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A B S T R A C T

The mitochondrial enzyme ETHE1 is a persulfide dioxygenase essential for cellular sulfide detoxification, and its
deficiency causes the severe and complex inherited metabolic disorder ethylmalonic encephalopathy (EE). In
spite of well-described clinical symptoms of the disease, detailed cellular and molecular characterization is still
ambiguous. Cellular redox regulation has been described to be influenced in ETHE1 deficient cells, and to clarify
this further we applied image cytometry and detected decreased levels of reduced glutathione (GSH) in culti-
vated EE patient fibroblast cells. Cell growth initiation of the EE patient cells was impaired, whereas cell cycle
regulation was not. Furthermore, Seahorse metabolic analyzes revealed decreased extracellular acidification, i.
e. decreased lactate formation from glycolysis, in the EE patient cells. TMT-based large-scale proteomics was
subsequently performed to broadly elucidate cellular consequences of the ETHE1 deficiency. More than 130
proteins were differentially regulated, of which the majority were non-mitochondrial. The proteomics data re-
vealed a link between ETHE1-deficiency and down-regulation of several ribosomal proteins and LIM domain
proteins important for cellular maintenance, and up-regulation of cell surface glycoproteins. Furthermore,
several proteins of endoplasmic reticulum (ER) were perturbed including proteins influencing disulfide bond
formation (e.g. protein disulfide isomerases and peroxiredoxin 4) and calcium-regulated proteins. The results
indicate that decreased level of reduced GSH and alterations in proteins of ribosomes, ER and of cell adhesion lie
behind the disrupted cell growth of the EE patient cells.

1. Introduction

Determining the dynamic links between genotype and phenotype of
inherited metabolic disorders is challenging, meanwhile indispensable
for understanding disease mechanisms. Since many of these disorders
have serious clinical symptoms and multiple biochemical traits, de-
tailed molecular characterization is necessary for elucidating disease
mechanism and for finding new putative treatment approaches. Large-
scale proteomics—analyzing hundreds or even thousands of pro-
teins—is a strong tool for such molecular characterization [1,2].
Ethylmalonic encephalopathy, EE (OMIM No. 602473) is a fatal, rare
autosomal recessively inherited metabolic disorder caused by genetic
variation in the gene ETHE1. The ETHE1 gene encodes a mitochondrial
persulfide dioxygenase, which is involved in sulfide detoxification [3].
Loss of function mutations in the ETHE1 gene lead to sulfide

accumulation and causes a combination of biochemical and clinical
symptoms, such as severe deficiency of cytochrome c oxidase (COX) in
brain and muscle, high levels of C4 and C5 acylglycines, high excretion
of ethylmalonic acid (EMA), petechiae, acrocyanosis, and neurodeve-
lopmental delay [3–6]. The high level of excreted EMA has been as-
cribed to originate from inhibition of short-chain acyl-CoA dehy-
drogenase (SCAD) by high sulfide levels [3]. This explains the partial
overlap in protein alteration in ETHE1-deficient and SCAD deficient
patients [7]. A mouse proteomics study described the impact of ETHE1
deficiency on several different pathways within the cell, such as fatty
acid β-oxidation, cytoskeleton and branched chain amino acid catabo-
lism [8]. Another proteomics study, on livers from ETHE1 deficient
mice described alterations in several redox-related proteins, including
liver specific cytochrome P450 proteins and glutathione S-transferases,
in addition to increased amounts of metabolic enzymes, both from β-
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oxidation and pyruvate metabolism [9]. In mitochondria from human
ETHE1 deficient fibroblast cells only few proteins were found to be
regulated, although changes in oxidoreductases indicate redox pertur-
bation [6]. These findings call for further elucidation, since ETHE1
apparently has effects on cellular biochemistry and cellular proteome
that goes beyond inhibition of COX and SCAD.
We therefore set out to study the changes in physiology and pro-

teome of cultured human dermal fibroblasts derived from skin biopsies
of ETHE1-deficient patients with ethylmalonic acid encephalopathy
(hereafter referred to as “EE cells”). These cultured EE cells have less
pronounced biochemical phenotype, i.e. less degree of COX and SCAD
inhibition, than observed in tissue samples, which likely is explained by
the oxygen rich environment favoring sulfide detoxification by oxida-
tion [3]. The EE cells can thus serve as a good model to study milder
effects of ETHE1 deficiency, and cultivated fibroblasts are suitable for
both functional studies and for proteomics. Furthermore, the link be-
tween ETHE1 and sulfide, and the functional role of sulfide in redox
regulation [10] encouraged us to investigate the redox state in living EE
cells, by measuring reduced glutathione (GSH) with image cytometry
[11] as well as metabolic activities of the cells. Our comprehensive
quantitative proteomics data highlight alterations in pathways pre-
viously not described in the context of ETHE1 deficiency, and shows
that ETHE1 deficiency has pervasive physiological effects.

2. Materials and methods

2.1. Patient and control samples

Primary human dermal fibroblasts from three ethylmalonic en-
cephalopathy (EE) patients (“EE cells”) and three healthy controls
(“control cells”) were included in this study, and all of them were in-
cluded in the measurements of the various analytical parameters. EE
cells were from three patients diagnosed with EE, caused by exon 4
deletion in ETHE1. The mutation causes lack of ETHE1 protein as
previously described together with patient symptoms [6]. The three
healthy individuals were from newborn males (Cambrex #CC-2509,
ATCC #CRL-2429, and ATCC #CRL-2450). The samples were de-iden-
tified according to regulations of The Danish Ethical Committee.

2.2. Cell culturing

The fibroblasts were cultured in Dulbecco's Modified Eagle Media
(DMEM) (Lonza, Denmark) supplemented with 2mmol/L of L-gluta-
mine (Leo Pharmaceutical, Denmark), 10% fetal bovine serum
(Invitrogen, USA), and 0.1% penicillin/streptomycin (Leo
Pharmaceutical, Denmark). Fibroblasts derived from patients and
healthy individuals were cultured under mycoplasma-free conditions.
Cells were harvested by trypsinization at 75–85% confluence. The
proteomics experiments were entirely replicated two times, at different
time points, whereas image cytometry and Seahorse based assays were
entirely replicated three times. The number of cell passages was be-
tween eight and thirteen for all experiments except for one of the cell
count experiments in Fig. 2, which had sixteen passages.

2.3. Sample preparation

Approximately 2.0× 107 cells were harvested and resuspended in
five cell-pellet volumes of Lysis Buffer from TMT Mass Tagging Kits and
Reagents (Thermo Fisher Scientific, USA) with Complete protease in-
hibitor cocktail tablets (Roche Diagnostic Gmbh, Germany). The cell
suspension was ultrasonicated (Branson Sonifier 250, Branson
Ultrasonics Corp, USA) on ice, at output 3 and 30% duty cycle for four
rounds of 10 pulses with 1min on ice between each round. Protein
concentration was measured by the Bradford assay (Bio-Rad, USA).

2.4. Preparing and labeling peptides with the TMT Isobaric Mass Tags

In each of the two independent TMT studies, equal amounts of
proteins (100 μg) from the six different fibroblast samples were pro-
cessed according to TMT 6-plex manufacturer's instructions. Briefly,
each sample was reduced and alkylated with 200mmol/L tris (2-car-
boxyethyl) phosphine (TCEP) and 375mmol/L iodoacetamide, respec-
tively. Subsequently were the protein samples precipitated with acetone
(−20 °C, overnight), followed by protein digestion with 2.5 μg Trypsin
supplied by the kit. After peptide labeling, with TMT label reagents, the
peptide samples of the three patients and the three healthy individuals
were pooled. Pooled peptides were purified on PepClean C-18 Spin
Columns (Pierce, Thermo Fisher Scientific, USA) prior to peptide se-
paration by isoelectric focusing (IEF) on Multiphor II unit (Pharmacia
Biotech AB, Sweden) using 18 cm Immobiline Drystrip Gradient (IPG)
pH 3–10 gel (GE Healthcare, Sweden). Samples were rehydrated for
16 h in rehydration buffer containing 8mol/L Urea, 0.5% IPG buffer
(GE Healthcare) and 0.002% bromophenol blue. IEF was run with the
following gradient program: 1min gradient from 0 to 500 V, 1.5 h
gradient from 500 to 3500 V, followed by 3500 V for 16 h. The IPG strip
was cut into 8 pieces of equal size and then peptides were extracted
from the IPG strip with 5% acetonitrile (AcN) and 0.5% trifluoro acetic
acid (TFA). Extracted peptides were purified by PepClean C-18 spin
columns according to manufacturer's instruction prior to nLC mass
spectrometry.

2.5. Nano- liquid chromatography tandem mass spectrometry (nLC-MS/
MS) analysis

The peptide mixtures were analyzed by nano-liquid chromato-
graphy tandem mass spectrometry (nanoLC-MS/MS) (EASY nanoLC-
1000, Thermo Scientific) coupled to Q Exactive™ Plus Hybrid
Quadrupole-Orbitrap™ Mass Spectrometer (Thermo Fisher Scientific).
TMT labelled peptide samples were trapped on a pre-column (PepMap
100, 2 cm, 75 μm i.d., 3 μm C18 particles, 100 Å, Thermo Scientific)
followed by reverse phase separation on a C18 column with integrated
emitter (EASY-Spray column, PepMap 25 cm, 75 μm i.d., 2 μm, 100 Å,
Thermo Scientific). Peptides were separated in a 90min linear gradient,
from 4 to 40% acetonitrile in 0.1% formic acid at a flowrate of 300 nL/
min. The MS was operated in a positive, data dependent mode, auto-
matically switching between precursor scanning (MS1) and fragmen-
tation (MS2) acquisition. Resolution of MS1 was set to 70,000 and MS2
to 35,000. In MS1, automatic gain control (AGC) target was set to
1×106 ions and scan range between 380 and 1800m/z. In MS2, AGC
target was set at 2× 105 ions, with fixed first mass set to 120m/z.
Dynamic exclusion was set to 20 s for all analyses. Up to ten of the most
intense ions were fragmented per every full MS scan, by higher-energy
C-trap dissociation (HCD). Ions with single charge or unassigned charge
states were excluded from fragmentation.

2.6. Database searches and statistics

The raw data files from two separate TMT studies were processed. In
each TMT study all 8 peptide fractions were analyzed twice, first by
standard analysis and then in an extra MS run applying exclusion lists of
the abundant peptides (> 10 fragment scans). Later all of the generated
peak lists from the same study were merged and analyzed by Mascot
version (2.5.1) (Matrix Science, UK) in Proteome Discoverer 1.4
(Thermo Fisher Scientific). SwissProt database released 2014_10 con-
taining 20,194 review protein sequences and Mascot was used for
protein identification as well as TMT reporter quantification. Full scan
tolerance was 8 ppm, MS/MS tolerance was 30mmu, minimum peak
count was 20, maximum precursor co-isolation was 40%, and maximum
of missed trypsin cleavages was 2. Oxidation on methionine was set as
dynamic modification while TMT 6-plex on lysine and N-terminal, and
carbamidomethyl on cysteine were chosen as static modifications.
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Normalization to summed intensities of TMT signal was applied to
compensate for possible variation in starting material. We only con-
sidered proteins with identification score≥ 30 (corresponding to pro-
tein identification significance of 0.001) and with at least three peptides
scans for each protein.

2.7. Bioinformatic and data analysis

Two separate TMT studies were performed for each cell line, and the
proteins common for both studies were selected for further bioinfor-
matics analyses. The final list of significantly regulated proteins was
based on two criteria. First, the t-test statistics should have a probability
value below 0.05 in at least one study, and not higher than 0.1 in the
second one. Second, the ratio of the average of TMT values from
ETHE1-deficient cells to the average from healthy controls, for each
protein which passed the first criteria, should have a value higher than
1.3 or below 0.76 (i.e. fold change > 1.3). Hierarchical clustering
based on the correlations of expression profiles of all cell lines was
performed on quantified proteins using software Cluster 3.0 (http://
bonsai.hgc.jp/~mdehoon/software/cluster/) and Java TreeView
(http://jtreevie.sourceforge.net/) [12,13]. To obtain functional anno-
tation of the significant proteins we used the online bioinformatic tool
DAVID (Database for Annotation, Visualization and Integrated Dis-
covery) version 6.8 [14]. The total list of common proteins identified in
both studies was used as background list (n= 3562) (Supplementary
Table S1). We include clusters with an enrichment score above 1.12
corresponding to p < 0.075 for cluster probability, see Table 1 and
Supplementary Tables S3 and S4.
The mass spectrometry proteomics data have been deposited to the

ProteomeXchange Consortium via the PRIDE [15] partner repository
with the dataset identifier PXD009880.

2.8. Western blotting

Protein expression levels of four proteins; adenylate Kinase 4 (AK4),
endoplasmic reticulum chaperone BiP (HSPA5, or GRP78), protein
disulfide-isomerase (PDIA1, or P4HB) and peroxiredoxin 4 (PRDX4),
were evaluated by western blotting. Protein extracts were prepared
from a new set of cultivations (passage numbers < 13), compared to
the ones studied by TMT-based proteomics, and protein concentrations
were determined using a Pierce™ BCA Protein Assay Kit (Thermo Fisher

Scientific). Approximately 20 μg (PDIA1 and PRDX4) or 40 μg (AK4 and
BiP) protein from each sample was separated by SDS-PAGE on an Any
kD™ Criterion™ TGX Stain-Free™ Protein Gel (Biorad). The protein was
transferred from the gel by semi-dry blotting to a polyvinylidene di-
fluoride (PVDF) membrane by application of the Trans-Blot® Turbo™
RTA Midi LF PVDF Transfer Kit using Trans-Blot® Turbo™ Transfer
Apparatus (both from Biorad). Next, the membrane was UV-activated
for 4min and imaged for evaluation of total protein with a LAS4010
Imaging system (GE Healthcare). Subsequently the membranes were
incubated over night with one of the following primary antibodies:
polyclonal rabbit anti-human Adenylate kinase 4 (LSBio #LS-C31854,
1:1000 dilution), polyclonal rabbit Anti-GRP78 BiP antibody (Abcam
#ab191023, 1:2500 dilution), monoclonal rabbit Anti-P4HB antibody
(Abcam #ab137119, 1:4000 dilution), polyclonal rabbit PRDX4 anti-
body (Thermo Fisher Scientific #PA3-753, 1:4000 dilution). The
membrane was washed in PBS and incubated for 1 h with a secondary
goat anti-rabbit antibody (Dako #P0448, 1:20,000 dilution). Finally,
they were developed using the Pierce™ ECL Plus Western Blotting
Substrate (Thermo Fisher Scientific #32132) and the LAS4010 Imaging
system was applied to record the chemifluorescence signal from the
membranes corresponding to the levels of the specific proteins. Total
and specific protein signals were obtained using ImageQuant TL 7.0
software (GE Healthcare).

2.9. Phenotypic characterization by image cytometry

Measurements of cellular fluorescence were performed with NC-3000
image cytometer (Chemometec, Denmark) on fibroblasts from patients
and healthy controls at 70–80% confluence. Thiol Redox Status (TRS),
mitochondrial membrane potential (MMP), and viability assays were
performed and analyzed as previously described [16]. Briefly, for TRS,
VitaBright-48 (VB-48) was used to measure the level of reduced thiol
groups [17]. VB-48, propidium iodide (PI) and acridine orange (AO)
were added to cells. The analysis was performed according to the “Vi-
tality protocol” from NC-3000. For MMP assay, cells were incubated with
5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine io-
dide (JC-1) for 10min. Carbonyl cyanide 3-chlorophenylhydrazone
(CCCP) was used to determine the mitochondrial membrane potential
depolarization. For viability assay, cells were mixed with lysis buffer
(1:1) and DAPI (25 μg/mL) to count the total cell amount (Ct). To count
the non-viable cells (Cnv), DAPI (25 μg/ml) was added followed by

Table 1
Clusters of differentially regulated proteins with functional overrepresentation. DAVID functional annotation tool was applied on the 88 up-regulated proteins (A)
and 44 down-regulated (B). Count denotes the number of proteins (HGNC gene names to the right) in the respective cluster. See Supplementary Tables S3 and S4 for
complete cluster data output of up- and down-regulated, respectively.

Cluster Description of term Count p-Value Proteins in the cluster

A. Up-regulated proteins
1a Disulfide bond 21 3.3E−8 VASN, LGALS3, BST1, PSAP, FAM3C, GALNT5, PRDX4, ITGB5, MXRA8, MMP14, PRKG1, MMP2, APLP2,

OR1M1, LAMP1, CD59, TGFBI, PDGFRA, IGFBP3, FABP5, FN1
1b Glycosylation site:N-linked (GlcNAc…) 25 5.9E−9 STEAP3, VASN, BST1, PSAP, PODXL, GALNT5, ITGB5, MXRA8, CD63, CERCAM, MMP2, ASAH1, OR1M1,

LAMP1, SERPINE2, CD59, PDGFRA, ITIH3, SCARB2, RCN3, IGFBP3, RCN1, TUBB3, FN1, SLC43A3
2 Transmembrane helix 25 0.015 STEAP3, VASN, CCPG1, PODXL, GALNT5, CCDC80, ITGB5, S100A10, SPPL2A, CLDN11, MXRA8, CD63,

MMP14, APLP2, FTH1, ASAH1, OR1M1, SPAG9, LAMP1, SLC17A5, HMOX1, PDGFRA, SCARB2, TMEM119,
SLC43A3

3 Cell junction 11 0.0012 SH3PXD2B, LPXN, SLC17A5, ANK2, SVIL, MYO1E, MAP1B, DSP, CLDN11, ADA, KCTD12
4 GO:0001525~angiogenesis 6 0.010 HMOX1, TGFBI, PLCD1, MMP14, MMP2, FN1
5 Intermediate filament 3 0.0281 DES, SYNC, VIM
6 Lysosome 8 0.0024 LAMTOR5, LAMP1, SLC17A5, PSAP, SPPL2A, SCARB2, CD63, ASAH1
7 Cell adhesion 7 0.0099 LPXN, PODXL, TGFBI, ITGB5, CERCAM, ADA, FN1
8 Extracellular matrix 4 0.072 TGFBI, CCDC80, MMP2, FN1

B. Down-regulated proteins
1 Ribosomal protein 6 0.015 RPL35A, RPL18A, RPL22, RPL34, RPL37A, RPS23
2 Immunoglobulin domain 3 0.045 L1CAM, NEXN, MYLK
3 Fibronectin, type III/cell projection 3 0.013 L1CAM, MYLK, EPHA2
4 Antiviral defense 4 0.0045 IFIT3, IFIT2, IFIT1, GBP1
5 LIM domain 3 0.048 PDLIM5, FBLIM1, CSRP2

N. Sahebekhtiari et al. BBA - Molecular Basis of Disease 1865 (2019) 126–135

128

http://bonsai.hgc.jp/~mdehoon/software/cluster/
http://bonsai.hgc.jp/~mdehoon/software/cluster/
http://jtreevie.sourceforge.net/


immediate cell counting. Cell viability calculated according to:

=Viability (Ct Cnv)/Ct

For measurements of reduced glutathione levels (GSH), approxi-
mately 2× 105 cells were used, and VitaBright-43 (VB-43) was used at
a final concentration of 13.7 μg/mL to evaluate levels of reduced GSH
[11]. The analysis was performed with excitation at 361 nm and
emission at 431 nm. Cells incubated with 0.5 mmol/L Buthionine sul-
phoximine (BSO), an inhibitor of the gamma-glutamylcysteine synthe-
tase, were used to determine the minimum levels of GSH for gating
purposes. For cell proliferation measurements, fibroblasts from three
healthy controls and three ETHE1-deficient patients were seeded at the
same density and counted at 24, 36, 48 and 72 h. Cells were harvested
and then diluted in PBS. The cell counting was performed on a NC-3000
image cytometer (Chemometec, Denmark), using DAPI (25 μg/ml)
staining, according to the manufacturer's instructions. For cell cycle
analysis, cells were grown to 70–80% confluence in DMEM with 10%
FBS. 5×105 cells were seeded in DMEM with 0.5% fetal bovine serum
(FBS) for synchronization over 48 h. The cells were then washed twice
with PBS and transferred back to DMEM with 10% FBS for 24 h fol-
lowed by harvesting and fixation in ethanol 70% for 18 h at −20 °C.
Cell cycle progression was measured by fluorescence staining of DNA
content with 1 μg/mL DAPI, 0.1% Triton X-100 in PBS. After staining,
the DNA content was analyzed by the NC-3000 image cytometer and
the relative percentages of cells in the G0/G1, S, and G2/M stages were
determined according to manufacturer's instructions.

2.10. Mitochondrial bioenergetics measurements

Mitochondrial bioenergetics of cultured fibroblasts was measured
on a Seahorse XFe96 extracellular flux analyzer and the XF Cell Mito
Stress test kit (Seahorse Bioscience, USA) as described before [16].
Briefly, 15,000 fibroblasts were seeded to each well and incubated
overnight at 37 °C in a humidified atmosphere of 5% CO2. One hour
prior to the assay, culture medium was changed to unbuffered DMEM
(Seahorse Bioscience) supplemented with 2mM glutamine (Sigma Al-
drich, USA), 10mM sodium pyruvate (Gibco, USA) and 10mM glucose
(Sigma Aldrich) and the culture plate was incubated in a non-CO2 in-
cubator at 37 °C. Oligomycin, FCCP, and a mixture of rotenone/anti-
mycin A were injected in a sequential manner to each well to measure
mitochondrial respiration. Oxygen consumption rate (OCR) and Ex-
tracellular acidification rate (ECAR) were normalized to total protein
amount measured by Bradford Protein assay (Bio-Rad).

3. Results and discussion

3.1. Phenotypic characterization of EE cells

ETHE1 deficiency causes a severe metabolic disorder affecting
multiple organs, and we therefore initially measured cell viability and
mitochondrial membrane potential of the cultivated EE cells using
image cytometry. There was no significant difference in the percentage
of viable cells between EE cells and healthy controls, with>90% via-
bility in both (data not shown). Neither was there any significant
change in mitochondrial membrane potential (Fig. 1a).

3.2. Redox status and glutathione level

The cellular redox state was measured, since redox-related proteins
such as oxidoreductases, have been described to be disrupted in ETHE1
deficient cells [6]. The fluorescent probe VitaBright-48 was applied to
determine the cellular levels of the sum of free thiols of proteinic cy-
steines and reduced glutathione (GSH). There were no significant
changes in overall thiol level (Fig. 1b). The concentration of accessible
free protein-thiols in the cell can be much higher than the concentration
of GSH – especially in mitochondria – and therefore it is essential to also

measure GSH separately [18,19].
Glutathione (GSH) is the most abundant non-protein thiol group in

mammalian cells. GSH performs many physiological functions in-
cluding redox regulation and cell cycle regulation, and GSH depletion is
a central signaling event, which can regulate apoptosis [20]. Cellular
GSH has been specifically linked to ETHE1 and sulfide detoxification
[3,21]. In a previous study we, by LC-MS/MS, measured decreased le-
vels of both the reduced and oxidized glutathione [21]. Here, we pursue
the measurements of reduced GSH by applying a GSH-specific fluor-
escent probe, VitaBright-43 [11]. This probe-based strategy has the
advantage, over LC-MS/MS, that is measures the free, reduced GSH in
living cells, and thus eliminates possible effects of the treatment of cell
extracts. Fig. 1C shows that the percentage of cells with depletion of
reduced GSH in EE cells is more than twofold higher than in healthy
controls. This is consistent with the previous LC-MS/MS data describing
that the total GSH levels, in the same patient cells, were decreased [21].
The reducing properties of sulfide can contribute to the maintained
high level, with tendency to be increased, of total thiol level (Fig. 1B),
whereas the specific decrease in reduced GSH level (Fig. 1C) can be an
effect of glutathione's role in scavenging sulfide.

3.3. Cell growth and mitochondrial bioenergetics

Throughout the cultivation studies we noticed weaker growth for
the EE cells compared with control cells, since the EE cells needed
approximately three days to reach confluence compared with two days
for the control cells, when seeded at same density. The increased GSH
depletion and the perturbations in proteins with disulfide bonds could
be central players in the observed weak growth of EE cells, since GSH
can regulate, for example, cell growth and cell cycle progression [22].

3.3.1. Cell cycle
A cell cycle assay was performed to quantitate the cell distribution

between the cell cycle phases: G0/G1, G2/M and S. EE and control cells
exhibited very similar cell cycle distribution with 68%, 12% and 17%
cells in respective phase (Fig. S1).

3.3.2. Cell growth
To further characterize cell growth we performed experiments

measuring cellular duplication rate. EE cells repetitively exhibited
lower cell counts than control cells, however, detailed time studies
showed that mid-exponential duplication rate was in the same range as
in controls, 20–27 h. See Fig. 2A for representative growth curves. Thus,
neither cell cycle nor growth rate was affected. Of note, the initial cell
growth was perturbed in EE cells, despite identical seeding density at
time zero (Fig. 2A). After the initial 24 h the EE cells only had, on
average, 55% of the cell density of the control cells (n= 4, p < 0.038)
(Fig. 2B). To pinpoint this growth phenotype – impaired growth in-
itiation – we set out to study the bioenergetics and the proteome of the
EE cells.

3.3.3. Cellular bioenergetics
We performed a detailed characterization of mitochondrial bioe-

nergetics, since mitochondria are central hubs in regulating cell ac-
tivity. Seahorse metabolic analyzer was applied to measure extra-
cellular acidification rate (ECAR) and various steps of the respiratory
chain (Oxygen Consumption Rate, OCR). There was no significant
change in any of the OCR parameters (Fig. S2A–C). The unaltered OCR
is on one hand surprising, since ETHE1 deficiency is known to influence
mitochondria, but on the other hand it is in line with the lack of
OXPHOS inhibition in cultured fibroblasts [3] as well as with the un-
altered mitochondrial potential measured in this study. Presence of air
has been described to revert the COX-inhibition in ETHE1−/− tissue
extracts [3], and the EE fibroblast cells were cultivated under oxidative
conditions favoring relief of COX-inhibition and thus leaving OCR un-
affected [3]. ECAR on the other hand was decreased by approximately
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30% in the ETHE1 deficient cells (Fig. S3). The extracellular acid-
ification (measured by ECAR), mainly comes from basal glycolysis
leading to lactate, especially under the applied assay conditions using
glucose as substrate. ECAR measurements can be influenced by re-
spiratory CO2 [23], however, respiration (measured by OCR) was un-
altered in the EE cells indicating that decreased lactate from glycolysis
is part of the ETHE1 phenotype. Proteomics data did not present
changes in glycolytic enzymes, which indicates that ECAR is regulated
at the metabolite level. Our previous metabolomics study showed that
the pool of NAD+ and NADH was decreased in the same EE cells, and
this can likely influence the ECAR through the NAD-dependent dehy-
drogenases GAPDH and LDH, which are pivotal enzymes in the
pathway of lactate formation from glycolysis [21].

3.4. Proteome alterations

Large-scale proteomics analyses were performed to elucidate the
changes, in proteins and pathways, associated with the perturbations
related to sulfide, glutathione and the growth phenotype of the ETHE1
deficient cells. Fibroblasts were cultivated in two rounds, each followed
by a separate proteomics study to minimize the risk of false discoveries.
In the first and second study 6589 and 6058 proteins were detected,
respectively. Combining the two data sets resulted in identification of
5432 common proteins (Fig. 3A). After applying selection criteria based
on protein identification score (p < 0.001) and more than three
quantitative peptide scans per protein (see Materials and Methods) we
obtained 3562 common proteins with robust quantification (Fig. 3B).

Fig. 1. Phenotypic characterization of fibroblasts derived from ETHE1-deficient patients (EE cells) and healthy controls using NC-3000 image cytometer. A)
Mitochondrial membrane potential was measured after incubation with JC-1 to determine the percentage of cells with polarized mitochondria. B) Thiol redox state
(TRS) was measured using VB-48. C). Glutathione status of cells. The cells were incubated with VB-43 to determine the proportion of cells with depletion of reduced
glutathione. 0.5 mM of BSO (Buthionine sulphoximine), a chemical inhibitor of glutathione synthesis, was used to establish the gates that differentiate between
normal levels and depleted levels. Statistical significance levels are illustrated as p < 0.001 ***. N= 3 error bars represent± SEM.
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Fig. 2. Cell growth of Control vs ETHE1 deficient cells. Cell growth of Control vs ETHE1 deficient cells. A) Exponential cell growth between 12 h and 72 h for Control
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The average of the EE cells was 55% of the average of the control cells (n= 4, p= 0.038).
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The quantitative data were checked for normality and found to be
normally distributed (Fig. S4). The quantitative data of the 3562 pro-
teins from the two independent studies were found to be positively
correlated with a Pearson correlation coefficient above 0.74 (Fig. S5).
To investigate the relationships of the proteomics patterns of the dif-
ferent individuals included in the two experiments we performed
hierarchical cluster analysis. Cluster analysis revealed clear separation
between healthy controls and patient cells in both studies (Fig. 3C and
D).
To be considered as significantly differentially regulated the pro-

teins should pass both student's t-test and fold change criterion. The
volcano plots (Fig. 4) depict all quantitated proteins and the criteria are
shown as stippled lines. 136 proteins passed the statistical criteria in
both studies, 46 were down-regulated and 90 were up-regulated (Sup-
plementary Table S2).

3.4.1. Pathway analysis of differentially regulated proteins
DAVID was applied for functional annotation clustering of the 136

significant proteins, using the 3562 common proteins as background.
The most enriched functional annotations are shown in Table 1, with 8
clusters of the up-regulated proteins and 5 with the down-regulated
proteins (see Supplementary Tables S3 and S4 for complete cluster data
output of up- and down-regulated proteins, respectively). ETHE1 is a
mitochondrial protein, however, the mitochondrial proteome was sur-
prisingly underrepresented among the regulated pathways. In the fol-
lowing sections we will discuss two types of results: first, groups of
proteins with functional overrepresentation, and second, single or
smaller groups of proteins with pronounced fold change (FC) with
putative, direct functional links to the molecular pathophysiology of
ETHE1 deficiency.

3.4.2. Disulfide bonds, ER and protein glycosylation
The top two clusters from DAVID functional annotation analysis

consist of up-regulated proteins with Disulfide protein bond and
Glycosylation site:N-linked glycoproteins (cluster 1.A and 1.B in
Table 1). The proteins of these clusters have a high degree of overlap
and Supplementary Table S5 summarizes the characteristics of the 32
proteins of these clusters with regard to glycosylation and disulfide
bonds. Proteins destined for secretion and cell surface exposure rely on

folding via disulfide bonds and the posttranslational modification
(PTM) glycosylation [24,25]. Generation of disulfide bonds is one of the
major PTMs in the endoplasmic reticulum (ER) tightly connected to
redox state of ER. This thiol-disulfide oxidation is catalyzed by protein
disulfide isomerases (PDIs) within the ER. Two PDIs were up-regulated
in our current study, PDIA5 (p < 0.03 and FC > 1.28 in both studies)
and P4HB, also referred to as PDIA1 (p < 0.02 and FC > 1.25 in both
studies) (Fig. 5A). Peroxiredoxin 4 (PRDX4), which also participates in
hydrogen peroxide-dependent disulfide bond formation in ER was also
up-regulated [26]. PRDX4 can oxidize thiol groups of PDI by using
hydrogen peroxide, facilitating disulfide bonds in proteins. To validate
the up-regulation of these ER redox regulators we performed western
blot analyses of P4HB/PDIA1 and PRDX4, and found both to be in-
creased in line with the proteomics data; P4HB/PDIA1 with a FC of 1.26
(p < 0.01) and PRDX4 with a FC of 2.2 (p < 0.002) (Fig. 6A, and Fig.
S6A–B). Furthermore, the ER is a major dynamic Ca2+ repository in
eukaryotic cells, and two Ca2+ binding proteins localized to ER, re-
ticulocalbin 1 (RCN1) and reticulocalbin 3 (RCN3), were up-regulated
(Fig. 5A).
Based on the presence of several regulated ER proteins we in-

vestigated the level of the ER chaperone BiP (HSPA5, or GRP78), which
is known to be up-regulated by the ER unfolded protein response (UPR)
[27]. It was not found to be regulated in our proteomics data sets (FCs
of 1.07 and 1.05, with p-values above 0.2) (Supplementary Table S1).
Furthermore, western blot analysis of a new set of cell samples even
showed a tendency of down-regulation of BiP (HSPA5) in the EE cells
(FC=0.5, p=0.08 and FC=0.77, p= 0.5), all in all indicating that
classical UPR is not triggered in the EE cells (Fig. 6B, and Fig. S6E–F).
Glycosylation, either as O- and N-glycosylation, are common PTMs

in the ER, improving folding and facilitating secretion [28]. Cell-cell
interaction is a complex process, which needs dynamic membrane en-
vironment, often regulated by glycosylation. Several proteins func-
tioning in glycan biosynthesis and glycosaminoglycan biosynthesis
were up-regulated in the ETHE1-deficient patients, namely 1, 4-alpha-
glucan-branching enzyme (GBE1), Glucosamine 6-phosphate N-acetyl-
transferase (GNPNAT1), UDP-glucose6-phosphate-dehydrogenase
(UGDH), Galectin-3 (LGALS3), and Polypeptide N-acet-
ylgalactosaminyltransferase 5 (GALNT5) (Fig. 5B). The N-acet-
ylgalactosaminyl transferase generates branched N-glycans with

Fig. 3. Venn diagram of quantified proteins.
A)> 6000 proteins were detected in both replicates
of which 5432 were present in both data sets. B)
3562 common quantified proteins in the two studies
with identification score≥ 30, unique peptide
scans≥ 3. C) Hierarchical cluster analysis based on
logarithmic values of 3562 common proteins was
performed for TMT1 and D) for TMT2. The length of
the branches and order of the individuals indicate
correlation degree.
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affinities for galectins especially galectin-3 [24,29]. These branched
structures are highly associated with various biological functions such
as cell adhesion and migration [30–32]. Simultaneous up-regulation of
galectin- 3 and fibronectin (FN1) and Integrin beta-5 (ITGB5) may
imply the role of glycosylation in cell migration and fibronectin re-
modeling in the EE cells. Furthermore, Caveolin-1 (p value < 0.05,
and the FC > 1.25) can bind to Galectin-3 and thus promoting focal
adhesion, cell migration and integrin promotion [33].
Cell-cell adhesion is central for the growth of the adherent fibro-

blasts. The observed protein alterations related to disulfide bonds and
protein glycosylation were measured in attached and actively growing
fibroblasts at around 80% confluency, and phenotypic effects of these
protein alterations would presumably be much stronger when present
during growth initiation. The EE cells had a growth phenotype during
initiation of growth (Fig. 2), and future studies are needed to clarify the
specific impact of this group of proteins on growth initiation.

3.4.3. Ribosome biogenesis deregulation
Ribosomal functions are at the core of the translation machinery,

and hence any change in the ribosomal proteins can affect the pro-
liferation capacity of the cells [34]. Intriguingly, the top cluster of
down-regulated proteins consist of six ribosomal proteins, including:
60S ribosomal protein L37a (RPL37A), 60S ribosomal protein L35a
(RPL35A), 60S ribosomal protein L18a (RPL18A), 40S ribosomal pro-
tein S23 (RPS23), 60S ribosomal protein L34 (RPL34), and 60S ribo-
somal protein L22 (RPL22) (Table 1b, Fig. 5C). Supporting the observed
down-regulation of ribosomal proteins, we have, in a separate meta-
bolomics study of the same patient cells, found depleted level of the
amino acids: tyrosine, methionine, tryptophan, glutamic acid, and
phenylalanine [21]. We here also observed moderate down-regulation
of a translational regulator Eukaryotic Initiation Factor 2 (EIF2A) with
FC 0.86 and 0.78 in TMT1 and TMT2, respectively, and both p-va-
lues < 0.006 (Fig. 5D) [35]. A protein of the nutrient sensing me-
chanistic target of rapamycin complex 1 (mTOR1) pathway, Ragulator
complex protein LAMTOR5, was found up-regulated (Fig. 5D).
mTORC1 signaling is known to be activated by insulin and other growth
factors [36], and Insulin-like growth factor-binding protein 3(IGFBP3)
was also up-regulated. These together with slight up-regulation of
LAMTOR1 and LAMTOR2 (Fig. 5D) may point to a cell compensatory
mechanism to activate regulatory pathways such as mTORC1 in re-
sponse to aberrant cell growth and protein synthesis [37].
mTOR is also controlled by the Ras superfamily of small GTPases

[36,38]. Five members of this superfamily were up-regulated in patient
cells including: Ras-associated and pleckstrin homology domains-con-
taining protein 1(RAPH1), Ras-related protein Rab-9A (RAB9A), Ras-
related protein Rab-23 (RAB23), Ras-related protein Ral-A (RALA), and
Ras-related protein Rab-31 (RAB31) (Fig. 5D). These up-regulation
patterns in Ras family members could be part of cellular response to
regulate mTORC1 in ETHE1-deficient cells, and is consistent with pre-
vious studies clarifying Ras family functions [37,39].

3.4.4. LIM domain regulatory proteins
Three down-regulated proteins formed the LIM domain cluster,

namely Cysteine and glycine-rich protein 2 (CSRP2), PDZ and LIM
domain protein 5 (PDLIM5), as well as Filamin-binding LIM protein
1(FBLIM1) (Table 1 and Fig. 5E). PDZ and PDLIM5, also known as
enigma homolog 1 (ENH1) [40], are involved in protein-binding in-
terface with diverse partners including cytoskeletal components, cyto-
plasmic signaling proteins and transcriptional factors, indicating im-
portance of the protein in cellular maintenance [41]. Elevated level of
PDZ-LIM proteins affects cytoskeleton organization and organ devel-
opment [42]. Cysteine and glycine-rich protein 2 (CSRP2) plays im-
portant roles in tissue-specific cell growth and development [43]. In
line with decreased CSRP2 level is the observed up-regulation of the
platelet-derived growth factor receptor alpha (PDGFRA) (Fig. 5E),
which is known to suppress CSRP2 [44]. Filamin-binding LIM protein
1(FBLIM1) also known as migfilin, is responsible for cell-cell junction
through actin cytoskeleton organization. FBLIM1 enables physical
connections and transduces signals between extracellular and in-
tracellular compartments, playing pivotal role in cell adhesion, shape of
modulation, motility, and transcriptional regulation [45,46]. The
downregulation of FBLIM1 (Fig. 5E) indicates a corrupted cell adhesion
and cytoskeleton, causing deregulation of cell shape, cell motility and
differentiation [45,47].

3.4.5. Single proteins with influential functions
3.4.5.1. S100 proteins, annexin A2 and AHNAK2. Among S100 family
members, we detected S100A6 (also known as calcyclin) and S100A10
up-regulated in patient cells (Fig. 5F).The S100 protein family
participates in a multitude of biological processes such as
proliferation, migration, and cell survival by Ca2+ regulation [48].
S100A6 deficiency inhibits fibroblast proliferation [49] and on the
other hand, S100A6 overexpression contributes to cell proliferation
[50]. A S100A6 up-regulation in patient cells could be a part of cellular
compensatory mechanisms to modulate cell proliferation and cell
growth. Moreover, S100A10 provides a platform for membrane repair
through a multiprotein complex, consisting of annexin A2 and enlarge
some protein AHNAK2 [51], and these two were also up-regulated in
the EE cells (Fig. 5F).

3.4.5.2. Heme oxygenase 1. Heme oxygenase 1 (HO-1) was significantly
up-regulated in our study. HO-1 is a redox regulated and cytoprotective
protein that catalyzes the degradation of heme to biliverdin, iron, and
carbon monoxide (CO). In spite of heme's crucial functions such as
oxygen transport and storage, electron transport and energy
production, excess free heme is highly toxic due to its ability of
causing oxidative stress, lipid peroxidation and membrane injury.
Therefore, HO-1 is an important enzyme for regulating the level of
the double-faced heme. ER stress induces HO-1 [52], and its product CO
can in turn inhibit the sulfide synthesizing enzyme Cystathionine β-
synthase (CBS) of the transsulfuration pathway [10]. Although we have

Fig. 4. Volcano plots of quantitative proteomics data from the two TMT studies.
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established the links between sulfide, ER proteins and HO-1, further
studies are needed to describe their dynamical interplay. Furthermore,
there is a link between up-regulated HO-1 and glutathione depletion in
a variety of cells, including rat brain, human fibroblasts, endothelial
cells, and rat cardiomyocytes [53].

3.4.5.3. Adenylate kinase 4
Adenylate kinase 4 (AK4) was significantly up-regulated (FC > 2)

in EE cells (Fig. 5F). Western blot data on AK4 support the proteomics
data by exhibiting increased levels in EE cells with FC=2.71

(p= 0.05) and FC=1.71 (p=0.24) in two replicate experiments
(Fig. 6B and Fig. S6C–D). AK4 is a member of adenylate kinase family,
located in the mitochondrial matrix, involved in energy metabolism and
maintaining homeostasis of nucleotide pools via phosphorylation of
AMP using either ATP or GTP as phosphate donors [54]. Recent large-
scale genomic and proteomic studies have reported elevated level of
AK4 under various stress conditions such as hypoxia and hydrogen
peroxide induced stress [55]. Interestingly AK4 was also up-regulated
in fibroblasts of short-chain acyl-CoA dehydrogenase (SCAD) deficient
patients [56], revealing a new trait common for SCAD deficiency and

Fig. 5. Quantitative protein data of selected proteins/pathways. A) ER proteins, B) regulation of protein glycosylation, C) Ribosomal proteins, D) Translational
regulation and mTOR, E) LIM domain regulatory proteins, F) S100 proteins, adenylate kinase and others.
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ETHE1 deficiency, in addition to the SCAD dysfunction present in both
conditions.

4. Conclusions

In conclusion, the study shows lower level of the redox regulator
GSH in fibroblasts from ETHE1-deficient patients, which most likely is a
key factor for the dysregulated cell growth. In addition, the discovery
proteomics showed pronounced alterations of ribosomal proteins and
proteins with disulfide bonds and glycosylation –pointing to ER redox
stress with influence on protein export. The perturbation of glycosy-
lated proteins pinpoints a possible novel link between ETHE1 defi-
ciency and cell surface functions, such as cell adhesion, with putative
effects on cell growth and tissue integrity.
Our model of cultivated patient fibroblasts, represent a milder

phenotype than seen in mouse tissue studies [3,9]. Despite this, we
pinpoint multiple pathways, with high importance for central cellular
functions. We propose the following mechanistic model: with sufficient
oxygen the sulfide level can be decreased through oxidation avoiding
inhibition of OXPHOS. Reduced glutathione will be partially depleted
influencing redox proteins [6]. The perturbation in sulfide and reduced
glutathione levels, caused by the ETHE1 deficiency, have effects on the
translational machinery, ER functions and protein glycosylation state,
as well as the compendium of protein functions described in the present
work.
Moreover, during the last few years there have been efforts in uti-

lizing sulfide-releasing drugs as a potential treatment for certain med-
ical conditions; including organ ischemia/reperfusion injury, vasodila-
tion and atherosclerosis [57]. The output of the present study can cast
light on possible cellular and biochemical side effects of such phar-
macological sulfide donors.
With regard to treatment of the rare EE disorder are the pervasive

effects of ETHE1 deficiency posing challenge for the design of effective
treatments. Previously, partial alleviation of patient symptoms was
shown by co-administration of the glutathione precursor N-acet-
ylcysteine and the antibiotic metronidazole to decrease the load of
sulfide-producing intestinal bacteria [3]. The recent, more advanced
approach of liver transplantation has more lasting and positive effects
[4], although it is likely to need support by adjuvant therapy to avoid
early (pre-transplantation) neurological symptoms. The present work

describes molecular effects caused by the deficiency of the persulfide
dioxygenase ETHE1, and the data could be used to guide adjuvant
pharmacological treatment of EE patients.
Supplementary data to this article can be found online at https://

doi.org/10.1016/j.bbadis.2018.10.035.
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