

using ECL (GE Healthcare, Cincinnati, OH, USA). Proteins

were visualised with a Chemidoc XRS imaging system (Bio-

rad, Hercules, CA, USA). Primary antibodies used were

against mitochondrial oxidative phosphorylation (OXPHOS)

proteins NDUFB8, SDHB, UQCRC2, MTCO2 and ATP5A

(OXPHOS ‘cocktail’, Abcam, Cambridge, UK, ab110411),

VDAC1 (Abcam, ab14734) and ECHS1 (GeneTex,

GTX114375). For Native PAGE, the following antibodies

were used: SDHA (Abcam, ab14715), ATP5A (Abcam,

ab14748), UQCRC1 (Abcam, ab110252), MT-COI (Abcam,

ab14705), NDUFA9 (raised in rabbits, as previously

described [69]), TOMM40 (Santa Cruz Biotechnology, Dal-

las, TX, USA, SC-11414) and ECHS1 (GeneTex, Irvine, CA,

USA, GTX114375). Protein band intensities were calculated

using IMAGEJ software (National Institutes of Health, Bowie,

MD, USA) from three independent, non-saturated images.

Protein complex levels were standardised to SDHA for SDS/

PAGE analysis and to mature holocomplex II for BN-PAGE

analysis. Significant differences were determined using Stu-

dent’s two-tailed t-tests, with patient data being compared to

the average of two controls.

Generation of ECHS1 knockout cells by CRISPR/

Cas9 gene editing

ECHS1-deficient 143BTK� osteosarcoma cells were gener-

ated by transformation with recombinant lentiCRISPR v2

vector containing the sgRNA ECHS1 target 5’-TGC AAA

GGC CTT ATC CCC GC-30 [70,71]. HEK293T cells were

transfected with recombinant lentiCRISPR v2-ECHS1,

pSPAX2 (Addgene, Watertown, MA, USA, 12259) and VSV-

G (Addgene 8454) to generate infectious viral particles, which

were subsequently combined with 5 lL�mL�1 polybrene

(Sigma-Aldrich) to infect 143BTK� cells. Transduced cells

were selected with 1 lg�mL�1 puromycin and single cell

clones generated by limiting dilution. Untransformed paren-

tal 143BTK� osteosarcoma cells were used as controls.

Disruption of the ECHS1 gene was confirmed by PCR

amplification of the target region (using primers forward 50-
GGT CAC ACT GTA TCC ACC G-30 and reverse 5’-CCT

TGA CAC ACA CAA AGC C-30) and subsequent ligation of

the PCR products into the pGEM-T Easy vector. Trans-

formed bacterial colonies were picked and plasmid clones

sequenced to confirm editing of both ECHS1 alleles.

Measurement of mitochondrial oxygen

consumption rates

High-resolution respirometry was performed with an

Oxygraph-2 K oxygen electrode (Oroboros, Innsbruck,

Austria). Basal respiration in intact cells was measured in

supplemented DMEM (as described above), with non-

phosphorylating respiration (proton leak) measured in the

presence of 5 mg�mL�1 oligomycin and maximal respira-

tion determined by the sequential addition of 1 lM aliquots

of carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone

(FCCP). Non-mitochondrial respiration was measured in

the presence of 2 lM antimycin A. Spare respiratory capac-

ity (maximal rate – basal rate) and cell respiratory control

ratios (maximal/proton leak) were calculated according to

[72] using DATLAB software (version 4.51, Oroboros Instru-

ments) and expressed as pmol O2�s�1�mg�1 of whole cell

protein. Significant differences were determined using Stu-

dent’s two-tailed t-tests.

High-resolution respirometry was performed in isolated

mitochondria with an Oxygraph-2 K oxygen electrode in

respiration buffer (255 mM Mannitol, 75 mM Sucrose,

10 mM KCl, 10 mM Tris HCl pH 7.2, 5 mM KH2PO4 pH

7.2) with the addition of either 5 mM glutamate plus 5 mM

malate, 5 mM pyruvate plus 5 mM malate, or 5 mM succi-

nate, and State IV respiration recorded. State III respira-

tion was recorded after the addition of 1 mM ADP.

Assessment of reactive oxygen species (ROS)

production

2 9 104 cells/well were plated into a black-walled, clear-

bottom 96 well plate (Nunc). Cells were incubated with

either 5 lM of 2,7-dichlorodihydruofluroescein diacetate

(H2DCFDA) or 5 lM MitoSOXTM Red (Thermo Fisher Sci-

entific, Waltham, MA, USA, M36008) in Hanks Balanced

Salt Solution (HBSS) for 30 min at 37 °C. Cells were then

incubated with or without 2 lM Rotenone (Sigma) or 4 lM
antimycin A (Sigma) and scanned using a Varioskan LUX

microplate reader (Thermo Fisher Scientific VL0LATD0) at

37 °C. Fluorescence was measured every 5 min using excita-

tion/emission wavelengths of 485/520 nm for H2DCFDA

and 510/600 nm for MitoSOXTM. Significant differences

were determined using Student’s two-tailed t-tests.

Assessment of OXPHOS complex activity

Spectrophotometric assessment of mitochondrial OXPHOS

complex activity was performed with a Cary-Win UV 4000

(Agilent, Santa Clara, CA, USA). Mitochondrial samples

were measured with specific substrates to assess individual

complex activity as previously described [73]. In brief, iso-

lated mitochondria were incubated at 30 °C in reaction

buffer [73], substrates added and change in absorbance

monitored over time to calculate enzyme activity in

nmol�min�1�mg�1 protein [73]. Significant differences were

determined using Student’s two-tailed t-tests.

Co-immunoprecipitation

Fifty microgram of ECHS1 antibody (Rabbit polyclonal,

GeneTex GTX114375) was bound to Protein A Sepharose
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(PAS, Sigma) beads in Borate Buffer (22 mM Borate,

200 mM NaCl, pH 9.0) overnight at 4 °C. ECHS1-PAS was

coupled with 19.2 mM dimethylpimelimidate for 30 min at

room temp, then incubated in 0.2 M ethanolamine for 2 h

at room temp. Coupled ECHS1-PAS was washed twice in

0.1 M Glycine pH 2.5 and then twice in PBS before use.

Isolated mitochondria were prepared from mouse heart

and ECHS1 KO cells as described above (with the excep-

tion of the removal of BSA), then solubilised in 1% Digi-

tonin, 100 mM NaCl, 20 mM Tris–HCl pH 7.4 on ice for

30 min. Solubilised mitochondria were pelleted at 21 000 g

for 5 min at 4 °C, then combined with ECHS1-PAS or

PAS alone. Samples were mixed overnight at 4 °C, then

washed in 0.2% Digitonin, 100 mM NaCl, 20 mM Tris–HCl

pH 7.4, followed by washing in 0.1% Digitonin, 10 mM

NaCl, 2 mM Tris–HCl pH 7.4. Bound protein was eluted

by addition of 0.1 M Glycine, pH 2.5 and precipitated in

trichloroacetic acid (12% v/v final concentration) and

1.25% Deoxycholic acid for 30 min on ice. Samples were

then pelleted at 18 000 g, 30 min, 4 °C. Ice cold acetone

was added, and samples again pelleted.

Mass spectrometry

Samples were prepared using the S-trap method [74]. Six

hundred microgram mitochondrial protein isolates were

solubilised in 5% SDS in 50 mM Triethylammonium bicar-

bonate (TEAB) before sonication for 5 min followed by

centrifugation at 13 000 g for 8 min. Tris(2-carboxyethyl)

phosphine (TCEP) was added to a final concentration of

10 mM, incubated at 55 °C for 10 min before addition of

iodoacetamide to 50 mM and 30 min incubation at room

temperature. Phosphoric acid was added to reach final con-

centration at 2.5%. Then binding/wash buffer (50 mM

TEAB in 90% methanol) was added to the sample before

loading to an S-trap column (ProtiFi, Huntington, NY,

USA). S-trap columns were washed four times with bind-

ing/wash buffer. Trypsin was added at a 1 : 10 (w/w) ratio

before overnight incubation at 37 °C. Peptides were

sequentially eluted by centrifugation at 4000 g in 50 mM

TEAB, 0.2% formic acid and then 50% acetonitrile. Sam-

ples were freeze-dried before being resuspended in loading

buffer (2% acetonitrile (ACN), 0.05% trifluoracetic acid

(TFA)).

Peptide samples were analysed by LC–MS/MS using an

Orbitrap mass spectrometer coupled online to an Ultimate

3000 UHPLC (Thermo Fisher Scientific). Samples were

loaded onto a PepMap C18 trap column (75 lm 9 2 cm,

Thermo Fisher Scientific) at 50 °C using an isocratic flow

of 2% ACN/0.05% TFA at 5 lL�min�1 for 6 min, eluted

and separated on a PepMap C18 analytical column

(75 lm 9 50 cm, Thermo Fisher Scientific) at 50 °C using

a flow rate of 300 nL�min�1. The eluents used for the LC

were water with 0.1% formic acid (FA) and 5% dimethyl

sulfoxide (DMSO) for solvent A and ACN with 0.1% FA

and 5% DMSO for solvent B. The gradient was delivered

at a flow rate 300 nL�min�1.

For mitochondria-enriched samples, solvent B was

increased from 2% to 23% in 89 min, 23% to 40% in

10 min, 40% to 80% in 5 min, maintained at 80% for

5 min before dropping to 2% in 0.1 min and equilibration

at 2% solvent B for 9.9 min. Q Exactive Plus Orbitrap

mass spectrometer (Thermo Fisher Scientific) was used for

mass spectrometry experiments. The spray voltage, temper-

ature of ion transfer tube and S-lens were set at 1.9 kV,

250 °C and 70% respectively. The full MS scans were

acquired at m/z 375–1400, a resolving power of 70 000, an

AGC target value of 3 9 106 and a maximum injection

time of 50 ms. The top 15 most abundant ions in each full

scan MS spectrum were subjected to higher-energy colli-

sional dissociation (HCD) at a resolving power of 17 500,

AGC target value of 5 9 104, maximum injection time of

50 ms, isolation window of m/z 1.2 and normalised colli-

sion energy (NCE) of 30%. Dynamic exclusion of 30 s was

enabled.

For co-immunoprecipitation samples, solvent B was

increased from 2% to 23% in 29 min, 23% to 40% in

5 min, 40% to 80% in 5 min, maintained at 80% for

5 min before dropping to 2% in 0.1 min and equilibration

at 2% solvent B for 9.9 min. Exploris 480 Orbitrap mass

spectrometer (Thermo Fisher Scientific) was used for mass

spectrometry experiments. The spray voltage, temperature

of ion transfer tube and RF lens were set at 1.9 kV, 275 °C
and 40%, respectively. The top speed data dependent

acquisition was employed with a cycle time of 3 s. The full

MS scans were acquired at m/z 300–1600, a resolving

power of 120 000, an AGC target value of 3.0 9 106 and a

maximum injection time of 25 ms. The MS/MS experi-

ments were performed using HCD at 30% NCE, a resolv-

ing power of 15 000, AGC target value of 7.5 9 104,

maximum injection time of 23 ms and isolation window of

m/z 1.2. Dynamic exclusion of 20 s was enabled.

All generated files were analysed with MAXQUANT (version

2.0.1.0) for label free quantification (LFQ). Database

searching was performed with the following parameters:

cysteine carbamidomethylation as a fixed modification and

methionine oxidation and protein N-terminal acetylation as

variable modifications; trypsin as enzyme and up to 2

missed cleavages allowed; 1% false discovery rate (FDR)

for protein and peptide identification; human or mouse

sequence database from UniProt; match-between-run and

LFQ enabled; all other settings were default values in MAX-

QUANT. The search output was further processed using PER-

SEUS (Version 1.6.15.0) for data visualisation and statistical

tests. Functional gene enrichment analysis of significantly

changed proteins was performed against human or mouse

gene database using g:Profiler [75] to study Gene Ontology

(e.g. molecular function, cellular component and biological

process) and biological pathways (e.g. KEGG, Reactome

and WikiPathways). The significance threshold corrected
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for multiple testing was calculated by the built-in g:SCS

algorithm. The criteria for statistical significance are

permutation-based FDR < 1% and s0 value in volcano

plot at 1 for whole cell data and Student’s two-tailed t-test

P < 0.05 and log2 transformed fold change ≥ 1 or ≤ �1 for

co-immunoprecipitation data. The list of significantly

detected proteins was determined by comparison of

ECHS1-PAS captured control mitochondrial proteins with

ECHS1-PAS captured ECHS1 KO mitochondrial proteins.

RNA sequencing and differential expression

analysis

Total RNA was extracted using the RNeasy Plus Kit with

on-column DNA elimination (Qiagen, Hilden, Germany)

according to manufacturer’s instructions. Transcriptome-

wide mRNA sequencing was performed by the Australian

Genome Research Facility (Melbourne, Australia) from

four independent experiments (n = 4). RNA purity and

integrity were confirmed by BioAnalyser (Agilent).

Libraries were prepared using the Ribo-zero Gold protocol

(Illumina) and assessed by Bioanalyser DNA 1000 chip

(Agilent). Libraries were pooled and clustered through the

Illumina cBot system using TruSeq PE Cluster Kit v3, fol-

lowed by sequencing on the Illumina HiSeq 2500 system

with TruSeq SBS Kit v3 reagents. 100 bp single-end reads

were produced with a depth of at least 30 million reads per

sample. The primary sequence data was generated using the

Illumina bcl2fastq 2.18.0.12 pipeline, with per base

sequence quality for all samples > 94% bases above Q30.

Skewer (v0.2.2 [76]) was used to trim low quality bases

from the 30 end of reads. Trimmed reads were then mapped

to the Gencode (v37) human transcriptome using Kallisto

[77]. Data were read into R, followed by aggregation of

transcript level counts to gene level count data for down-

stream analysis.

Clustering between the samples was inspected using multi-

dimensional scaling analysis in R. DESeq2 [78] version 1.32.0

was used to perform differential gene expression analysis

between control 143BTK� cells and 143BTK� ECHS1

‘knockout’ cells. DESeq2 data underwent gene set analysis

with mitch v1.4.0 with the default parameters [31]. Gene sets

used in the analysis were downloaded from Reactome (ac-

cessed 10 December 2021) [79]. DESeq2 and mitch results

with FDR <0.05 were considered statistically significant.

Topographical mapping of RNA-Seq log2 fold-changes to

complex I (PDB: 5LDW) and complex I assembly factors

(ALPHAFOLD 2.0: ACAD9 (AF-Q9H845), COA1 (AF-

Q9GZY4), ECSIT (AF-Q9BQ95), SFXN4 (AF-Q6P4A7),

TMEM186 (AF-Q96B77), TMEM126B (AF-Q8IUX1), NDU-

FAF8 (AF-A1L188), NDUFAF3 (AF-Q9BU61), NDUFAF4

(AF-Q9P032), TIMMDC1 (AF-Q9NPL8), C9orf72 (AF-

Q96LT7), DMAC1 (AF Q96GE9) [80,81]) was conducted with

python scripts generously provided by Dr David Stroud

(Bio21) and as previously described [54].

In vitro mitochondrial import assays

CDNA encoding NDUFA9 was cloned into the pGEM4Z

vector (Promega, Madison, WI, USA) and protein trans-

lated using the TnT Coupled Reticulocyte Lysate System

(Promega) in the presence of [35S]-methionine/cysteine.

Translation products were incubated with freshly isolated

mitochondria in 250 mM sucrose, 80 mM potassium acetate,

5 mM magnesium acetate, 10 mM sodium succinate, 1 mM

dithiothreitol, 5 mM ATP and 20 mM HEPES pH 7.4 at

37 °C for the times indicated. Dissipation of the mitochon-

drial membrane potential (Dwm) was performed in the pres-

ence of 10 mM FCCP (with no ATP or sodium succinate).

Samples subjected to protease treatment were incubated on

ice for 10 min with 100 lg�mL�1 proteinase K (Sigma)

before treatment with 1 mM PMSF for 10 min. Forty

microgram of each sample resolved on either SDS/PAGE

or BN–PAGE as described, with proteins transferred to

PVDF membranes before exposure to storage phosphor

screens (GE Healthcare) and detection using a Typhoon

Laser Scanner (GE Healthcare). Protein band intensities

were calculated using IMAGEJ (NIH) software from at least

three independent experiments, normalised to the maximum

amount of imported NDUFA9 after 60 min in controls,

and converted to % of control levels at 60 min.
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