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HSP60 chaperone deficiency disrupts the
mitochondrial matrix proteome and dysregulates
cholesterol synthesis
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ABSTRACT

Objective: Mitochondrial proteostasis is critical for cellular function. The molecular chaperone HSP60 is essential for cell function and dysre-
gulation of HSP60 expression has been implicated in cancer and diabetes. The few reported patients carrying HSP60 gene variants show
neurodevelopmental delay and brain hypomyelination. Hsp60 interacts with more than 260 mitochondrial proteins but the mitochondrial proteins
and functions affected by HSP60 deficiency are poorly characterized.

Methods: We studied two model systems for HSP60 deficiency: (1) engineered HEK cells carrying an inducible dominant negative HSP60 mutant
protein, (2) zebrafish HSP60 knockout larvae. Both systems were analyzed by RNASeq, proteomics, and targeted metabolomics, and several
functional assays relevant for the respective model. In addition, skin fibroblasts from patients with disease-associated HSP60 variants were
analyzed by proteomics.

Results: We show that HSP60 deficiency leads to a differentially downregulated mitochondrial matrix proteome, transcriptional activation of
stress responses, and dysregulated cholesterol biosynthesis. This leads to lipid accumulation in zebrafish knockout larvae.

Conclusions: Our data provide a compendium of the effects of HSP60 deficiency on the mitochondrial matrix proteome. We show that HSP60 is
a master regulator and modulator of mitochondrial functions and metabolic pathways. HSP60 dysfunction also affects cellular metabolism and
disrupts the integrated stress response. The effect on cholesterol synthesis explains the effect of HSP60 dysfunction on myelination observed in

patients carrying genetic variants of HSP60.
© 2024 Aarhus University. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION through oxidative phosphorylation, they serve as enzymatic machin-

eries for the production of essential metabolites and possess signaling
Mitochondria play an indispensable role in the cellular metabolism of  mechanisms that control the proliferation of eukaryotic cells [1]. High
eukaryotic cells. In addition to their well-known “powerhouse” func-  energy-consuming tissues, such as the central nervous system, which
tion, responsible for the production of the majority of cellular ATP  consumes 20% of total body oxygen but accounts for only 2% of total
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body weight, are particularly dependent on mitochondrial functions.
Disturbances of mitochondrial functions are implicated in the patho-
genesis of many neurological diseases.

Mitochondria contain approximately 1100 proteins. Most of these
proteins are nuclear-encoded, and about half are localized in the
mitochondrial matrix space [2]. Heat Shock Protein 60 (HSP60; gene
name HSPD7) and Heat Shock Protein 10 (HSP10) are ubiquitously
expressed chaperones. They are primarily localized in the mitochon-
drial matrix space, however, cytosolic and extracellular localization has
been reported under various conditions, e.g. in cancer tumors [3].
Inside mitochondria, HSP60 and HSP10 assemble into barrel-shaped
complexes [4] that encapsulate client proteins and promote correct
folding. These chaperones thus form part of the mitochondrial pro-
teostasis system that maintains protein homeostasis [5]. HSP60 in-
teracts with more than 260 mitochondrial proteins [6], so its
dysfunction potentially affects multiple mitochondrial functions.
Because of the broad impact, knocking out HSP60 is lethal in mice and
zebrafish [7,8], and very few genetic variations in HSP60 have been
associated with disease in human patients. Patients reported so-far all
carry inherited or de novo missense variations in HSP60 affecting
amino acids localized in the equatorial domain of the structure, close to
the ATP binding site [9,10]. They present with neurodevelopmental
disorders with impaired myelination as a common feature [9—13].
Myelination requires local cholesterol synthesis, which depends on
metabolites provided by mitochondria [14]. HSP60 deficiency may
therefore cause disturbances in mitochondrial metabolisms that feed
into the synthesis of cholesterol and other myelin lipids.

Early fetal death of homozygous HSP60 knockout mice [7], rapid cell
death of knockout tissues in a conditional HSP60 knockout mouse
model [15,16], and slow onset of phenotypes in heterozygous HSP60
knockout mice [17], have hampered studies to monitor pathogenic
processes associated with HSP60 deficiency, and in particular, the
mechanisms of myelination impairment.

To elucidate the pathogenetic processes, we studied the conse-
quences of various degrees of HSP60 deficiency using three com-
plementary systems: (1) an engineered HEK293 cell line carrying an
inducible dominant-negative HSP60 mutant allele (HSP60-D423A) to
monitor severe HSP60-deficiency over time; (2) fibroblasts from pa-
tients with disease-associated HSP60 variants to study the effects on
cells from patients with this ultra-rare disease; and (3) Hsp60 knockout
zebrafish larvae to investigate severe Hsp60-deficiency during devel-
opment. We characterized mitochondria-related phenotypes and global
transcriptome and proteome changes. In this way, we comprehen-
sively mapped the primary effects of HSP60 deficiency in the mito-
chondrial matrix space, secondary effects on the activation of cellular
stress responses, and alterations in cellular metabolism. Our findings
extend the understanding of the mechanistic consequences of HSP60
deficiency at the molecular, cellular, and whole organism levels.

2. RESULTS

2.1. HSP60 dysfunction results in reduced cell proliferation and
progressing perturbations in key mitochondrial functions

To investigate the immediate effect of HSP60 dysfunction on mito-
chondrial functions, we induced the expression of a dominant-negative
ATPase-deficient HSP60 mutant (HSP60-D423A) in HEK293 cells [18]
using tetracycline (Figure 1A). Incorporation of HSP60-D423A subunits
into HSP60 heptamer rings leads to dysfunction of the chaperonin
complex. We titrated tetracycline levels to have a biologically relevant
HSP60 deficiency cellular model that can be monitored over time. We

found that a tetracycline concentration of 50 ng/mL met this criterium.
This is a concentration 10 times lower than the lowest tetracycline
concentrations that showed effects on mitochondrial stress responses,
thus reducing the risk that the antibiotic effect might overshadow the
HSP60 deficiency effect [19]. Expression of the HSP60-D432A protein
resulted in significantly reduced cell counts at 72 h of induction
compared to uninduced and HSP60-WT co-expressing cells
(Figure 1B). Cell viability was not significantly affected (Suppl. Fig. 1A).
There was no growth difference between cells induced for the WT
transgene and uninduced cells. We subsequently studied the conse-
quences of HSP60-D423A expression on mitochondrial functions
within 72 h of induction. Very low levels of leaky expression of the
mutant HSP60 transcript were detected by RNA sequencing in unin-
duced cells (Figure 1C). The fraction of HSP60-D432A transcript and
protein levels increased strongly upon tetracycline induction ac-
counting for approximately 80% of total HSP60 transcript and
approximately 50% of total HSP60 protein (Figure 1C,D). Total HSP60
transcript levels increased more than 2-fold, but total HSP60 protein
levels increased by only about 40% after 48 h of induction and were
maintained for 72 h. It is noteworthy that transcript and protein levels
for the endogenous HSP60 decreased after induction of the D423A
transgene, suggesting a feedback mechanism that senses and adjusts
total HSP60 levels.

Induction of HSP60-D423A did not result in significant changes in
mitochondrial mass compared to the induction of HSP60-WT
(Figure 1E). However, key mitochondrial functions were affected
including decreased mitochondrial membrane potential and increased
mitochondrial superoxide levels (Figure 1F,G). There was no major
effect on mitochondrial morphology, however HSP60-D423A cells
showed a trend towards slightly fragmented morphology in a time-
dependent manner (Suppl. Fig. 1B). Moreover, mitochondrial respira-
tion and mitochondrial ATP production rates were decreased in the
HSP60-D432A induced cells without changing the cellular ADP/ATP
ratio. (Figure 1H,I; Suppl. Figure 1C-E). The decrease in mitochondrial
ATP production was partially compensated by an increase in glycolytic
ATP production at 48 h induction (Figure 11; Suppl. Fig. 1F). However,
the respiration defect in the HSP60-D432A induced cells was too
severe to be compensated at 72 h, where the total ATP production rate
was significantly decreased (Figure 11; Suppl. Fig. 1G). The HSP60-
D432A protein is ATPase-deficient and its incorporation into HSP60
ring complexes together with WT subunits could impair the complexes
ATP hydrolysis. We cannot exclude that impaired HSP60 ATP hydro-
lysis could significantly decrease overall ATP consumption which could
be compensated by downregulating mitochondrial ATP production rate.
The HSP60-WT transgene cell line treated with 50 ng/mL tetracycline
did not show any significant changes in mitochondrial mass, mito-
chondrial membrane potential, mitochondrial superoxide, and cellular
bioenergetics supporting that the low 50 ng/mL tetracycline concen-
tration did not have a measurable impact on mitochondrial function.
Based on these results, we focused on further characterizing the
HSP60-D423A cell line in detail.

2.2. HSP60 dysfunction severely affects the mitochondrial
proteome

Our previous studies using cellular knock-down and heterozygous
knock-out mouse models [20,21] had shown that HSP60 deficiency
leads to impaired folding of certain mitochondrial matrix proteins and
hence their increased degradation. Based on this, we hypothesized
that HSP60 dysfunction would lead to decreased levels of those
mitochondrial proteins that depend on HSP60 for proper folding. In
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Figure 1: HSP60 dysfunction results in cell proliferation arrest and progressing perturbations in key mitochondrial functions. (A) Schematic representation depicting the
mechanism in tetracycline-inducible HEK293 cell lines expressing wild-type HSP60 (WT) or the HSP60 dominant-negative ATPase-deficient mutant HSP60 (D423A). Inducible
expressed subunits integrate with endogenously expressed subunits to form heteromeric seven-subunit HSP60 complexes. (B) Cell proliferation of WT and D423A cell lines,
uninduced and induced with 50 ng/mL tetracycline for different time intervals. Represented in fold change compared to initial cell counts (statistical comparison between WT and
D423A induced cell lines). (G—D) The abundance of D423A and endogenous WT HSPD1 transcript (C) and HSP60 protein (D) levels, quantified by RNA sequencing and mass
spectrometry, respectively, at 0 h (uninduced), 48 h, and 72 h induced D423A cells. (E) Quantification of mitochondrial mass by MitoTracker green fluorescence in induced WT and
D423A cell lines (n > 3) at 0 h (uninduced), 48 h, and 72 h. (F) Percentage of cells with intact mitochondrial membrane potential in induced WT and D423A cells by JC-1
fluorescence (n > 3) at 0 h (uninduced), 48 h, and 72 h induced (G) Mitochondrial superoxide levels in induced WT and D423A cells, based on MitoSOX fluorescence
(n > 3) at 0 h (uninduced), 48 h, and 72 h. (H) Bioenergetic profiles of induced WT and D423A cells in basal conditions, analyzed with Seahorse XFe96 analyzer at 0 h (uninduced),
48 h, and 72 h. (I) Total ATP production distinguishing the proportion of mitochondrial and glycolytic ATP production rates, analyzed using the Seahorse XFe96 analyzer at 0 h
(uninduced), 48 h, and 72 h. Blue continuous line compares the total ATP production rate, and blue dashed lines compare the mitochondrial ATP production rate. Graphs represent
mean + SD (n = 3); statistical significance was determined with multiple unpaired t-tests with Holm-Sidak correction between WT and D423A induced cell lines unless otherwise
stated (*p < 0.05, **p < 0.01, ***p < 0.001). Abbreviations: ECAR, extracellular acidification rate (represents glycolysis); FCCP, Carbonyl cyanide 4-(trifluoromethoxy) phe-
nylhydrazone; h, hours; HEK, human embryonic kidney; HSP, heat-shock protein; OCR, oxygen consumption rate (represents oxidative phosphorylation); SD, standard deviation;
TET, tetracycline; tTA, reverse tetracycline transactivator; TRE, tetracycline-responsive promoter element; WT, wild-type.
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parallel, the levels of the encoding transcripts would remain un-
changed or even increased due to compensatory mechanisms. In order
to test this hypothesis, we quantified the transcriptomes and pro-
teomes of uninduced, 48 h, and 72 h induced D423A cells
(Suppl. Fig. 2A). Unsupervised principal component analysis of pro-
teomics and transcriptomics results showed that uninduced, 48 h, and
72 h samples clustered separately (Suppl. Figs. 2B and 2C). We
quantified a total of 15,989 genes at RNA level and 6,359 proteins.
Compared to uninduced D432A cells 112 (48 h) and 566 (72 h) genes
(FDR p < 0.05 and IFCI>2) were differentially expressed at the RNA
level, and 258 (48 h) and 485 (72 h) proteins at the protein level
(p < 0.05 and IFCI>1.2) (Figure 2A,B). At the RNA level, differentially
expressed genes were mainly upregulated at both 48 h (63 genes,
82%) and 72 h (435 genes, 70%), and only a few of the upregulated
genes encoded mitochondrial proteins (Figure 2C,E). The increased
number of upregulated genes at 72 h compared to 48 h suggests the
activation of compensatory mechanisms (see enrichment analysis
section). In contrast, the majority of differentially expressed proteins
were downregulated at both time points, 48 h (215 proteins, 92%) and
72 h, (385 proteins, 86%). In line with our hypothesis, most of the
downregulated proteins represented mitochondrial proteins (distin-
guished according to MitoCarta3.0 [2]) (Figure 2D,F; Suppl. Fig. 2D).
Plots depicting fold changes of proteomics versus transcriptomics
clearly illustrate that for the majority of mitochondrial proteins,
downregulation was not due to transcriptional downregulation
(Figure 2G,H). Seven of the 12 genes significantly downregulated at
both RNA and protein levels at 72 h induction encode mitochondrial
proteins (labels highlighted in red). Five of them are encoded by the
mitochondrial DNA (mtDNA) and they are likely decreased because
proteins involved in mtDNA transcription and translation are compro-
mised. Of note, we observed significant upregulation of genes involved
in the mitochondrial integrated stress response (ISR"“) (ATF3, CTH,
ASNS) and downregulation of genes concerned with cholesterol syn-
thesis (HMGCS1, MSMO1) and lipid transport (LDLR) (Figure 2H). A
more detailed discussion of this is provided in the enrichment analysis
section.

The fold change distribution of mitochondrial proteins revealed that
many of the downregulated proteins are part of mitochondrial pyruvate
metabolism, fatty acid oxidation, amino acid metabolism, TCA cycle,
OXPHOS, and mtDNA translation (Figure 2l). Proteins involved in the
maintenance and transcription of mtDNA, representatives of the
mitochondrial protein import and sorting machinery, and components
of the mitochondrial protein homeostasis system were only slightly
affected, even at 72 h. Violin plots of an extended number of mito-
chondrial pathway groups further support the notion that especially
functions in the matrix and inner membrane were extensively affected
by HSP60 deficiency whereas proteins in the other mitochondrial
compartments were not affected (Suppl. Fig. 2E). In larger complexes,
such as respiratory chain complex | or mitochondrial ribosomes, the
effect of compromising several subunits appears to destabilise the
whole complex. The massive decrease in the protein levels of respi-
ratory chain I to IV subunits (Figure 21 and Suppl. Fig. 2E) is consistent
with the notion that this is the major reason for the observed reduced
mitochondrial ATP production (Figure 11). When the fold change dis-
tributions of the proteins were differentiated according to the mito-
chondrial subcompartments in which they are localized, mainly matrix
and inner membrane proteins were downregulated (Figure 2J).

We also comparatively analyzed the fold change distributions of the
proteins interacting with HSP60 [6]. Mitochondrial interactors showed
a bimodal distribution that was most evident at 72 h of induction,
where two separate peaks are clearly distinguished (Figure 2K). This

suggests that for a fraction, but not all the interactors, interaction with
HSP60 is essential for folding. Similar bimodal distributions with two
distinct peaks were also seen in the violin plots for matrix proteins and
metabolism groups (Figure 21,J). The observation that a considerable
fraction of matrix proteins, interactors, and the large group of solute
carrier proteins in the inner membrane (SLC25A family; Figure 21) were
almost unchanged in amounts suggests that import into the matrix was
not significantly impaired. Taken together, our results suggest that
HSP60 dysfunction leads to severe disruption of the mitochondrial
matrix proteome and associated functions.

2.3. Patient fibroblasts carrying HSP60 disease-associated variants
present mild mitochondrial dysfunction with cytosolic compensatory
responses

The D423A-HSP60 cell system represents the effects of a very severe
ATPase domain mutation. To evaluate whether disease-associated
variations found in patients trigger similar changes in the mitochon-
drial proteome, we performed proteomics analysis of dermal fibro-
blasts from two patients carrying disease-associated HSPD1 variants
and presenting with hypomyelination phenotype. For more detailed
clinical information see materials and Methods and Supplementary
Table S1. Patient 1 (P1) is heterozygous for the de novo variation
p.Leu47Val with the milder disease phenotype [9] and Patient 2 (P2) is
homozygous for the p.Asp29Gly variant causing the severe lethal
hypomyelinating leukodystrophy MitCHAP-60 disease [11]. Functional
assays have shown that both HSP60 variants possess residual chap-
erone activity [9,13]. In contrast to our D423A-HSP60 cell system, the
proteomes of both patient cell lines, each compared to three healthy
control individuals, showed mainly upregulation of differentially
expressed proteins (Figure 3A,B and Suppl. Fig. 3). Only a few mito-
chondrial proteins were significantly regulated in the two patients;
none was downregulated in P2 and only two in P1: MGST1, a
glutathione-S transferase, and I1ARS2, the mitochondrial t-RNA ligase
for isoleucine. The up-regulated mitochondrial proteins comprised
peroxidases (PRDX4 and PRDX5), outer membrane proteins (MITCH1
and NIPSNAP2), and fatty acid oxidation enzymes (ECH1, ACAA2).
Consequently, fold change distribution analysis, distinguishing ac-
cording to mitochondrial subcompartments, showed a tendency to
decreased levels of matrix proteins only in P1 (Figure 3C).

The overall fold changes of the protein levels of the two patients were
correlated (R = 0.62) (Figure 3D), suggesting that similar responses
were activated in cells from both patients. Considering only the fold
changes of proteins with a p-value <0.05 in the triplicate analyses for
both patients, a significant upregulation of a larger group of non-
mitochondrial proteins in both patient samples was observed, while
only seven proteins were significantly downregulated. Display of KEGG
functional grouping for the common significantly regulated proteins
reveals biosynthesis, signal transduction, and signaling molecules and
interaction as the largest groups (Figure 3E). Interaction network
analysis of the significantly upregulated proteins revealed clusters of
proteins associated with extracellular functions and fiber organization
(Figure 3F).

2.4. Hsp60 knockout triggers phenotypes indicating developmental
abnormalities in zebrafish larvae

To understand the effects of Hsp60 deficiency in developing verte-
brates, we generated CRISPR/Cas9-mediated hspd7 knockout zebra-
fish lines by targeting exon 2 to induce a frameshift mutation. We
selected an allele with a 56 base pair deletion inducing a frameshift
mutation leading to loss of protein functions (Suppl. Figs. 4A and 4B).
The lack of the Hsp60 protein in the hspd? knockout (hspd1‘/‘)
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Figure 2: HSP60 dysfunction severely regulates the mitochondrial proteome, but not the transcriptome. (A—B) Venn diagrams representing the number of quantified and
differentially expressed genes in transcriptomics and proteomics. D423A cells at 0 h were compared to 48 h (A) or 72 h induced D423A cells (B). The pairing of quantified genes of
transcriptomics and proteomics was performed through Ensembl gene IDs. (C-F) Volcano plots showing the comparison of induced D423A cells at 48 h and 72 h with 0 h for
quantified transcriptome (C, E), and proteome (D, F). Cut-off values are indicated with dashed lines. As indicated in Figure 2C, Mitochondrial proteins based on MitoCarta3.0
(MC3.0; [2]) are highlighted with red points. (G, H) Comparison plot of log2fold changes of Proteomics versus Transcriptomics at 48 h (G) and 72 h (H). Cut-off values are indicated
with dashed lines. Mitochondrial proteins are highlighted in red. Genes significantly up- or down-regulated at both transcript and protein levels are labeled. (I-K) Violin plots
distinguishing proteins from major mitochondrial pathways (I), mitochondrial sub-compartments (J), and HSP60 interactors (K), Induced D423A cells at 0 h in comparison to 48 h
(light red) or 72 h induced D423A cells (dark red), respectively. The violin plots reflect all quantitated proteins in the respective pathways, compartments, and groups; violin widths
are kept constant in the plots. Cut off values for transcriptomics: Benjamini-Hochberg adjusted p-value <0.05 and llog2FCI>1. Cut off values for proteomics: p-value <0.05 and |
log2FCI>0.26 Abbreviations: DE, differentially expressed; FC, fold change; IMS, intermembrane space; MIM, mitochondrial inner membrane; MOM, mitochondrial outer membrane

(See also the legend of Figure 1).
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fibroblasts of the Patient 1 (heterozygous HSP60-p.Leud7Val) (A) and of human dermal fibroblasts of the Patient 2 (homozygous HSP60-p.Asp29Gly) (B) compared to their
respective human dermal fibroblast control cells (n = 3). P values were calculated using TDIST function in Excel. Cut-off values are indicated with dashed lines (p-value <0.05 and
llog2FCI>0.26). Mitochondrial proteins based on MitoCarta3.0 (MC3.0; [2]) are highlighted with red points. (C) Violin plot distinguishing the mitochondrial sub-compartment protein
Log2fold changes from dermal fibroblasts from Patient 1 (light red) and Patient 2 (dark red) in comparison to their respective controls. (D) Correlation of the protein Log2fold
changes of Patient 1 (horizontal axis) with Patient 2 (vertical axis) in comparison to their respective controls. Points for significantly changed genes with p-values < 0.05 are
displayed as blue points. The correlation line is based on a linear mode; Pearson R and p values are given. (E) Functional categories of differentially expressed proteins in fi-
broblasts of Patient1 and Patient2 as compared to control fibroblasts illustrated by using Proteomaps [61] (https://proteomaps.net). Polygons correspond to KEGG pathway groups,
and the sizes correlates are scaled according to the absolute values of average log(2) fold changes. (F) Enriched GO terms for significantly up-regulated fibroblast proteins in
Patient 1 and Patient 2 is analyzed using the STRING database [62] (https://string-db.org). Proteomaps and Enrichment analyses were performed on False Discovery Rate (FDR)-

corrected (FDR<0.05) values with llog2FCl>0.26.
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embryos at day 3 post fertilization (3 dpf) and at early larval stages (5
and 7 dpf) confirmed the efficiency of the Hsp60 protein knockout
(Figure 4A). The truncated hspd1 knockout transcript was present in
hspd1’/’ larvae, but in lower amounts than the full-length wild-type
transcript in wild-type (hspd1+/+) larvae (Figure 4C). Morphologic
inspection indicated that hspdf/* larvae displayed a mildly dys-
morphic phenotype compared to the hspd1+/+, while heterozygous
embryos (hspd1+/ ~) did not (Figure 4B). Specifically, hspd1‘/ ~ larvae
had a shorter body length at 5 dpf, and a smaller eye area at 5 and 7
dpf (Figure 4D,E; Suppl. Fig. 4C). The majority of knockout larvae failed
to inflate the swim bladder at 5 and 7 dpf (Figure 4F). No significant
differences in these parameters were observed at 3 dpf. Overall, this
indicated that Hsp60 deficiency causes early larval developmental
abnormalities.

2.5. Hsp60 deficiency results in mitochondrial proteome changes
in zebrafish larvae

To further understand the effects of HSP60 deficiency on early larval
development, we examined the proteome and transcriptome changes
in zebrafish larvae at 5 dpf (Suppl. Fig. 5A). The hspd1t/t and
hspdf/’ samples clustered separately in the unsupervised principal
component analysis of both the proteome and transcriptome data
(Suppl. Figs. 5B and 5C). A major part of differentially regulated genes
(208 genes, 71%) and proteins (179 proteins, 76%) were down-
regulated. Similar to our D423A-HSP60 cell model, many genes
encoding mitochondrial proteins were downregulated at protein level in
hspdf/’ larvae, whereas they were unchanged at RNA level
(Figure 4G,H). Genes that were significantly up- or downregulated at
both the transcript and protein level encoded mainly non-mitochondrial
proteins, with only two exceptions (kars7 and fdxn) (Figure 4l). Strik-
ingly, we found that, as in the D432A-HSP60 cell system, ISR™M genes
were among the consistently upregulated genes (psat1, phgah) and
the gene that catalyzes the first step in the mevalonate/cholesterol
synthesis pathway (hmgcs7) was among the consistently down-
regulated genes (Figure 4l).

In accordance with the findings in the D423A-HSP60 cell system,
analysis of submitochondrial localization revealed that fractions of
matrix and inner membrane proteins were downregulated in hspdf/ -
larvae, whereas outer membrane and intermembrane space proteins
were unaffected (Figure 4J). Comparison of the distributions of fold
changes of mitochondrial proteins in hspdf/* larvae, compared to
hspd1™* larvae and the D423A-HSP6O cells at 72 h induction,
compared to uninduced cells, revealed significant correlations for
matrix and inner membrane proteins (Suppl. Fig. 5D). This suggests
that a fraction of mitochondrial protein orthologs are sensitive to HSP60
deficiency in both species while others are not. In conclusion, as in the
HEK D423A-HSP60 cell system, there was a clear reduction in
amounts of many mitochondrial matrix and inner membrane proteins
in the zebrafish HSP60 knockout larvae.

2.6. Enrichment analysis reveals affected fatty acid and cholesterol
metabolism

To elucidate adaptive and compensatory mechanisms caused by
HSP60 deficiency, we performed enrichment analysis for the differ-
entially expressed proteins and genes in the D423A-HSP60 cell system
and zebrafish HSP60 knockout larvae, using Enrichr and FishEnrichr
[22,23]. Not surprisingly, the enriched clusters from both systems
were overwhelmingly related to mitochondrial functions and pathways,
such as mtDNA translation, oxidative phosphorylation (OXPHQS), fatty
acid oxidation (FAQ), and the TCA cycle (Figure 5A,B). Contrarily,
enriched clusters of transcriptomics analysis showed few
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mitochondria-related terms (Figure 6A,B). One of the common cellular
responses to mitochondrial dysfunction is the activation of the ISR““,
allowing cells to adapt to unfavorable conditions. Both the induced
D423A-HSP60 cells and the zebrafish HSP60 knockout larvae pre-
sented significant upregulation of many genes of the ISR™ at both RNA
(Figure 5C,D) and protein levels (Suppl. Figs. S6A and S6B). However,
the mitochondrial ISR™ proteins SHMT2, CLPP, and MTHFDH2 were
decreased in the HEK D423-HSP60 cell system, whereas the encoding
transcripts for MTHFD2 and SHMT2 were upregulated (Figure 5C and
Suppl. Fig. 6A). This suggests that the mitochondrial branch of the
ISR™ response could not be executed at the protein level. There is a
significant increase in th ISR™ regulating factors (e.g. ATF3, TRIB3,
GDF15) gene transcripts in the HEK D423A-HSP60 cell system at 48
and 72 h induction (Figure 5C). Respiratory chain deficiency leads to an
upregulation of metabolites from the one-carbon cycle branch of the
ISR”‘t, e.g. glycine, serine, and threonine (PSAT1, PGHDH, SHMT2)
[24]; levels of transcripts from these genes do not increase further after
48 h. Consistent with this, targeted metabolite analysis showed
increased levels of the amino acids glycine, serine, and threonine in
the D423A-HSP60 cell system and serine and glycine in the hspd1‘/ -
larvae (Figure 5E,F).

Analysis of the transcriptomic changes in both the D423-HSP60 cell
system and the zebrafish Hsp60 knockout larvae revealed enrichment
of GO and KEGG terms centered on sterol/cholesterol/steroid biosyn-
thesis, immune response pathways, and stress responses
(Figure 6A,B). All these processes mainly occur outside the mito-
chondria. In both the D423-HSP60 cell system and the zebrafish
Hsp60 knockout larvae, many genes encoding enzymes of the
mevalonate and steroid synthesis pathways were downregulated both
at RNA (Figure 6C,D) and protein levels (Suppl. Figs. 6E and 6F). Be-
sides the genes encoding the synthesis machinery, we also looked at
the cholesterol sensing and regulation system [25]. In the D432A-
HSP90 cell system we noted a significant down-regulation of the
transcript for the regulator protein INSIG1 that binds and senses
oxysterol (Figure 6C).

Targeted metabolite analysis showed reduced citrate levels in the
D423-HSP60 cell system (Figure 5E). Citrate is generated from acetyl-
CoA supplied from fatty acid oxidation, pyruvate and amino acid
metabolism in the mitochondria and feeds lipid synthesis outside
mitochondria. All these pathways were impaired in our models of
HSP60 deficiency. However, no significant changes in citrate levels
were seen in the zebrafish Hsp60 knockout larvae (Figure 5F).
These results suggest that severe HSP60 deficiency initially causes
dysfunction in many mitochondrial metabolic and energy-producing
pathways triggering transcriptional regulations of extramitochondrial
pathways. Notably, in the fibroblasts from P1, we saw a significant
downregulation of ISR™ proteins and an upregulation of cholesterol
synthesis enzymes; both changes were in the opposite direction
compared to the HEK and zebrafish models (Suppl. Figs. 6C, 6D, 6G
and 6H).

2.7. Hsp60 knockout zebrafish larvae display altered lipid
metabolism and a reduced number of oligodendrocytes

As cholesterol is a highly abundant component of myelin, the combi-
nation of a shortage of the building block acetyl-CoA and down-
regulation of the cholesterol synthesis pathway may be the underlying
cause of the hypomyelination phenotype observed in patients with
HSP60 deficiency. To address this, we assessed the lipid content of
whole-mount zebrafish larvae at 8 dpf using Oil Red O staining. In line
with a decreased capacity of the fatty acid degradation machinery, the
staining showed retention of neutral lipids in the yolk/liver region of
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Figure 4: Zebrafish Hsp60 knockout results in early larval developmental abnormalities. (A) Hsp60 protein levels of hspd1+/+, hspd1*/~, and hspd1~/~ larvae at 3 dpf, and
hspd1’/ ~ larvae at 3, 5, and 7 dpf. Assessed by western blot (n = 6). (B) Lateral imaging of hspd1’/’ larvae at 3, 5, and 7 dpf indicated developmental delay at 5 and 7 dpf, but
hspd1*/~ larvae showed no significant phenotypic differences compared to hspd7** larvae. (C) Quantification of WT and KO hspd? transcript levels in hspd?*"+ and hspd1~"~
larvae at 5 dpf, quantified by RNA sequencing. (D—F) Phenotypic quantification of body length (D), eye size (E), and swim bladder inflation (F) in hspd7™+ (n = 28), hspd1~/~
(n = 31) larvae at 3, 5, and 7 dpf. (G—H) Volcano plots showing analysis of transcriptome (G), and proteome (H) changes between hspd1*/* and hspd1~/~ larvae. Cut-off values
are indicated with dashed lines. Mitochondrial proteins based on MitoCarta3.0 (MC3.0; [2]) are highlighted with red points. (I) Comparison plot of log2fold changes of Proteomics
versus Transcriptomics in hspdl’/ ~ larvae. Cut-off values are indicated with dashed lines. Mitochondrial proteins are highlighted in red. Genes significantly up- or down-regulated
at both transcript and protein level are labeled. (J) Violin plots distinguishing proteins from mitochondrial sub-compartments of hspd7~/~ larvae in comparison to hspd7+/* larvae.
Statistical significance was determined with one-way ANOVA: *p < 0.05, ****p < 0.0001. Abbreviations: dpf, days post-fertilization; KO, knockout; sgRNA, single guide RNAs;
WT, wild type.
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Figure 5: ISR™ is upregulated in D423A cells and fispd /" larvae. (A—B) Enrichment analysis of differentially expressed proteins of D423A cells at 0 h in comparison to 72 h
induced D423A cells (A) and in 5 dpf hsde‘/‘ larvae in comparison to hspd1+/+ larvae (B). Performed on EnrichR at gene name level for proteomics GO biological process and
KEGG terms are included. The enriched terms are shown as a negative log10 of adjusted p-values. Adjusted p-values <0.05 were considered significant. (C—D) Volcano plots
showing the transcriptomic regulation of mitochondrial integrated stress response (ISR™) transcripts. ISR™ genes were taken from [27] and are displayed as blue points. (C) HEK
D423A cells at 0 h in comparison to 72 h induction (left panel) and ISR™ transcript fold changes at 48 h and 72 h as compared to uninduced cells (right panel), (D) 5 dpf hspd1~"~
larvae in comparison to hspd7*/* larvae. (E—F) Amino acids and TCA cycle intermediate metabolites were analyzed by targeted metabolomics, and mean-centered abundance
values were further normalized to total ion intensity. (E) In the D423A cells, significance was calculated against uninduced cells (mean + SD, n = 3, multiple unpaired t-tests with
Holm-Sidak correction). (F) 5 dpf hspdf/’ larvae in comparison to hspd1+/4r larvae (mean 4+ SD, n = 3, two-way ANOVA with Sidak’s multiple comparisons correction).
Abbreviations: GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; See also Figures 1 and 4.
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hspd1’/’ larvae at 8dpf (Figure 6E). Based on this, we decided to
analyse whether fibroblasts from patients with HSP60 deficiency have
a lipid accumulation phenotype. Interestingly, the patient fibroblasts
displayed a not significant tendency to accumulate lipid droplets in
larger volumes compared to the control cell lines after treatment with
oleic acid (Suppl. Figs. 7A and 7B).

We then investigated myelination in the hspdf/ ~ larvae by monitoring
myelin sheaths using the transgenic line: Tg(mbpa:Dendra2-CaaX). No
significant difference in the progression of myelination between
knockout and wildtype larvae at 4, 7, and 10 dpf was observed
(Figure 6F; Suppl. Fig. S8A). Consistent with unaltered myelination,
myelin proteolipid protein (Plp) levels were similar in hspdf/’,
hspd1™'=, and hspd1t'* larvae at 3 dpf, and Plp protein levels in
hspd1‘/‘ larvae were increased at 5 and 7 dpf compared to 3 dpf
(Suppl. Fig. S8B). When using the transgenic line Tg(mbpa:Dendra2)
with fluorescent labeling of oligodendrocytes, we observed a signifi-
cantly decreased number of mature oligodendrocytes in the hspd1‘/ B
larvae compared to hspd?™'t at 4 and 7 dpf (Figure 6G;
Suppl. Fig. S8C).

In conclusion, Hsp60 deficiency led to a broad mitochondrial
dysfunction, an activation of the ISR™ and a dysfunctional lipid
metabolism including dysregulated cholesterol biosynthesis ending in
developmental abnormalities during early zebrafish larval stages
(Figure 7).

3. DISCUSSION

In the present study, we performed a comprehensive analysis of
cellular and zebrafish models to elucidate the mechanisms and con-
sequences of HSP60 deficiency. Figure 7A shows a mechanistic model
for the responses on different levels of HSP60 deficiency and Figure 7B
depicts the major gene expression changes in metabolic pathways
observed in the HEK cells expressing the HSP60-D423A variant.
Using a cellular model in which the chaperone function of HSP60 is
acutely blocked by the expression of a dominant-negative HSP60
mutant (D423A), we show that a large fraction of the mitochondrial
matrix and inner membrane proteins were decreased in abundance.
Proteins of all major pathways and functions in the mitochondrial
matrix and inner membrane were affected, including the OXPHOS
system, amino acid metabolism, fatty acid oxidation, and mitochondrial
translation (Figure 2l; Suppl. Fig. 2E). Notably, a fraction of mito-
chondrial HSP60 interactors [6] were not or only slightly affected,
suggesting that some interacting proteins do not require the help of
HSP60 for folding. Levels of mitochondrial proteins that use the TIM22
system to enter the inner membrane, e.g. SLC25-family metabolite
carrier proteins [26], were stable, suggesting that HSP60 deficiency
does not cause a general decrease in the import of mitochondrial
proteins. In addition, a considerable fraction of matrix proteins and
interactors are not significantly changed in levels suggesting that the
decrease of matrix and inner membrane proteins was not due to
impaired import.

Similar to the D423A-HSP60 cell system, many mitochondrial matrix
and inner membrane proteins were decreased in amounts in HSP60
knockout zebrafish larvae, indicating that this effect of HSP60 defi-
ciency is widespread across different tissues (Figure 4J). The effect on
mitochondrial matrix protein levels in fibroblast cells from patients
carrying disease-associated HSP60 missense variations was very
limited in P1 and undetectable in P2. This may be explained by the fact
that the dominant-negative and knockout mutations severely shut
down HSP60 function in D423A-HSP60 cells and zebrafish larvae,
whereas the missense variants in the patient fibroblasts retain residual
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HSP60 function [9,13] to which the fibroblasts have adapted, and
therefore have a much less pronounced effect on the mitochondrial
proteome (Figure 3A,B).

OXPHOS deficiency has been shown to trigger the mitochondrial in-
tegrated stress response (ISRmt) in a series of cellular and mouse
models [24,27—30]. The ISR™ starts with the initial activation of
FGF21-driven responses [30]. In our D423A-HSP60 cell system, we
observed upregulation of numerous genes of the ISR™ (Figure 2H).
Upregulation of zebrafish orthologs of ISR™ genes was also observed
in our Hsp60 knockout zebrafish larvae through upregulation of psat,
atfsb, phgdh, trib3 and atf3 transcripts (Figure 4I).

Consistent with these findings, metabolic analysis in both the D423A-
HSP60 cell system and zebrafish Hsp60 knockout larvae showed
elevated levels of serine and threonine (Figure 5E,F). These are
markers for alterations of the one-carbon cycle that includes the ISR™
gene products PHGDH and PSAT1. Increased levels of serine and
threonine have previously been reported for a mitochondrial respiratory
chain dysfunction model [24]. These metabolites generated inside
mitochondria are important for the synthesis of building blocks of
nucleic acids and for robust cell proliferation. Our metabolite analysis
of induced D423A cells at 72 h also showed decreased aspartate,
which is the substrate for asparagine synthetase (ASNS) that converts
it to asparagine. ASNS was upregulated both at protein and transcript
levels in our cell model (Figure 2G). Asparagine couples mitochondrial
respiration to the activity of the ISR™ transcription factor ATF4 [31] and
supplementation of aspartate can rescue cell proliferation in electron
transport deficient cells [32]. Importantly, in HSP60 deficiency, the
transcriptional upregulation of genes of the ISR™ iss inefficient because
several of the encoded proteins (MTHFD2, SHMT2) fail to increase due
to HSP60 chaperone deficiency. This prevents the ISR™ from working
properly.

The most striking observation in our study was the downregulation of
the mevalonate and steroid pathways in both our D423A-HSP60 cell
system and the zebrafish Hsp60 knockout model. Cholesterol is
sensed by a system in the ER membrane that includes sterol regulatory
element binding proteins (SREBPs) and insulin induced gene 1 and 2
(INSIG1, and INSIG2) proteins, and this regulates promoters of genes
involved in cholesterol biosynthesis, the LDL receptor (LDLR) [33], and
fatty acid synthesis [34]. This system senses the levels of both
cholesterol and unsaturated fatty acids [35]; low levels up-regulate and
high levels down-regulate the expression of cholesterol synthesis
genes. Our finding of downregulation of a large number of genes
encoding enzymes of the mevalonate/cholesterol synthesis pathway
and the LDL receptor at both transcript and protein levels in both the
cellular and zebrafish models suggests that accumulation of choles-
terol and/or fatty acids may occur. Indeed, oil red staining revealed
highly elevated lipid levels in the yolk/liver region of zebrafish Hsp60
knockout larvae. Similar staining has been reported for knockdown of
the alpha subunit of electron transfer flavoprotein (ETF) [36] that takes
up electrons from more than ten flavoenzymes involved in fatty acid
oxidation and amino acid metabolism in the mitochondria [37]. This is
in line with the observed increased lipid accumulation in patient fi-
broblasts. Accumulation of fatty acids due to reduced levels of fatty
acid oxidation, together with impaired mitochondrial amino acid and
pyruvate metabolism due to reduced levels of subunits of these will
also lead to a shortage of acetyl-CoA, a key node in metabolism and an
essential metabolite for epigenetic regulation [38,39].

These effects provide insight into the mechanisms underlying the
hypomyelination phenotype in patients with HSP60 deficiency.
Cholesterol is an abundant component of myelin sheaths - in humans,
25% of total body cholesterol is found in the brain, most of it as a
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Figure 7: Overview of effects of HSP60 dysfunction (A) Schematic summary of consequences of HSP60 deficiency: (a) mitochondrial matrix protein levels are decreased, (b)
leading to changes in cellular metabolism, (c) altering the pool of acetyl-CoA that alters the lipid metabolism (d), and finally activating ISR™. Created with Biorender.com.
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and the respiratory chain as observed in HEK D423A cells induced for 72 h compared to uninduced cells.

12

MOLECULAR METABOLISM 88 (2024) 102009 © 2024 Aarhus University. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

component of myelin [40]. In mammals, cholesterol used for building
the myelin sheaths in the developing brain of the fetus is supplied by
the mother from umbilical cord blood [41], and in zebrafish embryos
cholesterol is provided by the yolk [42]. Thus, there is no shortage of
cholesterol during early brain development. However, once the blood—
brain barrier is established, cholesterol for myelination must be syn-
thesized locally in the CNS by astrocytes [14]. In humans, this occurs
around birth, and in zebrafish, the blood—brain barrier begins to form
at around 3 dpf and is fully functional at 10 dpf [43]. Cholesterol
availability from the yolk is the likely reason why we did not observe
severe myelination phenotypes in zebrafish embryos by 8 dpf.

The synthesis of cholesterol and other lipids requires acetyl-CoA as a
building block. Acetyl-CoA for the mevalonate/cholesterol pathway is
derived from mitochondrial citrate, which is transported to the cytosol
where it is converted back to acetyl-CoA by ATP-citrate lyase (ACLY).
Thus, once the blood—brain barrier is formed, the CNS in HSP60
deficient organisms face a double challenge for myelination: lack of the
building block acetyl-CoA due to impaired catabolism of fatty acids,
amino acids, and pyruvate in mitochondria and a down-regulation of
cholesterol synthesis (Figure 7). Hypomyelination would be expected to
be more pronounced in severe HSP60 deficiency and less pronounced
in milder HSP60 deficiency. The earliest brain MRI of a patient like P2
with the severe lethal form at the age of 5 months showed abnormal
myelination, suggesting that myelination was impaired already at an
early age [13]. Clinical investigations of P1, with a mild presentation of
HSP60 deficiency, revealed later onset and slow progression of dis-
ease phenotypes [9]. The first MRIs of this patient, taken at age 4
years, showed delayed myelination of the cerebral and cerebellar white
matter. A second MRI, taken at age 10 years, showed mild progression
of his white matter disease (Suppl. Fig. 9). This suggests that a mild
HSP60 deficiency would lead to impaired remyelination/myelin main-
tenance after birth.

In summary, our extensive studies have shown that the levels of a large
fraction of mitochondrial matrix and inner membrane proteins are
decreased in amounts when HSP60 is deficient. Our compendium of
these data can be used to pinpoint mitochondrial proteins, enzyme
complexes, and functions that are affected by dysregulation of HSP60
expression as seen e.g. in tumor cells, heart and skeletal muscle cells
in cardiovascular disease, and diabetes [44—47].

The secondary effects of multiple deficiencies in the mitochondrial
matrix and inner membrane proteins mount the ISR™. However, in
HSP60 deficiency, execution of the ISR™ is hampered because the
levels of the matrix proteins encoded by the up-regulated ISR™ tran-
scripts are not accordingly increasing. This results in an inappropriate -
‘limping’ - ISR™.

As a major novel finding, we discovered a marked down-regulation,
at both RNA and protein levels, of the cholesterol synthesis pathway
upon acute shortage of HSP60. Hypomyelination and demyelination in
the HSP60-related disorders thus appear to result from impaired
synthesis of cholesterol and related lipids in the brain. The role of
HSP60 chaperone activity in wiring the metabolism of lipids, amino
acids, and other metabolites needs to be investigated in future
studies. Novel treatments for HSP60 deficiency and related hypo- or
demyelinating diseases must include measures to counteract
adverse metabolic and regulatory responses affecting the cholesterol
synthesis pathway.

In conclusion, our study demonstrates the broad impact of HSP60
function on mitochondrial and cellular metabolism, maps the functions
that are most strongly affected by HSP60 deficiency, and broadens the
understanding of why tuning the expression and activity of this chaperone
to cellular needs is of paramount importance for cellular homeostasis.
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3.1. Limitations of the study

This study provides an important resource and understanding of
HSP60 dysfunction in depth using three different models: (1) HEK cell
model, (2) fibroblast cells from patients, (3) zebrafish animal model. On
the other hand, some limitations must be considered. Firstly, one
shortcoming is that the cell systems used do not include neuronal cells.
HEK293 is a cell line that can serve as a generic human cell, but it
lacks features that may be important for the effects of HSP60 defi-
ciency in brain tissue. In addition, neuronal cells only represent a small
fraction of the larval body, which may mask nervous system-specific
disease manifestations. The embryonal lethality of the HSP60 knock-
out also limits the ability to study the effects of the milder HSP60
deficiency caused by the missense variations in patients at later stages
of development and adulthood. However, the results derived from this
study can be used as a guide to approach the tissue-specific patho-
genesis characterizations in future studies. A common limitation of all
animal models is that disease phenotypes may differ between species
due to developmental and metabolic differences. An intrinsic problem
of studying rare diseases using patient-derived fibroblasts is limited
accessibility, as there are only very few known patients with disease-
associated HSP60 mutations. However, the studies of rare diseases
are particularly important for understanding and modeling the basic
biology of complex human diseases.

4. MATERIALS AND METHODS

4.1. Cell culture

HEK293 cells with tetracycline-inducible expression for wild-type
(HSP60-WT) or the dominant-negative ATPase-deficient mutant
(HSP60-D423A) were previously established using the Flp-In T-REx
system (Invitrogen) [18]. HSP60-WT and HSP60-D423A cells were
sub-cultured in Dulbecco’s modified Eagle’s medium (DMEM, Sigma,
D6429) supplemented with 10% fetal bovine serum, 0.29 mg/mL
glutamine, 0.1 streptomycin mg/mL, 100 units penicillin/mL, 15 pg/
mL blasticidin (Invitrogen) and 100 pg/mL hygromycin B (Invitrogen).
HSP60 expression (WT and D423A) was induced with 50 ng/mL
tetracycline in culture media for the indicated induction periods. The
medium was changed every other day and the day before measure-
ments to maintain the tetracycline concentration.

Patient dermal fibroblast cells were previously described. Patient 1 (P1)
is heterozygous for the de novo variation p.Leu47Val associated with
the milder disease phenotype [9] and Patient 2 (P2) is homozygous for
the p.Asp29Gly variant causing the severe lethal hypomyelinating
leukodystrophy MitCHAP60 disease [13]. For detailed information on
patient and control fibroblasts see Suppl. Table S1. Control fibroblast
cell lines were purchased from Promocell GmbH. Fibroblast cell lines
were cultured in Minimum Essential Medium (MEM, Sigma, M2279)
supplemented with 10% fetal bovine serum, 0.29 mg/mL glutamine,
0.1 streptomycin mg/mL, 100 units penicillin/mL, and used for ex-
periments below passage number 12. All cell lines were cultured at
37 °C, 85% humidity, and 5% CO,. Cells were routinely tested for
Mycoplasma and grown in Mycoplasma-negative conditions.

4.2. Cell viability

HEK HSP60-WT and HSP60-D423A cells were cultured for 48, 72, and
96 h and seeded at 1.2 million, 600.000, and 400.000 cells per T25
flask for the time points, respectively. After trypsinization, cells were
stained with acridine orange (AO; total cell staining) and DAPI (non-
viable cell staining) and counted with a full-spectrum image cytometer,
NucleoCounter NC-3000 (Chemometec, Denmark). The “Viability and
Cell Count using NC-Slides™” Assay was run according to the
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manufacturer’s instructions. Cell viability was calculated by subtracting
the non-viable cell number from the total cell number and represented
as a percentage.

4.3. Cell proliferation

Cell proliferation rates were measured with label-free high-contrast
brightfield microscopy in 6-well plates using Cytation 1 Cell Imaging
Multi-Mode Reader (BioTek Instruments, Agilent) as described previ-
ously [48]. Briefly, 125,000 cells were seeded per well, with or without
tetracycline. Cell plates were incubated at room temperature for
30 min to promote uniform distribution of the attached cells, then
incubated at 37 °C with 5% CO- until the next measurement. The cell
medium was changed every other day after the measurement. Each
sample was measured in three independent biological replicates, each
set containing three wells of technical replicates in parallel. Once every
24 h, two exact regions (9 auto-stitched images) from each well were
imaged and analyzed. Cell proliferation rate was calculated by
normalizing each cell count by the cell count at 24 h post-seeding.

4.4. Mitochondrial mass and morphology determination with
MitoTracker™ green

Mitochondrial mass was determined with MitoTracker™ Green FM
(Invitrogen, USA, M7514). On the day of the analysis, cells were
washed with PBS and incubated with 100 nM MitoTracker Green in
HBSS (Hanks’Balanced Salt Solution) for 30 min at 37 °C. Stained cells
were trypsinized, collected into Eppendorf tubes, and stained with
RedDot2 (Biotium, USA) (1:1000) to detect dead cells. The measure-
ment was performed immediately using the NucleoCounter NC-3000
(Chemometec, Denmark) image cytometer. The total cell number
was determined using the darkfield channel. Mean fluorescence in-
tensity was calculated by the NucleoView software, dividing total
fluorescence intensity by the total number of live cells.

Mitochondrial morphology was determined with MitoTracker™ Green
FM staining on induced cells cultured in Nunc™ Lab-Tek™ Il 2-well
Chambered Coverglass (Thermo Scientific, USA, 155379). The cul-
ture medium was removed, and cells were incubated with 100 nM
MitoTracker™ Green FM and 5 M Hoechst containing FluoroBrite™
(Gibco, USA, A1896701) for 30 min at 37 °C. Optical sections of cells
were imaged with Observer.Z1 fluorescent microscope (Zeiss, Ger-
many) equipped with AxioCam HRm camera, ApoTome.2 x slider, and
40 x objective. Image stacks were acquired in ZEN 2.3 software (Zeiss)
in DAPI and FITC channels, and maximum intensity projections were
generated in ImageJ software.

4.5. Mitochondrial membrane potential

Mitochondrial Membrane Potential Assay was run on an NC-3000
image cytometer (Chemometec), according to the manufacturer’s in-
structions. Briefly, 1 x 108 cells/mL were stained with JC-1 (2.5 ng/
mL) for 10 min at 37 °C. Then, cells were washed with PBS and
stained with DAPI solution (1 pg/mL) to detect dead cells and imme-
diately analyzed. As a positive control of the assay, HEK HSP60-WT
cells were treated with a mitochondrial uncoupler, Carbonyl Cyanide
Chlorophenyl (CCCP; 50 uM), which is known to dissipate mitochon-
drial membrane potential.

4.6. Mitochondrial superoxide detection with MitoSOX™ red

Mitochondrial superoxide levels were determined with MitoSOX™ Red
(Invitrogen, USA, M36008) using the image cytometer NC-3000, as
described previously [49]. Briefly, 1.2 x 10° cells were seeded in 6-
well plates 24 h before the measurement with 5 tM MitoSOX™ Red

for 30 min at 37 °C. Un-induced HSP60-WT cells treated with 150 uM
antimycin were used as positive control. Mean fluorescence intensity
was calculated using the NucleoView software, by dividing total fluo-
rescence intensity to the total number of living cells.

4.7. Mitochondrial bioenergetics

Mitochondrial bioenergetics was performed using XFe96 (Seahorse,
Agilent, USA) extracellular flux analyzer to measure Oxygen con-
sumption rate (OCR) and extracellular acidification rate (ECAR) simul-
taneously. An hour before the measurement, the culture medium was
replaced with the assay medium and incubated in a non-CO, envi-
ronment for 1 h at 37 °C. After the completion of OCR and ECAR
measurements, each well was added Hoechst nuclear staining (2.7
uM/final well, Invitrogen, H3570) for 30 min in the dark at 37 °C. Wells
were imaged by Cytation1 using Cell Imaging software (Agilent) and
OCR and ECAR values were normalized to the Hoechst-stained cell
counts. The normalization unit was set to 1,000 cells.

For the ATP rate assay, we seeded 12,500 (uninduced), 15,000 (48 h),
and 17,500 (72 h) cells/well. 48 h before the assay, cells were seeded
to 100 pg/mL Cell-Tak (Corning, #354241) pre-coated 96-well XF Cell
Culture Microplates (Agilent; #101085-004). The assay medium was
prepared by supplementing Seahorse XF DMEM medium (Agilent,
#103575-100) with 10 mM glucose (Sigma, G8769), 1 mM Sodium
Pyruvate (Gibco, 11360-039), and 2 mM Glutamine (Sigma, G7513).
ATP-synthetase inhibitor Oligomycin (1.5 1M final/well) and complex |
and complex Il inhibitors Rotenone and Antimycin A, respectively
(0.5 uM final/well, Agilent, #103592-100), were injected sequentially.
ATP production rate, mitoATP production rate, and glycoATP produc-
tion rate were calculated by and exported from Wave Software (Agilent)
according to the manufacturer’s instructions.

For the Mito Stress Test assay (Agilent, #103015-100), 25,000 cells
from each cell line and condition were seeded to 100 pg/mL Cell-Tak
pre-coated 96-well XF Cell Culture Microplates 24 h before the assay.
On the measurement day, the assay medium was prepared by sup-
plementing XF Base medium, (Agilent, #103193-100; adjusted to pH
7.4) with 10 mM glucose (Sigma, G8769), 1 mM Sodium Pyruvate
(Gibco, 11360-039), and 2 mM Glutamine (Sigma, G7513). Two group
of sequential drug injections were used: (1) FCCP (Carbonyl cyanide 4-
(trifluoromethoxy) phenylhydrazone; 0.25 pM final/well), and Rote-
none/Antimycin A (0.5 pM final/well); (2) Oligomycin (1 pM final/well),
and Rotenone/Antimycin A (0.5 uM final/well). The parameters ob-
tained were calculated using the average of the three cycles measured
according to the manufacturer recommendations.

4.8. Bioluminescence ADP/ATP ratio determination

ADP/ATP ratio was determined in cell seeded into poly-D lysine (5 pg/
mL, Sigma, P6407) pre-coated 96-Well Flat-Bottom White Microplates
(Nunc, #136101). Between 2,000—4,000 cells were seeded to have
10.000 cells/well on the day of measurement. The culture medium
was changed 2 h before the measurement. ADP/ATP Ratio Assay Kit
(Sigma, MAK135) was used according to the manufacturer’s in-
structions. Briefly, 90 pL of ATP reagent was added to each well and
ATP-dependent bioluminescence (RLU4) was measured after 1 min as
relative light units (RLU) by Synergy H1 plate reader (BioTek, Agilent).
Two wells without cells were used as a blank (RLUg). After 10 min of
incubation in the dark, luminescence was re-measured (RLU,) to serve
as a background for ADP measurement. Then, 5 pL of ADP reagent
was added and ADP-dependent luminescence (RLUs) was measured.
Measurements were performed in triplicates. ADP/ATP ratio was
calculated as: (RLU3- RLU,)/(RLU+-RLUg).
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4.9. Zebrafish husbandry

To study early developmental Hsp60 defects in an animal model, we
generated an hspd7 knockout zebrafish line using CRISPR/Cas9
(Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/
CRISPR-associated protein 9). Adult zebrafish lines were housed and
maintained at 28 °C with 14/10 h light/dark cycle. Embryos were
maintained at 28.5 °C in E3 buffer (5 mm NaCl, 0.17 mm KCl,
0.33 mm CaCl2, 0.33 mm MgS04, 10—5% methylene blue, 2 mM
HEPES, pH 7.4) with daily replacements. Wild-type zebrafish were in
AB background. Crosses with Tg(mbpa:Dendra2) and Tg(mbpa:Den-
dra2-CaaX) transgenic lines were used for monitoring oligodendro-
cytes or myelin sheaths, respectively [50].

4.10. sgRNA selection

CHOPCHOP web tool (version 2; http://chopchop.cbu.uib.no/) was used
to identify the potential target sites in the zebrafish hspd7 gene and
design the single guide RNAs (sgRNAs) used to select the target [51].
The web tool lists the possible sgRNA sequences according to the
protospacer adjacent motif (PAM) sequences located in a gene
sequence, provides information on the potential efficiency, and reports
the off-targets of the sgRNAs. We selected and tested a total number of
10 pairs of sgRNAs targeting exon 2 of hspd1 to generate the hspd1
knockout zebrafish line (Suppl. Table 2).

4.11. sgRNA in vitro transcription

For the transcription of sgRNAs, pDR274 plasmid (Addgene; #42250)
was linearised with the Bsal restriction enzyme (New England Biolabs;
#R0535). The linearised plasmid was run on agarose gel and purified
with QIAquick Gel Extraction Kit (Qiagen; #28704). sgRNA oligonu-
cleotides (TAG Copenhagen AS, Suppl. Table 2) were ligated to the
linearised pDR274 plasmid, and cloned plasmids were transformed
into XL-1 Blue cells (Agilent). Transformed cells were plated on Luria—
Bertani (LB) medium agar plates supplemented with 50 pg/mL
Kanamycin. Single colonies were selected and inoculated in LB me-
dium, and DNA was extracted for Sanger sequencing to confirm the
sgRNAs sequences. After confirming the sequences, the plasmids
were linearised by the Dral restriction enzyme (New England Biolabs;
R0129), a dual cutter for the plasmid. The band containing the T7
promoter and sgRNA template was cut from the agarose gel and
purified with QlAquick Gel Extraction Kit (Qiagen; #28704). This linear
DNA template containing the T7 promoter was used to transcribe
sgRNAs with the MEGAshortscript™ T7 Transcription Kit (Invitrogen;
AM1354). The synthesized gRNAs were precipitated with ethanol and
dissolved in nuclease-free water.

4.12. Injections of zebrafish embryos

Microinjections were performed by injecting 2 nL of sgRNA and Cas9
mRNA mixture into the yolk of 1-cell stage wild-type embryos from AB
background. The efficiencies of the 10 pairs of SgRNAs on genomic
DNA sequences from 1-day post-injection embryos were tested using
the TIDE software (https://tide-calculator.nki.nl/) [52]. To produce the
FO generation, the two most efficient sgRNA pairs were co-injected
(50 pg of each sgRNA pair and 250 pg Cas9 mRNA) to 1-cell stage
wild-type zebrafish embryos. Genomic DNA of the FO generation’s
somatic cells was obtained by skin-swabbing. The genetically altered
adult FO founder fish were outcrossed to wild-type zebrafish individ-
ually. The F1 generation was genotyped at 1-day post-fertilization (dpf)
for the insertion/deletion (in/del) mutations in the germ cells. The FO
founder fish with in/dels resulting in frameshift mutations was out-
crossed to generate F1 generation. Later, the adult F1 generation was
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mated to the wild-type background, resulting in F2 generation that
constitute the heterozygous hspd7 knockout line. Further generations
were generated by outcrossing the hspd1+/ ~ knockout line
(Suppl. Figs. 3A and 3B).

4.13. Brightfield imaging

The F4 generation of the hspd1+/ ~ knockout line was in-crossed, and
brightfield imaging of larvae was performed at 3 dpf, 5 dpf, and 7 dpf
with Olympus SZX16 (Olympus) equipped with Axiocam 305 colour
(Zeiss), set at 2x zoom. Larvae were anesthetized in 225 mg/mL
buffered tricaine (pH 7.2), imaged in glass-bottom dishes (MatTek;
#P35G-1.0-20-C) and placed on to a thin layer of 3% methylcellulose
in E3. Imaged larvae were carefully placed back into an individual well
of a p24-well plate and maintained with daily E3 replacements until the
next measurement point. At the end of 7 dpf imaging, larvae were
euthanized and genotyped. Body length, swim-bladder area, and eye
area were measured as shown (Suppl. Fig. 3C) using ImageJ.

4.14. Qil red O staining

The zebrafish larvae resulting from hspd1+/‘ in-cross were eutha-
nized in tricaine at 8 dpf and washed twice with PBS before overnight
fixation with 4% PFA at 4 °C. Fixed larvae were incubated in 60%
isopropanol for 1 h at room temperature. 0.3% Oil Red O (ORO0) in 60%
isopropanol was freshly prepared and filtered through a 0.2 pM sy-
ringe filter. ORO solution was added to the fixed larvae and incubated
for 3 h at room temperature with a gentle shake. Larvae were washed
with 60% isopropanol twice and PBS with 0.1% Tween was added.
Larvae were transferred sequentially to 25% glycerol, 50% glycerol,
and finally to 75% glycerol in PBS with 0.1% Tween, and directly
imaged with Olympus SZX16 (Olympus) dissection microscope
equipped with Axiocam 305 color (Zeiss) at 6.3 zoom.

4.15. Fluorescent imaging of zebrafish larvae

The F4 generation hspd1+" knockout line was crossed to two
transgenic zebrafish lines fluorescently labeled for oligodendrocytes,
To(mbpa:Dendra2); and myelin sheaths, Tg(mbpaDendra2-CaaX).
hspd1*'~ Tg(mbpa:Dendra2) line or hspd1*’~ Tg(mbpa:Dendra2-
CaaX) line were in-crossed. The resulting larvae were anesthetized
in 225 mg/mL buffered tricaine (pH 7.2), imaged in glass-bottom
dishes (MatTek; #P35G-1.0-20-C), embedded in 1% low-melting
agarose and kept in individual wells of a p24-well plate in-between
measurements. The larvae were blindly imaged with an Observer.Z1
fluorescent microscope (Zeiss, Germany) equipped with AxioGam HRm
camera, ApoTome.2 slider, and 10x objective, image stacks were
acquired in ZEN 2.3 software (Zeiss) in the FITC channel, the maximum
intensity projections (MIP) from images of 2 pum optical sections were
generated with ImageJ (version 1.53c) software, and MIPs were
stitched manually. Dendra2-positive mature oligodendrocytes were
blindly quantified from the caudal to the yolk sac extension. Only viable
larvae were imaged, quantified, and genotyped after the analysis.

4.16. TMT labeling and mass spectrometry-based proteomics
sample preparation

For protein isolation from HEK cells, HSP60-D423A cells were
seeded in T75 flasks with the following cell numbers: uninduced
(3.6 million), 48 h (3.6 million), and 72 h (2.4 million) induced. The
human dermal fibroblast cells, control and patient fibroblasts were
cultured in T75 flasks (250,000 cells/flask) for 48 h. On the day of
the collection, cells were washed with warm PBS once, 3 mL ice-
cold PBS was added to the flasks, and cells were detached with

MOLECULAR METABOLISM 88 (2024) 102009 © 2024 Aarhus University. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (hitp:/creativecommons.org/licenses/by-nc-nd/4.0/). 1 5

www.molecularmetabolism.com


http://chopchop.cbu.uib.no/
https://tide-calculator.nki.nl/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

a cell scraper (VWR, #734-2602) and collected into a pre-chilled
falcon tube in 3 repeated steps. Samples were centrifuged at
400 g for 3 min at 4 °C, the supernatant was removed, and cell
pellets were stored at —80 °C until lysis.

The F4 generation of the zebrafish hspd1+/ ~ knockout line was in-
crossed and obtained embryos were maintained with daily E3 re-
placements until 5 dpf. The 5 dpf larvae were anesthetized with
150 mg/L tricaine in groups of four at a time. The tip of the caudal fin of
the anesthetized larvae was then removed using a hypodermic needle.
The larvae body was immediately snap-frozen in an empty 96-well
plate (Biorad; #12001925) on dry ice and stored at —80 °C until
sample preparation. The tail was transferred to another 96-well plate
with 100% methanol-filled wells for genotyping. According to the
obtained genotyping results, bodies of hspd1+/ *and hspd1‘/ ~ larvae
were pooled in groups of 5 larvae, and this process was repeated for 5
mating sets, resulting in 10 samples in total (Suppl. Fig. 4A).

HEK cell model pellets, zebrafish animal model larvae and fibroblast
cell pellets were lysed in 1%SDS in 100 mM triethylammonium bi-
carbonate (TEAB). Zebrafish larvae were additionally homogenized by a
motorized pellet pestle (Kimble; #2359971). All samples were further
lysed by sonication with a microtip sonicator (Branson Sonifier 250;
Branson Ultrasonics) at 30% duty cycle for three cycles of five pulses
with a minute of ice incubation between cycles. Sonicated lysates were
centrifuged at 16,000 g for 10 min, and supernatants were transferred
to a new tube. Protein concentrations were determined with the BCA
protein assay (Thermo Scientific; #10678484).

4.17. Tandem mass tag labeling

HEK cells and zebrafish samples were tagged with TMT10plex™
Isobaric Label Reagent Set (Thermo Scientific, #90111), and fibroblast
cells with TMTpro™16plex Isobaric Labels (Thermo Scientific,
#A44520). From each sample, 80 pg total protein was in-solution
trypsin digested and TMT labeled according to the manufacturer’s
instructions. Following the TMT labeling, all samples within each study
were pooled. After a strong cation exchange (SCX) purification (Phe-
nomenex, #8 B-S010-EAK), peptides were loaded to an Immobiline™
DryStrip Gel (GE Healthcare, #11534985) and isoelectric focusing (IEF)
separation was performed. The IEF gels were then cut into 10 equal
pieces, purified in PepClean C18 spin columns (Thermo Scientific,
#11824141) according to the manufacturer’s instructions, and then
vacuum centrifuged until dryness and stored at —20 °C until nanoLC-
MS/MS analyses. For the HEK cells, 8.89 1.g of un-labeled total protein
from all samples were pooled and labeled as a separate sample and
used to normalize TMT ratios for each experimental sample.

4.18. NanoLC-MS/MS and proteomics database searches

Nano-liquid chromatography tandem-mass spectrometry (nanoLC-MS/
MS) was performed on an EASY nanolLC-1200 coupled to a Q-
Exactive™ HF-X Quadrupole-Orbitrap™ Mass Spectrometer (Thermo
Scientific) as previously described [53]. Briefly, MS was operated in
positive mode using pre- and analytical columns: acclaim PepMap 100,
75 um x 2 cm (Thermo Scientific) and EASY-Spray PepMap RSLC C18,
2 um, 100 R 75 UM x 25 cm (Thermo Scientific), respectively, to trap
and separate peptides with a 170-minute gradient in 5—40 % aceto-
nitrile, 0.1 % formic acid. Higher-energy collisional dissociation (HCD)
was used for peptide fragmentation, and the normalized collision energy
(NCE) was 35. Full scan (MS1) and fragment scan resolutions were set at
60,000 and 45,000, respectively. Automatic gain control (AGC) for MS1
and MS2 were setat 1 x 108 with a scan range between 392-1,500 m/
zand at 1 x 105 with a fixed mass of 110 m/z, respectively. Up to 12 of
the most intense peaks of the full scan were fragmented with data-

dependent analysis (DDA). Unassigned and +1 charge states were
excluded from fragmentation, and the dynamic exclusion duration was
15 s. Each fraction was LC-MS/MS analyzed twice, where peptides
identified from >9 scans in the first analysis were excluded from
fragmentation in the second analysis.

4.19. Proteomics database search

All LC-MS/MS results were merged and submitted for the database
search for identification and quantification of proteins using Proteome
Discoverer 3.0 (Thermo Scientific). For the HEK and fibroblast cell
models, 20,401 reviewed Homo sapiens Uniprot sequences were used
as reference proteome (Swiss-Prot; downloaded on 02.12.2022) using
the Sequest algorithm. For the zebrafish animal model, 46,691 Danio
rerio  Uniprot sequences were used as reference proteome
(UP000000437; downloaded on 02.12.2022). Precursor mass tolerance
was 10 ppm, and fragment mass tolerance was 20 mmu. The maximum
number of allowed missed cleavages was two. Oxidation of methionine
was set as dynamic modification and static modifications were carba-
midomethylation of cysteines and TMT-plex-labels on lysine and peptide
N-terminus. The co-isolation threshold was set at 35%, and the iden-
tification false discovery rate was 0.01 at both peptide and protein levels.
Proteins with more than 2 quantitative peptide scans and at least one
unique peptide were considered as quantified and included in the further
proteomics data analysis. Criteria for the differentially expressed proteins
were set at p < 0.05 and IFCI>1.2 for protein abundance.

4.20. RNA sequencing sample preparation

HEK cell pellets were obtained as described in proteomics sample
preparation. Differently, after the last centrifugation step, PBS was
removed, 250 pL of TRIzol (Invitrogen, #15596-018) was added, and
the sample snap-frozen on dry ice, and stored at —80 °C for later use
for RNA sequencing.

Larvae of the zebrafish animal model were obtained from in-crosses of
the F4 generation of the hspd1+/ ~ knockout line and collected as
described in the proteomics section. Larvae were covered 25 L TRIizol
(Invitrogen; #15596-018) and stored at —80 °C until RNA extraction.
RNA was extracted from pools of 8 whole-body hspd?™'* and
hspdf/ ~ larvae at 5 dpf. This process was repeated for 3 mating sets,
resulting in 6 samples in total. Pooled samples were homogenized with
a motorized pellet pestle (Kimble; #2359971).

RNA isolation was performed using TRIzol, including DNase treatment
with DNA-free Kit (Ambion, AM1906) according to the manufacturer’s
instructions. Total RNA concentrations were determined with Synergy
H1 plate reader equipped with Take3 Plate (BioTek, Agilent). Quality
control analysis was performed with an automated 4200 TapeStation
System (Agilent, G2991AA), and RNA integrity number (RIN) values
were determined by RNA ScreenTape Assay for 4200 TapeStation
System according to the manufacturer’s instructions. RIN values were
above 9.3 and 8.3 for all samples of the cell and zebrafish models,
respectively. RNA sequencing service was performed by BGI Copen-
hagen by a non-stranded and polyA-selected RNA library preparation
and a consequent PE100 sequencing on DNBSEQ. Data was obtained
from BGl in fastq file format. Initial quality control of the fastq files was
conducted using FastQC (Babraham Bioinformatics). Adaptor removal
and trimming of low-quality ends were performed using Trim Galore
with default settings (Babraham Bioinformatics). Gene expression was
quantified using Salmon against decoy-aware reference tran-
scriptomes (GRCh38 and Danio rerio, GRCz11) [54]. Transcript abun-
dances were calculated and summarized at the gene level with tximeta
[55]. Differential expression analysis was performed using DESeq2
[56], applying a false discovery rate (FDR) threshold of less than 0.05.
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4.21. Mass spectrometry-based metabolomics sample preparation
HSP60-D423A cell line cells were seeded to T75 flasks, uninduced
(3.6 million cells), 48 h (3.6 million cells), and 72 h (2.4 million cells).
Cell culture flasks were placed onto a 37 °C warm plate, medium was
removed, cells were washed with warm PBS once, PBS was discarded,
4 mL of 80% Methanol (—20 °C, VWR, #85800290) was directly added
to cells with the flasks on ice. Cells were detached with a cell scraper
(VWR, #734-2602), collected into a pre-chilled falcon tube in 3
repeated steps, vortexed for 5 s, and incubated on ice for 10 min. The
samples were sonicated in a water bath for 10 s with 3 repeated cycles
with 1 min of ice incubations in between. For the zebrafish metab-
olomics study, larvae at 5 dpf were obtained from the in-cross of the
F5 generation of the hspd1 *+/~ Kknockout line and collected as above-
described in the proteomics section. Pools of 8 larvae were homog-
enized in ice-cold 80% methanol using a motorized Kimble pellet
pestle and sonicated for 10 s in a water bath.

The metabolite extracts were centrifuged at 12.000 g for 10 min at 4 °C.
The supernatants were evaporated to dryness by a flow of nitrogen gas
and then re-dissolved in water:methanol (97:3). TCA metabolites citric
acid, alpha-ketoglutaric acid, malic acid, succinic acid, glutamic acid, and
lactate were measured by LC-MS/MS as described previously [57].
Briefly, the samples were prepared by mixing 25 pL re-dissolved su-
pernatant with 80 L of stable isotope-labeled internal standard solution
(D4-citric acid, D4-succinic acid, D4-a-ketoglutaric acid, D3-malic acid,
and D3-lactic acid) dissolved in water with 0.3 % formic acid. For the
analysis of amino acids, 10 pL supernatant was added 40 pL solution of
stable isotope-labeled internal standards (phenylalanine-D5, tyrosine-D4,
valine-D8, methionine-D3, lysine-13C6-15N2, and arginine 13C6-15N4;
Cambridge Isotope Laboratories) and 180 pL solvent (water with 0.2%
heptafluorobutyric acid). Reference material amino acids (certified amino
acid mix, Sigma Aldrich) were used to prepare calibrator samples in the
concentration range 0.2—25 pM by addition of internal standard and
solvent as specified above. Three pl of the mixture was injected into an
ultra-performance liquid chromatography system (Waters UPLC) coupled
to a mass spectrometer (Waters Xevo TQ-S). The column was an HSS T3
(Waters Acquity UPLC 100 x 2.1 mm, 1.8 um, 100 &) maintained at
40 °C. The initial flow rate was 0.6 mL/min of 99% mobile phase A (water
with 0.1% heptafluorobutyric acid) and 1% B (acetonitrile) that was
maintained for 1 min, followed by a gradient to 20% B (1.0—4.6 min) to
80% B (4.6—5.5 min) and then back to 1% B (5.5—6.0 min) with
equilibration for 2 min, giving a total run time of 8 min. The mass spec-
trometer used electrospray ionization in the positive mode with capillary
voltage 3.0 kV, source temperature 150 °C, desolvation temperature
600 °C, and 800 L/h desolvation gas flow (nitrogen). The amino acids
were detected using multiple reaction monitoring with the following m/z
transitions, glycine (76 — 30.1), aspartate (134 — 74), alanine
(90.1 — 44.2), threonine (120.1 — 74.2), glutamine (147 — 84.2),
serine (106 — 60.2), asparagine (133.1 — 87.2), valine
(1181 — 72.2), phenylalanine (166.1 — 120.2), leucine
(1321 — 86.2), lysine (147.1 — 84.2), arginine (175.1 — 70.2),
methionine (150 — 104.1), tyrosine (182.1 — 136.2), phenylalanine-
D5 (171 — 125), tyrosine-D4 (186 — 146), valine-D8 (126 — 80),
methionine-D3 (153 — 107), lysine-13C6-15N2(155 — 90), and
arginine 13C6-15N4(185.1 — 75.2). Calibration curves were con-
structed by linear regression of the peak area ratio (amino acid/internal
standard) versus the nominal concentrations of the calibrator samples
with a weighting factor of 1/X. Selected stable isotope analogs were
employed for quantification of their corresponding amino acids and other
amino acids according to retention time proximity. Data for TCA metab-
olites and amino acids were normalized against the total ion intensity of
each cell supernatant sample as obtained from an untargeted
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metabolomics LC-MS analysis of the sample by a qTOF instrument
(Bruker Q-TOF maXis Impact) combined with XCMS-based peak analyses
as described previously [58].

4.22. HSP60 peptide levels by mass spectrometry-based
proteomics

Lysates from the proteomics study were used to quantify HSP60-WT
and HSP60-D423A protein amounts. Briefly, 30 pg total protein was
loaded on AnykD™ Criterion™ TGX™ Precast Midi Protein Gel (Biorad,
#5671125) and 60 kDa region was excised from the Coomassie
stained gel. Gel pieces were destained and in-gel trypsin digested
(Promega, V5280). The peptide mixture was purified on PepClean C18
spin columns (Thermo Scientific, #11824141) and analyzed with nano
Liquid-Chromatography coupled to a Q-Exactive mass spectrometer
(Thermo Fisher Scientific). Detected HSP60 peptides were identified
and quantitated using Proteome Discoverer version 2.3 and MaxQuant
software. HSP60-D423A protein expression levels were estimated by
calculating the ratio of the endogenously expressed HSP60-WT peptide
(VTDALNATR) to all the other quantified HSP60 peptides.

4.23. Transcript expression quantification by RNA-sequencing
HSPD1 and hspd1 transcript expression levels were quantified by quasi-
mapping as implemented in the Salmon software program [54] in HEK
cells and zebrafish, respectively. A salmon index was built based on WT
and Mutant HSPD1 transcripts (Ensembl, GRCh38.p13) for HEK cells and
WT transcripts (ENSDART00000078596.6 and ENSDART0000012
7938.3) and KO transcripts (Ensembl, GRCz11) for zebrafish, using
default parameters. Next, these transcripts were quantified in all samples
(paired-end reads, processed as described in the RNA_Seq section
above). The “salmon quant” command was evoked with default pa-
rameters, and the WT to mutant ratio was calculated.

4.24. Western blotting

Embryos were lysed with CelLytic M lysis buffer (Sigma; C2978) sup-
plemented with cOmplete™, Mini Protease Inhibitor Cocktail (Roche;
11836153001) according to manufacturer’s instructions. Protein con-
centrations were determined by Bradford reagent (Biorad; #5000205)
measurements performed in flat-bottom 96-well plates in triplicates with
Synergy H1(BioTek, Agilent) plate reader at 595 nm wavelength absor-
bance. Bovine Serum Albumin (BSA) standard curve was used to calculate
protein concentrations of the samples. 30 g of total protein was loaded to
AnykD™ Criterion™ TGX Stain-Free™ Protein Gels (BIORAD; #5678125).
Transfer of the proteins from gel to the Inmun-Blot® Low Fluorescence
PVDF membrane with low fluorescent transfer buffer (BIORAD;
#1704275) was performed in Trans-Blot Turbo Transfer System (BIORAD)
at 10 V for 30 min. Once the transfer was completed, the blot was
visualized under UV for the total protein measurement and later used to
normalize the detected antibody signal. Antibody-treated blots were
developed with Enhanced Chemiluminescence Plus (ECL; Pierce; 32132),
and Chemiluminescence or Cy2 fluorescence signals were recorded.

4.25. Bioinformatics and enrichment analysis

R was used to merge and edit data tables and to add information from
Human MitoCarta3.0 and  MitoPathways3.0  (https://www.
broadinstitute.org/mitocarta/mitocarta30-inventory-mammalian-mito-
chondrial-proteins-and-pathways). ID conversion and alignment for
human proteins, genes and transcripts was done based on HGNC
Biomart (https://biomart.genenames.org/martform). For Zebrafish
proteomics to RNA_Seq comparisons, ID alignment tables of ZFIN
Marker associations to Ensembl IDs, NCBI Gene data, and UniProt
protein data were downloaded from Zzfin.org. Zfish/human orthology
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comparisons are based on Zfin Human and Zebrafish Orthology from
zfin.org. Vulcano plots were generated in R using ggplot. Split violin
plots were generated using ggplot added the introdataviz package
(https://psyteachr.github.io/introdataviz/advanced-plots.html).

For the zebrafish animal model study, orthologous human genes were
identified by Biomart and used at ENSDAR and ENSEMBL IDs levels.
For the analysis of mitochondrial proteins, ENSEMBL IDs of the human
MitoCarta3.0 [2] mitochondrial inventory was used to detect and match
the respective orthologous human genes of zebrafish ENSDAR IDs [59].
Enrichment analysis of the differentially expressed proteins or tran-
scripts (proteins p-value <0.05 and llog2FCl>0.26, and transcripts p-
adj. value < 0.05 and llog2FCI>1) was performed on the Enrichr and
FishEnrichr, for cell and zebrafish models respectively [22,23]. Ana-
lyses were performed at the gene name level for proteomics and
transcriptomics. The enriched terms are shown as a negative log10 of
p-values from the Fisher exact test.

PCA analysis of transcriptomics data was performed using DESeq2
[56] and PCA analysis of proteomics was performed with GraphPad
Prism (vers. 10.2.3) using log-transformed normalized fold change
values. Values were plotted in R with ggplot.

4.26. Lipid droplet staining with LipidSpot™488

Lipid droplet staining was performed on Patient and Control fibro-
blasts using LipidSpot™ 488 (Biotinum, #70065). Cells were seeded
on 5 pg/mL poly-D lysine (PDL, Sigma, #P6407) coated cover glasses
(VWR, #631-0153) placed in 12 well plates (40.000 cells/well). 24 h
after seeding, cells were treated with 250 puM oleic acid (OA, Sigma,
#03008). After 24 h of OA treatment, cells were fixed with 4% PFA in
PBS for 15 min at room temperature, blocked with 10% Normal Goat
Serum in PBS for 15 min, and stained with 1:500 diluted LipidSpot™
488 for 2 h at room temperature, and finally stained with DAPI.
Stained cover slides were mounted using Fluoromount-G™ Mounting
Medium (Invitrogen, # 00-4958-02). Imaging was performed with
Observer.Z1 fluorescent microscope equipped with AxioCam HRm
camera, ApoTome.2xslider, and 40x objective (Zeiss, Germany)
using DAPI and FITC channels. Lipid droplet volumes were deter-
mined using the 3D Object Counter plugin in ImageJ [60] and lipid
droplet volume/cell was calculated per frame. A minimum number of
4 frames and 42 cells were quantified per sample for each replicate,
and the experiment was performed in 4 replicates. Maximum in-
tensity projections of the representative images were generated in
ImageJ software.

4.27. Statistics

The mean, standard deviation, standard error of the mean, and stu-
dent’s t-test were calculated in Excel or Prism 9.0 (GraphPad Soft-
ware). The indicated statistical tests were performed using GraphPad
Prism version 9.1.2 for Windows. The p-value of p < 0.05 was
considered significant in statistical calculations.

4.28. Ethics statement

The Danish Animal Experiments Inspectorate approved the generation
of the hspd1 knockout zebrafish animal model (Project nr: 2018-15-
0201-01451). Zebrafish were handled according to Danish legislation
at all times.

The use of human dermal fibroblasts study conformed to the Decla-
ration of Helsinki. The Central Denmark Region Committees on Health
Research Ethics determined proteomic analysis of the patient fibro-
blasts not to be a Human Health Research Study, thus Institutional
review board approval was not required. Informed consent for the use
of the MRI and clinical data was obtained previous to their use.

DATA AND RESOURGE AVAILABILITY

Data: Foldchange data of the RNA_Seq and proteomics studies and
related information are comprised in the EXCEL sheets of
Suppl. Table 3.

Bulk RNA-seq data discussed in this publication have been deposited
in NCBI's Gene Expression Omnibus (Edgar et al., 2002) and are
publicly available as of the date of publication.

HEK RNA_Seq: GEO Series accession number GSE254495.

Zebrafish RNA_Seq: GEO Series accession number GSE254091.

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with
the following dataset identifiers:

HEK proteomics: Project DOI: 10.6019/PXD048918.

Zebrafish proteomics: Project DOI: 10.6019/PXD048920.

Code: No original code was generated in this study.

Any additional information required to reanalyze the data reported in
this paper is available from the lead contact upon request.

All data will be shared upon request. The human data will be shared in
an anonymized way.
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