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Mitochondrial dysfunction induces a strong adaptive retro-
grade signaling response; however, many of the downstream
effectors of this response remain to be discovered. Here, we
studied the shared transcriptional responses to three different
mitochondrial respiratory chain inhibitors in human primary
skin fibroblasts using QuantSeq 30-RNA-sequencing. We found
that genes involved in the mevalonate pathway were concur-
rently downregulated, irrespective of the respiratory chain
complex affected. Targeted metabolomics demonstrated that
impaired mitochondrial respiration at any of the three affected
complexes also had functional consequences on the mevalonate
pathway, reducing levels of cholesterol precursor metabolites.
A deeper study of complex I inhibition showed a reduced ac-
tivity of endoplasmic reticulum–bound sterol-sensing enzymes
through impaired processing of the transcription factor Sterol
Regulatory Element-Binding Protein 2 and accelerated degra-
dation of the endoplasmic reticulum cholesterol-sensors
squalene epoxidase and HMG-CoA reductase. These adapta-
tions of mevalonate pathway activity affected neither total
intracellular cholesterol levels nor the cellular free (nonesteri-
fied) cholesterol pool. Finally, measurement of intracellular
cholesterol using the fluorescent cholesterol binding dye filipin
revealed that complex I inhibition elevated cholesterol on
intracellular compartments. Taken together, our study shows
that mitochondrial respiratory chain dysfunction elevates
intracellular free cholesterol levels and therefore attenuates the
expression of mevalonate pathway enzymes, which lowers
endogenous cholesterol biosynthesis, disrupting the metabolic
output of the mevalonate pathway. We conclude that intra-
cellular disturbances in cholesterol homeostasis may alter
systemic cholesterol management in diseases associated with
declining mitochondrial function.

The functional versatility of mitochondria is reflected in the
diversity of the metabolic processes they contribute to, ranging
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from carbohydrate to fatty acid and amino acid metabolism.
Central in these processes is the generation of reducing
equivalents that provide electrons to the respiratory chain.
Transfer of these electrons along the respiratory chain protein
complexes I to IV powers the extrusion of protons across the
inner mitochondrial membrane (1). The resulting electro-
chemical gradient drives ATP-synthase (complex V), which is
responsible for the majority of cellular ATP synthesis (2). In
addition to providing ATP, mitochondria are the gatekeeper
for cellular homeostasis by synthesizing substrates for cyto-
solic reactions, sensing cellular stresses, modulating apoptosis,
controlling DNA damage, and regulating the cell cycle among
others (3, 4).

In line with the integration of mitochondria in multiple
aspects of cellular metabolism, disruption of mitochondrial
function has widespread consequences. At the cellular level,
impairment of mitochondrial function leads to a reduced ca-
pacity to produce ATP, a shift in the NAD+/NADH ratio, af-
fects the mitochondrial membrane potential, increases reactive
oxygen species formation, reduces metabolite exchange
between the mitochondria and the cytosol, and perturbs
Ca2+ homeostasis (5, 6). Changes in these biochemical pa-
rameters are interpreted by various cellular sensors which in
turn activate downstream transcriptional programs to
compensate for the changes (7). This communication from the
mitochondria to the rest of the cell has been termed mito-
chondrial retrograde signaling (8, 9). It is the balance between
the biochemical changes and adaptive retrograde signaling that
determine the outcome of the primary mitochondrial defect
and whether the affected tissue can cope with the primary
mitochondrial defect (10, 11). Mitochondria also play impor-
tant roles in cholesterol metabolism, synthesizing several
metabolites such as oxysterols, steroid hormones, and bile
acids (12). These sterols have the potential to act as retrograde
signals, through their ability to activate nuclear receptors or
directly control enzyme activities (13–15).

Cholesterol synthesis is tightly controlled by several endo-
plasmic reticulum (ER) membrane proteins that sense
cholesterol levels (16, 17). When cholesterol levels on the ER
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Mitochondrial dysfunction alters cholesterol homeostasis
membrane are elevated, the transcription factor sterol regu-
latory element–binding protein 2 (SREBP2) is retained on the
ER membrane by forming a complex with the SREBP cleavage
activating protein (SCAP) and insulin-induced gene (INSIG), a
protein sensitive to changes in oxysterol concentrations
(18, 19). Low abundance of cellular and subsequent ER
cholesterol causes the SCAP–SREBP2 complex to enter COP
II vesicles and be transported to the Golgi. Here SREBP2 is
sequentially cleaved by site-1 and site-2 proteases to release a
60 kDa mature form. This protein enters the nucleus where it
acts as a transcription factor driving expression of mevalonate
pathway genes.

Cholesterol is synthesized by the mevalonate pathway,
which converts acetyl-CoA to cholesterol in a series of enzy-
matic reactions. In addition to their transcriptional regulation
by SREBP2, several enzymes of the mevalonate pathway such
as 3-Hydroxy-3-Methylglutaryl-CoA reductase (HMGCR),
squalene epoxidase (SQLE), and 7-dehydrocholesterol reduc-
tase (DHCR7) are posttranslationally regulated (20). These
membrane proteins sense sterols through sterol sensing do-
mains or other cholesterol sensitive sites and are rapidly
degraded by the proteasome in situations of elevated ER-
membrane sterols (21).

In this study, we investigated mitochondrial retrograde
signaling and the associated transcriptional changes in three
pharmacological models of respiratory chain dysfunction. We
observed that genes of the mevalonate pathway were consis-
tently downregulated when mitochondrial function was
impaired, independent of the complex affected. Both the
transcriptional and posttranslational regulation of sterol sen-
sors such as SREBP2, HMGCR, and SQLE were affected.
Consequently, several mevalonate pathway metabolite con-
centrations were altered. In particular, we observed a coordi-
nated reduction of sterol intermediates downstream of
squalene. We further provide evidence that impaired sterol
sensing is due to elevated levels of free cholesterol on intra-
cellular membranes. Our findings show that mitochondrial
retrograde signaling affects intracellular cholesterol distribu-
tion and thereby cholesterol sensing on the ER with important
consequences for the synthesis of mevalonate pathway
intermediates.
Results

Pharmacological model of mitochondrial respiratory chain
dysfunction in human primary fibroblasts

We studied the molecular mechanisms of retrograde
signaling from mitochondria to the nucleus in human primary
fibroblasts. To identify putative common adaptations to res-
piratory chain dysfunction, we treated human primary fibro-
blasts with three drugs that specifically inhibit different
complexes of the respiratory chain: rotenone to inhibit com-
plex I (NADH:ubiquinone oxidoreductase), antimycin A to
inhibit complex III (CoQH2-cytochrome c reductase), and
oligomycin A to inhibit complex V (ATP-Synthase) (Fig. 1A).
Rotenone, antimycin A, and oligomycin A inhibited respiration
in human fibroblasts with IC50 values of 12.39 nM, 9.33 nM,
2 J. Biol. Chem. (2022) 298(3) 101652
and 405.6 nM, respectively (Fig. 1B). To potently induce
retrograde signaling, we aimed to severely inhibit oxygen
consumption, while causing minimal effects on cellular
viability. We titrated the concentration of the three respiratory
chain inhibitors and measured apoptosis using Annexin V
labeling. We found that 100 nM rotenone, 500 nM antimycin,
and 1 μM oligomycin strongly inhibited mitochondrial respi-
ration without significantly inducing apoptosis (Figs. 1, B and
C and S1). These concentrations slow down cellular prolifer-
ation (Fig. 1D) in agreement with previously published data
(22–24). These three pharmacological models were used to
identify common transcriptional fingerprints in response to
mitochondrial dysfunction.

Shared transcriptional adaptations to chronic inhibition of
complex I, III, or V of the respiratory chain in human
fibroblasts

The transcriptome of the three pharmacological fibroblast
models of respiratory chain dysfunction was established by
QuantSeq 30RNA-sequencing and compared to control. To
capture transcriptional responses that were both rapid and
long-lasting, we treated fibroblasts for 1 and 5 days, and five
replicates were included for each inhibitor and timepoint. A
principal component analysis shows the individual treatments
cluster together, with a slight separation depending on the
treatment duration (Fig. 2A). The good separation of data
points between rotenone- or antimycin A-treated cells and
control suggests robust mRNA expression changes at both 1
and 5 days in the presence of these two inhibitors. The oli-
gomycin A model of mitochondrial dysfunction appears to
have an intermediate phenotype. Gene expression changes
after rotenone or antimycin A treatment showed a lot of
similarity. Of all genes affected by rotenone, 86% were also
differentially expressed after antimycin A treatment (Fig. 2B).
Three hundred eighty-seven genes were shared between all
three treatment groups (9.6% of total). For all three mito-
chondrial inhibitors, 283 genes were upregulated, and 101
genes were downregulated. Only three genes displayed varying
directionality depending on the inhibitor (see Supporting Data
1). Such coherent regulation in this gene set reveals several
adaptive responses to respiratory dysfunction that occur in-
dependent of the site of inhibition.

Cholesterol biosynthesis genes are coordinately
downregulated in models of mitochondrial dysfunction

To find pathways that were strongly represented in the
affected genes, we performed clustered Gene Ontology (GO)-
enrichment analyses on the upregulated and downregulated
fractions of the co-regulated genes. The upregulated genes
show a strong enrichment of GO processes linked to apoptosis,
response to oxidative stress and a negative regulation of
metabolism (Fig. 2C). Previous studies have investigated these
stress responses in detail (25–27). Downregulated genes were
strongly enriched in genes of the mevalonate pathway of
cholesterol biosynthesis and other aspects of cholesterol
metabolism (Fig. 2D), also noted but not further studied in
earlier work (26, 28). A closer inspection of one of the central
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Figure 1. Characterization of pharmacological models of respiratory
chain dysfunction in primary human fibroblasts. A, schematic repre-
sentation of the mitochondrial respiratory chain. The target complexes of
the three inhibitors rotenone (complex I), antimycin A (complex III), and
oligomycin (complex V) are indicated. B, dose-dependent inhibition of ox-
ygen consumption by respiratory chain inhibitors in primary human fibro-
blasts. Cells were cultured under standard conditions and prepared for
Seahorse XF96 experiments (see Experimental procedures). Inhibitors were
added acutely after baseline oxygen consumption measurements in the
presence of 5 mM glucose. Respiratory chain inhibitors were applied at
increasing concentrations as indicated for rotenone (red circles), antimycin A
(blue squares), or oligomycin (green diamonds). Oxygen consumption per
unit of protein was calculated for each well and expressed as percentage of
basal respiration in the absence of the inhibitors. Shown is the average of
three independent experiments ±standard deviation. Each experiment is
the average of six measurements. C, apoptosis of human fibroblasts was
followed using Annexin V Green marker in a ZOOM Live-Cell analysis system
(see Experimental procedures). Apoptotic cell counts were measured after
growth for 5 days in the absence or presence of respiratory chain inhibitors.
Rotenone (100 nM; red circles), antimycin A (500 nM; blue circles), or oligo-
mycin (1 μM; green circles) were used. Staurosporine (25 nM; gray circles) was
included as a positive control. Results from three independent
experiments ±standard deviation are shown. Significance was calculated
with ANOVA followed by Tukey HSD post-hoc test. D, doubling rate of fi-
broblasts in the presence of respiratory chain inhibitors. Proliferation was
measured during exponential growth in the absence (black circles) or the
continuous presence of a concentration of respiratory chain inhibitor.
Concentrations used and color code as defined in panel C. Growth rate data
are expressed as doublings per day. Data from three independent
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GO biological processes affected (GO: 0006695 cholesterol
biosynthetic process) showed transcripts ACAT2, ACLY,
CYB5R3, DHCR7, FDFT1, FDPS, HMGCR, HMGCS1, LBR,
LSS, MSMO1, MVD, NSDHL, PMVK, and SQLE were
significantly downregulated for each of the three respiratory
chain inhibitors (Fig. 2E). These transcripts mostly encode
enzymes in the mevalonate pathway (Fig. 3A). We validated
the downregulation of a select number of key transcripts by
qPCR after rotenone treatment. Gene expression changes were
followed over a time course from 30 min up to 24 h (Fig. 2F). A
significant reduction of gene expression was observed for
ACAT2, HMGCS1, HMGCR, and SQLE after 8 h or less of
complex I inhibition consistent with the QuantSeq data. After
24 h of complex I inhibition, expression of the selected
mevalonate pathway genes was reduced by 2- to 4-fold.
Rotenone may lower mevalonate pathway gene expression
indirectly by slowing cell proliferation (29). We observe that
confluent human fibroblasts, which arrest proliferation due to
contact inhibition (30), express ACAT2 at a similar level to the
proliferating cells, but HMGCR and SQLE at slightly higher
levels. Rotenone lowered expression of mevalonate pathway
genes in all conditions, irrespective of cellular growth rates
(Fig. S2), suggesting a more direct link between mitochondrial
inhibition and transcriptional regulation.

Inhibition of mitochondrial respiration alters the levels of
mevalonate pathway metabolites

The coordinated downregulation of mevalonate pathway
genes may ultimately impact the abundance of mevalonate
pathway metabolites. To investigate this, 22 mevalonate
pathway metabolites were quantified in human fibroblasts
treated with either of the three respiratory chain inhibitors
(Fig. 3, A and B). As a positive control, the mevalonate pathway
was inhibited at the level of HMGCR with atorvastatin.
Consistent with the effective inhibition of HMGCR, atorvas-
tatin increased the enzyme substrate HMG-CoA and lowered
the abundance of downstream mevalonate pathway metabo-
lites (Fig. S3).

All three respiratory chain inhibitors lowered the abundance
of most metabolites in the dedicated cholesterol synthesis
pathway (Fig. 3, B and C). Other parts of the pathway were
differently affected by the individual inhibitors. The precursors
of sterol synthesis squalene and oxidosqualene were signifi-
cantly reduced after blocking respiration with antimycin A
(Figs. 3C and S3). Lanosterol, the first metabolite dedicated to
the synthesis of cholesterol, was significantly reduced by all
three mitochondrial inhibitors (Fig. 3C). Most downstream
sterol metabolites including zymosterol, zymostenol, lath-
osterol, and desmosterol were significantly reduced when the
respiratory chain was inhibited irrespective of the complex
affected (Fig. 3C). Other sterols showed a trend to be lower
when human fibroblasts were inhibited with either of the three
mitochondrial inhibitors (Fig. 3C). The observed reductions
experiments ±standard deviation are shown. Significance was calculated
with ANOVA followed by Tukey HSD post-hoc test. ns: not significant; ***
p < 0.001 compared to dimethyl sulfoxide (DMSO) control.

J. Biol. Chem. (2022) 298(3) 101652 3



Figure 2. Transcriptional adaptations shared in the three pharmacological models of respiratory chain dysfunction. A, PCA of QuantSeq data of
human fibroblasts cultured for 1 or 5 days in the presence of respiratory chain inhibitors rotenone (100 nM; purple plus signs), antimycin A (500 nM; red
circles), or oligomycin (1 μM; blue squares). Control values are from DMSO-treated cells (0.1%; green triangles). Separation along the first two dimensions is
shown. Cells were plated to reach similar final confluency. B, Venn diagram illustrating the total number and overlap of the differentially expressed genes for
the three treatment groups. C and D, biological processes associated with differentially expressed genes shared by all three respiratory chain inhibitors as
shown in panel B (387 genes). A hierarchical clustering of the significantly enriched GO-biological process pathways is shown. For each pathway, the
significance of its enrichment in the shared set of DEGs was calculated and shown in the figure. The processes most relevant for this study are highlighted in
red of panel D. E, expression changes compared to DMSO (0.1%) control of genes associated with the cholesterol biosynthetic process (GO:0006695)
following treatment with rotenone (left), antimycin A (middle), and oligomycin A (right). The heatmap representation reveals the consistent downregulation
of most genes associated with this pathway. F, time-dependent changes in gene expression of five key mevalonate pathway genes in human fibroblasts
measured by qPCR (see Experimental procedures). Cells were treated with rotenone (100 nM) for the indicated times. Data are shown as the log2-fold
change of gene expression compared to control-treated human fibroblasts (0.1% DMSO). Bars show mean ± standard deviation; black circles indicate
results from three independent experiments. Significance calculated as one-sample t test (H0: μ = 0). * p< 0.05. DEG, differentially expressed genes; DMSO,
dimethyl sulfoxide; GO, Gene Ontology.

Mitochondrial dysfunction alters cholesterol homeostasis
were comparable to the mevalonate pathway inhibiting effect
of atorvastatin. This demonstrates that mitochondrial
dysfunction affects the dedicated cholesterol synthesis pathway
independently of the site of mitochondrial inhibition.

Metabolites in the upper part of the mevalonate pathway
and the intermediates of isoprenoid synthesis and CoQ in-
termediates displayed variable responses to mitochondrial
dysfunction depending on the respiratory chain complex
affected (Fig. S3). The study of molecular mechanisms
responsible for the differences observed in the three different
models of mitochondrial dysfunction were out of scope for the
present work. Here, we investigated the underlying mecha-
nisms slowing cholesterol biosynthesis as suggested by the
reduced levels of sterol precursors.
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For further characterization of the mechanisms linking
mitochondrial dysfunction to mevalonate pathway regulation,
we limited ourselves to the characterization of the complex I
deficiency model of respiratory chain dysfunction.

Well-known adaptive responses not primarily responsible for
the downregulation of mevalonate pathway genes

Induction of the integrated stress response following mito-
chondrial dysfunction may be responsible for the down-
regulation of mevalonate pathway gene expression (31). We
confirmed by qPCR that complex I inhibition induced tran-
scription of the stress-related transcription factors ATF3, ATF4,
and CHOP (Fig. S4A). Blocking eIF2α activation with ISRIB
inhibited expression in both control and rotenone-treated
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fibroblasts. In contrast, downregulation of the mevalonate
pathway genesACAT2,HMGCR, and SQLE also observed in the
presence of ISRIB (Fig. S4B). It is therefore unlikely that ISR
inducedbymitochondrial dysfunction is responsible for lowered
transcription of mevalonate pathway enzymes following com-
plex I inhibition.

The energy sensor 50 AMP-activated protein kinase
(AMPK) is known to lower mevalonate pathway transcripts
through the phosphorylation of the upstream transcription
factor SREBP2 (32). We therefore examined if mitochondrial
dysfunction downregulates expression of mevalonate
pathway genes through the activation of AMPK in mouse
Figure 3. Inhibition of the mitochondrial respiratory chain lowers int
A, schematic representation of the mevalonate biosynthetic pathway. Gene n
given in the black boxes. Mevalonate pathway metabolites are presented in b
measurements is indicated next to the enzymes for downregulated (arrows blu
reflecting abundance of mevalonate pathway metabolites in human fibroblas
Cells were cultured for 48 h in DMEM with 5 mM glucose containing 5% FCS a
A (500 nM), oligomycin A (1 μM), or atorvastatin (1 μM) as indicated. Metaboli
(see Experimental procedures). Five independent experiments were performe
total protein level in each sample and z scaled. Colors reflect relative metabolit
the dedicated sterol synthesis pathway (boxplot representation). Values from
(control, gray boxes), Rot (rotenone, red boxes), AmA (antimycin A, blue boxes)
boxes show the median and the interquartile range. Significance was calculat
*p < 0.05; **p < 0.01; ***p < 0.001 compared to DMSO control. DMEM, Dulb
embryonic fibroblasts (MEFs) (Fig. S4C). Treatment with
rotenone-activated AMPK in WT MEFs, as demonstrated by
enhanced autophosphorylation of the kinase and the
elevated phosphorylation of the substrate acetyl-CoA
carboxylase. As expected, AMPK was completely absent in
AMPK-knockout MEFs lacking functional AMPK. The
ability of complex I inhibition to lower the expression of the
mevalonate pathway genes ACAT2, HMGCS1, HMGCR,
and SQLE was preserved in AMPK-knockout MEFs. Acti-
vation of AMPK by energy stress therefore does not explain
transcriptional regulation of mevalonate genes by mito-
chondrial dysfunction (Fig. S4D).
racellular levels of sterol intermediates of cholesterol biosynthesis.
ames coding for the enzymes catalyzing the reactions in the pathway are
lue. The direction of gene expression changes obtained by QuantSeq RNA
e boxes) and upregulated (arrow red box) genes. B, heatmap representation
ts after inhibition of the respiratory complexes or the mevalonate pathway.
nd treated for 48 h with either DMSO (0.1%), rotenone (100 nM), antimycin
tes were separated from total methanol cell extract and analyzed by GC-MS
d, and the indicated metabolites measured. The values were normalized to
e abundance from high (red) to low (blue). C, quantification of metabolites in
individual experiments (black circles) are given in pmol/mg protein. Ctrl

, OliA (oligomycin A, green boxes), and Ator (atorvastatin, purple boxes). The
ed with ANOVA, followed by a Tukey HSD post-hoc test. ns: not significant;
ecco’s Modified Eagle Medium; DMSO, dimethyl sulfoxide.
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Complex I inhibition elevates the intracellular free cholesterol
pool

Mevalonate pathway activity is tightly controlled by changes
in levels of intracellular cholesterol, which can be present in
either free or esterified form. We speculated that the meval-
onate pathway suppression was a consequence of elevated
cholesterol caused by respiratory chain dysfunction. To assess
this, we measured free and total cholesterol (free cholesterol
plus cholesterol-esters) in primary fibroblasts with or without
mitochondrial inhibition (Fig. 4, A and B). Free cholesterol was
not elevated after 48 h of rotenone treatment (Fig. 4A). Under
these conditions, cholesterol was also not reduced by ator-
vastatin. The results demonstrate that the levels of mevalonate
pathway intermediates are much more sensitive to perturba-
tions than the final product cholesterol. Increases in choles-
terol may be buffered through the esterification and storage in
lipid droplets in the cell. We therefore also measured total
cholesterol. As a control, we lowered cellular cholesterol using
a lipid-free medium containing atorvastatin. The cholesterol
pool in cells grown in such lipid-free medium was significantly
lowered. A second control was to increase cellular cholesterol
with U18666a (34). Treatment with U18666a caused a marked
increase of cellular cholesterol (Fig. 4B). Inhibition of complex
I function did not affect total cellular cholesterol. Although
our methods are sensitive to cholesterol modifying conditions,
inhibition of mitochondrial function does neither affect the
free nor esterified pool of cellular cholesterol.

The free cholesterol pools on the ER membrane directly
regulate of transcription of mevalonate pathway genes. In the
cellular cholesterol measurements shown here (Fig. 4, A and
B), potential changes of intracellular or ER cholesterol are
likely masked by the large free cholesterol pool in the plasma
membrane. We studied free cholesterol on intracellular com-
partments by confocal microscopy using the membrane
cholesterol-binding fluorescent molecule filipin, following
extraction of plasma membrane cholesterol (33). We find that
intracellular cholesterol levels in fibroblasts grown for 48 h in
lipid-deficient culture conditions were significantly lower
(Fig. 4, C and D), validated by the earlier measured decrease in
Figure 4B. Treatment with the compound U18666a strongly
increased the filipin signal (Fig. 4, C and D) corresponding to a
strong accumulation of cholesterol in endosomes (Fig. 4C).
Importantly, after 48 h of rotenone treatment, the intracellular
filipin staining was significantly augmented compared to the
labeling intensity in control human fibroblasts, demonstrating
an increase of cholesterol in the intracellular compartments
(Fig. 4, C and D). Taken together, complex I inhibition elevates
cholesterol on intracellular compartments without signifi-
cantly affecting total cellular cholesterol.
Complex I inhibition affects multiple cholesterol sensing
mechanisms in the ER

We next questioned if the observed increase in intracellular
cholesterol was detected by ER sterol sensing proteins. Given
the reduction of mevalonate pathway gene expression after
complex I inhibition, we first investigated whether
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mitochondrial dysfunction inhibited sterol-dependent SREBP2
processing. Under our standard culture conditions, most
SREBP2 was found in its precursor form, and only a minor
fraction had undergone proteolytic processing in the Golgi
(Fig. 5A). Processing of SREBP2 was induced in lipid-free
growth medium containing atorvastatin. In such sterol
depletion conditions, the SREBP2 precursor protein was pro-
cessed, increasing the cleaved form of SREBP2 (Fig. 5A).
Following inhibition of complex I, maturation of SREBP2 was
reduced in both sterol conditions (Fig. 5A). This decrease was
most visible in sterol-depleted conditions. In normal growth
medium, the quantification of this protein band suggested
lowered abundance in rotenone-treated cells, but this differ-
ence did not reach significance (Fig. 5A; quantification). The
expression of mevalonate pathway genes was used as a read-
out of SREBP2 transcriptional activity (Fig. 5B). As expected,
when fibroblasts were cultured in cholesterol-depletion con-
ditions, we observed a strong induction of ACAT2, SQLE, and
HMGCR. Rotenone reduced the levels of SREBP2 transcrip-
tional activity, in both normal and sterol-depleted conditions
relative to the respective controls (Fig. 5B), in line with the
observed decrease in protein processing. This demonstrates
that complex I inhibition interferes with the ability of the cell
to respond to cellular sterol levels.

A more targeted way of reducing ER cholesterol is by
blocking cholesterol transport out of late endosomes with
U18666a (34). In cells treated with U18666a, SREBP2 cleavage
was increased, confirming a depletion of ER cholesterol
(Fig. 5C). U18666a-induced SREBP2 processing was reduced
in cells with complex I dysfunction. The defect in sterol
sensing after mitochondrial inhibition is thus independent of
enhanced retrograde transport of cholesterol from late
endosomes.

Adaptation of SREBP2 processing to cholesterol levels is a
rapid process. We therefore questioned whether inhibition of
mitochondria affects SREBP2 processing in response to acute
manipulation of intracellular cholesterol levels. To reveal this,
we treated human fibroblasts with empty cyclodextrin or
cholesterol-loaded cyclodextrin to extract respectively overload
cells with cholesterol. After 2 h of adding exogenous cholesterol,
all detectable SREBP2 was in its precursor form suggesting very
slow or absent processing (Fig. 5D). Cholesterol extraction had
the opposite effect: the abundance of the precursor was mark-
edly reduced with a concurrent strong increase of processed
SREBP2 compared to untreated control cells. Rotenone signif-
icantly reduced the level of mature SREBP2 in control medium,
in line with earlier experiments. Augmentation of cellular
cholesterol under conditions of impaired complex I was able to
cause the accumulation of the SREBP2 precursor form (Fig. 5D).
When complex Iwas inhibited,we observed lessmature SREBP2
after depleting sterols with empty cyclodextrins. In conclusion,
fibroblasts with complex I dysfunction show reduced mature
SREBP2 and are unable to induce a normal response to low levels
of cholesterol.

To test whether ER sterol sensing in general was affected,
we studied HMGCR and SQLE, two additional ER-localized
sterol sensors. HMGCR and SQLE are mevalonate pathway



Figure 4. Inhibition of complex I in human fibroblasts augments intracellular free cholesterol. A, total free cellular cholesterol in primary human
fibroblasts. Cells were cultured as in Figure 3. The cells were grown in control culture medium (control; black) in the presence of rotenone (100 nM; dark
gray) or atorvastatin (1 μM; pale gray). The amount of free cholesterol normalized to total protein was measured by UPLC-MS. Five samples were measured
for each condition; the individual data points are shown (black circles). Lines indicate minimum, maximum, median, and interquartile ranges. Significance
was calculated by ANOVA with Tukey HSD posthoc test. B, total cellular cholesterol in primary human fibroblasts. Cells were cultured for 48 h under normal
culture medium supplemented with either rotenone (100 nM), U18666A (500 nM), or in lipid-deficient medium (containing delipidated serum and 1 μM
atorvastatin) as indicated at the bottom of the graph. Cholesterol was measured by GC-FID (see Experimental procedures). The values represent total cellular
cholesterol normalized to total protein. Shown is the mean ± SD of five independent experiments; black circles show results from separate experiments.
Significance was calculated by ANOVA with Tukey HSD posthoc test. C, representative images of filipin stained fibroblasts. Top left, control cells. Top right,
cells treated with 100 nM rotenone. Bottom left, cells treated with U18666A. Bottom right, cells grown in lipid deficient medium. D, fluorescence quanti-
fication of intracellular-bound filipin in primary human fibroblasts as a semiquantitative read-out of intracellular free cholesterol. Cells were cultured for 48 h
under normal culture conditions or lipid-free conditions and supplemented with rotenone, atorvastatin, or U18666A as described for panel C. Plasma
membrane cholesterol was briefly extracted with empty cyclodextrin followed by fixation and staining with the cholesterol binding fluorescent compound
filipin (see Experimental procedures). Free cholesterol was quantified by image analysis (see Experimental procedures). Boxplot showing the amount of
filipin fluorescent intensity; points indicated the separate quantified images. Significance of differences versus control were calculated with ANOVA with
Tukey HSD post-hoc test. ns: not significant; ** p < 0.01; *** p < 0.001.

Mitochondrial dysfunction alters cholesterol homeostasis
enzymes that undergo rapid sterol-dependent ubiquitination
and degradation by the proteasome. Inversely, low sterol levels
stabilize these enzymes, resulting in their accumulation. In
human fibroblasts, both enzymes were dramatically increased
in the sterol-free medium consistent with the expected stabi-
lization (Fig. 5, E and F). When complex I function was
inhibited, the abundance of these cholesterol sensing proteins
was reduced compared to control conditions. In lipid
J. Biol. Chem. (2022) 298(3) 101652 7
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Figure 5. Complex I inhibition affects posttranslational regulation of multiple cholesterol sensors on the ER. A, expression of SREBP2 precursor and
cleaved SREBP2 after maturation in human primary fibroblasts following culture in the presence of DMSO (0.1%) or rotenone (100 nM) in either normal
media or lipid-deficient media for 48 h as indicated. The lipid-deficient medium contained delipidated serum and atorvastatin (1 μM). Quantification of
cleaved SREBP2 from three independent experiments is shown on the right. Individual values ±standard deviation is expressed as fold change compared to
control cells in standard medium. Significance was calculated by ANOVA with Tukey HSD post-hoc test. B, gene expression of ACAT2, SQLE, and HMGCR
measured by qPCR in human primary fibroblasts cultured and treated as in panel A. Individual measurements (black circles) ± standard deviation from three
independent experiments are presented. Significance was calculated by ANOVA with Tukey HSD post-hoc test. C, protein expression of SREBP2 precursor
and cleaved form in primary human fibroblasts following retention of cholesterol in endosomes. Cells were cultured in normal conditions, supplemented
with either rotenone (100 nM), U18666a (2 μM), or both. Quantification of cleaved SREBP2 from three independent experiments is shown on the right.
Individual values ±standard deviation are expressed as fold change compared to control cells in standard medium. Significance was calculated by ANOVA
with Tukey HSD post-hoc test. D, representative Western blot of SREBP2 protein expression in human primary fibroblasts following acute manipulation of
cellular cholesterol with methyl-β-cyclodextrins (MBCD). Fibroblasts were cultured in control medium for 2 days in the absence (0.1% DMSO) or presence of
rotenone (100 nM). Two hours before protein extraction, cellular cholesterol was manipulated using vehicle, empty MBCD (0.1%), or cholesterol-loaded
(50 μM) MBCD. Quantification of mature form of SREBP2. Individual measurements ±standard deviation compared to control untreated cells from four
independent experiments are shown (right). Significance was calculated by ANOVA with Tukey HSD post-hoc test. E–G, protein expression of HMGCR
(E), SQLE (F), and calnexin (G) in primary human fibroblasts (left). Cells were cultured as described for panel A. Quantification of HMGCR and SQLE Western
blot signals (right) of four independent experiments ±standard deviation normalized to loading controls are shown. GAPDH or Vinculin protein signals were
used as loading control. Significance was calculated between indicated samples by ANOVA with Tukey HSD post-hoc test. ns: not significant; * p < 0.05;
** p < 0.01; *** p < 0.001 compared to DMSO control. DMSO, dimethyl sulfoxide; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HMGCR, 3-Hydroxy-
3-Methylglutaryl-CoA reductase; SQLE, squalene epoxidase; SREBP2, sterol regulatory element–binding protein 2.
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containing medium, these two proteins were barely detectable
at baseline and therefore a possible reduction was hard to
assess. The abundance of calnexin, another ER protein unre-
lated to cholesterol metabolism, was unaffected by rotenone
treatment; thus, the observed effects were specific to choles-
terol sensing enzymes (Fig. 5G). Together, we show that
several cholesterol sensors residing on the ER fail to respond
fully to falling cholesterol levels. In summary, our results show
8 J. Biol. Chem. (2022) 298(3) 101652
that both transcriptional and posttranslational regulation of
mevalonate pathway enzymes are affected in our model of
respiratory dysfunction.

Complex I inhibition impairs the activation of ER sterol sensors
in HepG2 hepatoma cell

The liver is a main tissue for the regulation of circulating
cholesterol in the human body. To evaluate whether our
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observations in fibroblasts could be extended to this important
cholesterol-regulating cell type, we studied the effect of
mitochondrial dysfunction on the regulation of the mevalonate
pathway in HepG2 hepatocarcinoma cells. Concentration-
dependent inhibition of complex I in HepG2 cells reveals
that oxygen consumption in this cell type is slightly less sen-
sitive to rotenone. At 100 nM rotenone, the concentration
used to markedly reduce respiration in human fibroblasts,
basal respiration was only lowered by 50% in HepG2 cells
(Fig. 6A). No significant increase of apoptosis was noted in
HepG2 cells grown for 2 days in the presence of 100 nM
rotenone (Fig. 6B), which was selected in further experiments
as the concentration to inhibit complex I in this cell type.
Higher concentrations of rotenone caused increasingly more
A B

D E

G

Figure 6. Complex I inhibition severely impairs mevalonate pathway exp
consumption by complex I inhibition. The effect of increasing concentrations of
Data are expressed as percentage of baseline oxygen consumption as described
B, apoptosis in HepG2 cells caused by increasing concentrations of rotenone.
measured as described for Figure 1C after 2 days in culture in the presence of i
experiments ±standard deviation. Individual measurements shown (black circle
HMGCR (F) in HepG2 cells was followed by Western blotting. HepG2 cells were
normal media or lipid-deficient media for 2 days as described for Figure 5A. The
in C. For the final 2 h, cholesterol was acutely added or removed using choleste
ACAT2, SQLE, HMGCR, and HMGCS1 in HepG2 cells grown under condition
compared to cells grown in normal medium without rotenone. Shown are
deviation. Significant differences from control were calculated by t tests followe
***p < 0.001. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HMGCR, 3-
sterol regulatory element–binding protein 2.
apoptosis in HepG2 cells. Similar to our findings in fibroblasts,
the transfer of HepG2 cells to a lipid-free medium promoted
SREBP2 maturation (Fig. 6C). In response to complex I inhi-
bition, HepG2 cells showed a more striking phenotype than
fibroblasts. Expression of SREBP2 was strongly reduced as
seen both by the reduced intensity of the precursor band and
an undetectable mature form (Fig. 6C). Acute changes in
cholesterol by loading or removing cholesterol using cyclo-
dextrins lowered respectively increased the matured SREBP2
fragment (Fig. 6D), comparable to our results in fibroblasts.
After complex I inhibition however, again barely any SREBP2
protein was present. The intensity changes of the SREBP2
precursor in the different conditions suggest that cholesterol
sensing still occurs although at much lower expression levels.
C

F

ression in liver carcinoma cells. A, dose-dependent inhibition of oxygen
rotenone on basal respiration in the presence of 5 mM glucose was studied.
in Figure 1B. Shown is the average ±standard deviation from five replicates.
Staurosporine (100 nM) was included as a positive control. Apoptosis was
ncreasing concentrations of rotenone. Bar indicates mean four independent
s). C and D, expression of SREBP2 precursor and cleaved form, SQLE (E), and
treated with either dimethyl sulfoxide (0.1%) or rotenone (100 nM) in either
GAPDH signal was used as a loading control. D, HepG2 cells were grown as
rol (50 μM) loaded or empty cyclodextrin respectively. G, RNA expression of
s as described for panel C. Expression changes are given as fold change
the results from three independent experiments (black circles) ± standard
d by Benjamini–Hochberg multiple testing correction. *p < 0.05; **p < 0.01;
Hydroxy-3-Methylglutaryl-CoA reductase; SQLE, squalene epoxidase; SREBP2,
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Other cholesterol sensing enzymes were similarly affected.
Both HMGCR (Fig. 6E) and SQLE (Fig. 6F) were increased in
sterol-deficient conditions, confirming HepG2 cells were able
to sense changes in sterol levels. The expression of HMGCR
and SQLE was reduced to near undetectable levels in HepG2
cells treated with rotenone (Fig. 6, E and F). The observed
effect is specific to cholesterol sensing proteins, as the levels of
another ER protein calnexin were unaffected (Fig. 6F). This
phenotype suggests SREBP2-dependent transcription of these
genes was reduced, while at the same time cholesterol-
dependent protein degradation was likely activated. This
strong phenotype indicates SREBP2 transcriptional activity is
almost completely abolished. Indeed, after complex I inhibi-
tion, expression of all mevalonate pathway enzymes tested
(ACAT2, SQLE, HMGCR, HMGCS1) were 5- to 10-fold lower
than in HepG2 cells grown in control lipid containing medium
(Fig. 6G). As expected, mevalonate pathway genes were
induced in control cells when grown in lipid-deficient me-
dium. In the presence of rotenone, transfer to a lipid-free
medium caused little or no induction even though basal
expression was very low. Taken together, in HepG2 cells, in-
hibition of complex I has a very severe effect on ER cholesterol
sensing enzymes. SREBP2, HMGCR, and SQLE maintain their
ability to sense cholesterol, but their expression is very low
even under conditions where cholesterol is acutely or chron-
ically reduced. Transcriptional regulation of mevalonate
pathway genes by SREBP2 is close to abolished by rotenone in
HepG2 cells.

Discussion
Mitochondrial respiratory chain dysfunction induces retro-

grade signaling that activates transcription of nuclear genes.
This retrograde signaling is intricate and not yet fully under-
stood, as many pathways intercommunicate and are dependent
on multiple environmental factors such as the nutritional state
or cellular stress (8). In this study, we used QuantSeq 30mRNA
sequencing to identify transcriptional responses caused by
mitochondrial dysfunction using three well-characterized
respiratory chain inhibitors: rotenone, antimycin A, and oli-
gomycin A. We were particularly interested in retrograde
signaling that occurred independently of the respiratory chain
complex impaired. A subset of 384 genes (10% of total) was
synchronously upregulated or downregulated in all three
treatments with respiratory chain inhibitors. The upregulated
genes showed enrichment in cellular stress and apoptosis-
related pathways such as the mitochondrial integrated stress
response, consistent with earlier reports (26). Furthermore, we
found a concurrent downregulation of transcripts encoding
mevalonate pathway enzymes in all three treatment groups.
Earlier research in cellular models of mitochondrial dysfunc-
tion revealed a similar reduction in cholesterol biosynthesis
gene expression (25, 26), but the underlying molecular
mechanisms have not been further investigated.

To address if the change in mevalonate pathway transcripts
seen in the three models of mitochondrial dysfunction has a
functional consequence on the mevalonate pathway and its
output, we measured the abundance of 22 mevalonate pathway
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metabolites in each of the three models. Inhibition of respi-
ration caused a marked reduction of cholesterol precursors in
the dedicated cholesterol synthesis part of the mevalonate
pathway, demonstrating that inhibition of respiration has
functional consequences for the generation of sterols by the
mevalonate pathway. Most of these metabolites were lowered
to an extent similar to treatment with the HMGCR inhibitor
atorvastatin and were affected similarly by all three respiratory
chain inhibitors. The observed common transcriptional
response is therefore mechanistically linked to the common
reduction of the sterols in response to mitochondrial respira-
tory chain dysfunction after inhibition of either complex I,
complex III, or complex V.

The metabolites in the upper mevalonate pathway, iso-
prenoid synthesis and ubiquinol synthesis pathway on the
other hand respond differently to the three inhibitors. The
complex relationship between the site of respiratory chain
inhibition and the differential effects on metabolites upstream
of squalene were not further addressed in the current study.

The general downregulation of mevalonate pathway genes
strongly implies a perturbation of SREBP2 transcriptional ac-
tivity. In this study, we observed that complex I inhibition
impaired SREBP2 processing in human fibroblasts. The
reduction in SREBP2 processing was even more pronounced in
HepG2 cells, where also a reduction in precursor is observed.
A phenotype with severely reduced SREBP2 activation also
strongly reduces total SREBP2 expression as the mature
SREBP2 transcription factor drives its own transcription (35).
This explains why even the SREBP2 precursor levels are
strongly reduced in HepG2 cells after complex I inhibition. In
human fibroblasts, mature SREBP2 appears sufficiently abun-
dant to continue driving SREBP2 transcription with close to
normal expression of the SREBP2 precursor protein.

Both the fibroblasts and the HepG2 cells maintain partial
sensitivity to lipid-free culture conditions by showing an in-
crease in SREBP2 processing. They also remain responsive to
rapid cyclodextrin-mediated overloading or depletion of
cholesterol. This demonstrates that in our model of complex I
inhibition, the SREBP2–SCAP protein complex is still able to
sense changes in cholesterol levels on the ER membrane. We
propose that after complex I inhibition, both primary human
fibroblasts and HepG2 cells normally sense an increase in free
cholesterol but are partially insensitive to lowering of intra-
cellular cholesterol. To further investigate the observed
phenotype, we asked whether other ER-residing cholesterol-
sensing proteins were dysregulated as a result of respiratory
chain dysfunction. The proteins HMGCR and SQLE are both
regulated transcriptionally by SREBP2 (36) and posttransla-
tionally on the ER membrane by various sterols (37, 38). They
contain a membrane embedded domain which binds choles-
terol in a concentration-dependent manner. Excess sterols
prime these enzymes for degradation, and inversely sterol
depletion stabilizes them. Consistent with this regulatory
mechanism, we observed an accumulation of HMGCR and
SQLE proteins when cells were cultured in medium lacking
cholesterol. Accumulation of the two cholesterol sensors un-
der low lipid conditions was strongly reduced when complex I
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was inhibited in human fibroblasts. In HepG2 cells, the impact
of mitochondrial function on HMGCR and SQLE protein
expression was again more severe. Both proteins were barely
detectable even after removal of cholesterol from the medium.
Taken together, we propose that inhibition of mitochondrial
functions alters sterol sensing on the ER. Likely both tran-
scriptional and posttranslational regulation of mevalonate
pathway enzymes are affected by mitochondrial dysfunction
(Fig. 7).

Considering that sterol-sensing ER proteins failed to nor-
mally respond to conditions of lowered cellular sterols, we
speculated that respiratory chain dysfunction may elevate the
amounts of cellular cholesterol. We therefore tested whether
complex I inhibition in human fibroblasts elevated the free or
total cellular cholesterol pool. Free cholesterol is primarily
found in the membrane lipid bilayers and is available to
participate in metabolic reactions and sterol signaling (39–41).
The total cellular cholesterol pool includes cholesterol esters
stored in lipid droplets that do not participate in cholesterol
metabolism (42). We found that neither free nor total
cholesterol were significantly changed in human primary fi-
broblasts after inhibition of complex I.

About 90% of the free cellular cholesterol is found in the
plasma membrane. We hypothesized that elevated cholesterol
on intracellular membranes could be responsible for the
observed effects on ER sterol sensors, and this change may be
masked by the abundance of free cholesterol in the plasma
membrane. To specifically study the abundance of cholesterol
on intracellular compartments, we visualized the intracellular
pool using the free cholesterol binding dye filipin. This method
accurately detected either lowering or increasing intracellular
cholesterol. Based on this semiquantitative method, we could
demonstrate that blocking complex I activity elevates intra-
cellular free cholesterol in human fibroblasts. These findings
support a model where after inhibition of respiratory chain
activity, cholesterol is elevated on intracellular membranes
(Fig. 7). Elevated cholesterol for example on the ER may
explain the observed adaptive responses slowing endogenous
cholesterol biosynthesis.

These findings prompt the question about the source of the
increase in intracellular free cholesterol. Enhanced uptake of
exogenous cholesterol can be ruled out as removing extra-
cellular lipids did not negate the effect of complex I inhibition
on the cholesterol sensing proteins. A possible target of
retrograde signaling could be lipid droplets that contain
cholesterol esters. Retrograde signaling may affect mobiliza-
tion of cholesterol from lipid droplets or may stimulate the
transfer of cholesterol from lipid droplets to the ER at mem-
brane contact sites.

Another possible source for the apparent increase of free
membrane cholesterol is cholesterol in lipid rafts. Retrograde
signaling from mitochondria may stimulate the mobilization
and relocation of cholesterol to intracellular membranes. This
would leave the total cholesterol pool unchanged but
perceived by the cell as if cholesterol was more abundant.
Alternatively, mitochondrial dysfunction may also cause a shift
of cholesterol from organelles with intermediate cholesterol
concentrations to membranes with low levels of cholesterol
such as the ER or the mitochondria. One mechanism that may
contribute to this shift is enhanced retrograde membrane
trafficking of cholesterol from the endocytic recycling
compartment to the ER. However, after blocking the traf-
ficking of cholesterol from the endosomes to the ER with the
NPC1 protein-inhibitor U18666a, we still observed decreased
SREBP2 processing and reduced levels of cholesterol sensing
proteins in our model of complex I inhibition.

Here, we have obtained novel insight into the complex
signaling events that follow mitochondrial respiratory chain
dysfunction. We propose that mitochondrial dysfunction
perturbs intracellular cholesterol homeostasis by affecting the
distribution of cholesterol into different intracellular pools.
One consequence of mitochondrial inhibition at complex I is
the elevation of free cholesterol on intracellular membranes.
Several cholesterol sensors of the ER including SREBP,
HMGCR, and SQLE partially fail to react to cholesterol
lowering conditions. These results suggest cholesterol levels
on the ER are increased in models of mitochondrial dysfunc-
tion. An important remaining question is what specific signal
in response to mitochondrial dysfunction causes a change in
intracellular cholesterol homeostasis and how cholesterol
trafficking is altered by mitochondrial retrograde signaling.
Experimental procedures

Reagents and chemicals

Unless otherwise stated, all chemicals were from purchased
from Merck KGaA (formerly Sigma Aldrich). Phosphate
buffered saline ( pH 7.4) was purchased from Thermo Fischer
(Gibco, cat# 10010023).

Cyclodextrin loading

A stock solution of 5% methyl-beta-cyclodextrins was pre-
pared by dissolving in ultrapure water. A stock solution of 1%
cholesterol wasmade inmethanol: chloroform (2:1). To load the
cyclodextrins, the 5% aqueous methyl-beta-cyclodextrin solu-
tion was heated to 80 �C to remove organic solvents. Under
constant agitation, cholesterol solution was dropwise added to a
final concentration of 2.5 mM cholesterol. The solution was left
to agitate until transparent between each addition of cholesterol
solution. To ensure full encapsulation of the sterols in the cy-
clodextrins, the solution was left shaking overnight.
Cell culture

Human primary fibroblasts (Cell Applications, cat# 106-
05a), SV40 immortalized fibroblasts (ABM, cat# T0302), and
HepG2 (ECACC, cat# 85011430) were cultured in Dulbecco’s
Modified Eagle Medium (DMEM, Gibco cat# 11966025),
containing 4 mM glutamine in a humidified incubator with 5%
CO2 at 37 �C. The DMEM was supplemented with 5 mM
glucose, 10% fetal bovine serum (FBS), and 100 IU/ml peni-
cillin and 100 IU/ml streptomycin (Gibco, cat# 10270106,
15140122). For lipid deficient growth conditions, culture me-
dia was prepared as above, but the FBS was replaced with
J. Biol. Chem. (2022) 298(3) 101652 11



Figure 7. Model summarizing the alterations of cholesterol homeostasis in response to mitochondrial respiratory chain dysfunction. Mitochondrial
dysfunction leads to an increase of cholesterol on the ER membrane. This increase in cholesterol downregulates the activity of SREBP2, consequently
suppressing the expression of mevalonate pathway genes. The increase in cholesterol also posttranslationally regulates ER membrane–bound enzymes
such as HMGCR and SQLE, reducing their abundance. This multifaceted suppression of the mevalonate pathway affects the output, lowering the abundance
of sterol precursors. Other metabolites are affected in a, yet poorly understood, complex-specific manner. Indicated are the observed changes in this study.
The hypothesized order of events is indicated by black arrows. The directionality of changes is indicated by boxed arrows, red indicating an upregulation or
increase and blue arrows indicating a downregulation or a decrease. Proteins are indicated with gray ovals. HMGCR, 3-Hydroxy-3-Methylglutaryl-CoA
reductase; SQLE, squalene epoxidase; SREBP2, sterol regulatory element–binding protein 2.
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delipidated FBS (Pan Biotech, cat# P30-3401) and was sup-
plemented with 1 μM of atorvastatin.

Growth rate and apoptosis assays

Cells were plated at a density of 1 × 103 cells per well in a
clear 96-well plate. After 24 h, 200 μl of media containing
inhibitors or an equivalent volume of dimethyl sulfoxide was
added to the plate. For the apoptosis assays, an additional
1:200 diluted Annexin V Green Reagent (Satorius, cat# 4642)
was added to the base medium. Cellular growth and apoptosis
were measured in the Incucyte ZOOM live cell analysis sys-
tem. Growth metrics were calculated with the R package
Growthcurver (43). Apoptosis counts were expressed as total
fluorescent counts after 5 days.

Immunoblotting

Cells were routinely seeded at 1 × 106 cells in a 60 cm2 Petri
dish 24 h before addition of chemical compounds. On the day of
collection, cells were washed twice with ice-cold PBS on ice and
lysed in 150 μl of radioimmunoprecipitation assay (Merck cat#
R0278) buffer, supplemented with 10 mM sodium fluoride,
2 mM sodium orthovanadate, 0.1 μM phenylmethylsulfonyl
fluoride, 1× “cOmplete Protease Inhibitor Cocktail” (Roche,
Cat# 11697498001), and 1× “PhosSTOP” (Roche, Cat#
4906845001). The resulting lysate was cleared by centrifugation
at 8000g for 20 min at 4 �C. The protein content of the clear
supernatant was quantified by Pierce BCA Protein Assay Kit
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(Thermofisher, Cat# 23225). Samples were diluted to 1 μg/μl
and boiled for 5 min at 95 �C in Laemmli sample buffer (Alfa
Aesar, Cat# J60015). SDS-acrylamide gels were hand casted
according to manufacturer’s guidelines using a Bio-Rad casting
system (Bio-Rad, Cat#1658050). Routinely, 25 μg of protein
sample was separated on a 10% SDS-acrylamide gel. Following
separation, proteins were transferred to nitrocellulose mem-
brane paper (Li-Cor, Cat# 926-31092) in Bjerrum Schafer-
Nielsen buffer (48 mM Tris, 39 mM glycine, pH 9.2) with 10%
methanol on ice. Membranes were blocked for 1 h in Odyssey
blocking buffer (Li-Cor, Cat# 927-50000) and incubated with
primary antibodies (see table) overnight in 5% bovine serum
albumin (Sigma, Cat#A2153) in Tris-buffered saline (20 mM
Tris-HCL, 500 mMNaCl, pH 7.5) with 0.05% tween 20 (TBST).
Membranes were washed three times 10 min with TBST, after
which the membrane was incubated with secondary antibody
(ThermoFisher, Cat# A11369, A32729. 1:10,000 in 5% bovine
serum albumin) for 1 h. Western blots were imaged with an
Odyssey CLx imaging system (LI-COR Biosciences) and quan-
tified with the Image Studio v5.2 software.

Real-time qPCR

Fibroblasts were seeded at 1 × 106 cells in a 60 cm2 Petri
dish 24 h before addition of chemical compounds. On the day
of collection, cells were washed 2× with ice-cold PBS on ice
and lysed in 1 ml of TRIzol reagent (ThermoFisher, cat#
155960260). RNA was extracted from the lysate according to
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manufacturer’s guidelines. RNA was resuspended in 32 μl of
ultrapure RNase-free water. The concentration was assessed
with a NanoDrop Microvolume Spectrophotometer (Thermo
Fisher Scientific). Immediately after quantification, reverse
transcription was performed with the PrimeScript RT Reagent
Kit (Takara Bio, cat#RR037B). Levels of mRNA were measured
using SYBR Green LightCycler 1536 DNA Green Master
(Roche, cat# 05573092001). Relative quantification of Ct values
was calculated with the ΔΔCt method (44), normalizing the Ct
values to the housekeeping gene TBP.

Gas chromatography

Fibroblasts were seeded at 200,000 cells per well in a 6-well
plate. The next day, media containing the interventions were
added. After 48 h, the cells were trypsinized, washed once in
PBS, and the cell pellet was collected. The pellets were snap
frozen at −80 �C until analysis. On the day of analysis, the cell
pellet was resuspended in 600 μl of 1 M KOH in ethanol. A
known amount of cholesterol was treated in the same way as
calibration sample. To this solution, 600 μl of a known con-
centration of epicoprostanol solution in cyclohexane was
added as internal standard. For complete saponification, the
solution was left shaking overnight. This step ensures release
of all cellular cholesterol and de-esterifies all cholesterol esters.
To this solution, 600 μl of 1 M KOH in water was added and
was shaken for 15 min. The resulting solution was centrifuged
for 15 min at 700g. The supernatant was transferred to clean
autosampler vials, and the liquid was completely dried under a
nitrogen flow. To the vial, 100 μl N,O-Bis(trimethylsilyl)tri-
fluoroacetamide and 25 μl of trimethylsilyl chloride was added,
and the whole mixture was heated to 80 �C for 45 min. The
vials were then cooled to room temperature and dried under a
gentle nitrogen flow. Following this, 1 ml of 5%
N,O-bis(trimethylsilyl)-acetamide in hexane was added, and
the vials were vortexed for 2 min and 1 μl of the samples were
injected into an Agilent 7890B gas chromatography system
coupled to a flame ionization detector. Samples were run in
high purity helium gas through a 30 m DB-5 capillary column
coated with (5% phenyl)-methylpolysiloxane.

Seahorse XF analyzer

Cellular oxygen consumption rates were measured using a
Seahorse XFe96 analyzer. The following protocol was
adapted from the manufacturers protocol. Cells were seeded
at 70,000 cells per well in a 96-well Seahorse XF cell culture
plate. Cells were left at room temperature to evenly
distribute the cells according to Lundholt et al., 2003 (45).
The following day, medium was exchanged for carbonate-
free DMEM (Merck, cat# D5030) containing 5 mM
glucose, 4 mM glutamine. Cells were left for 60 min to
equilibrate in a CO2 free incubator at 37 �C, before placing
in the analyzer. To measure the dose–dependent decrease of
respiration, a range of concentrations of the inhibitors were
injected, and the remaining respiration measured. Finally,
rotenone (50 μM) and antimycin A (50 μM) were injected
to measure nonmitochondrial respiration. After completion
of the measurement, the supernatant was aspirated, and
25 μl of lysis buffer (1% SDS, 0.1 N NaOH) was added. The
plate was briefly vortexed, and the protein content was
measured with a BCA protein assay (Thermo Fischer Sci-
entific, cat# 23225). The respiration measurements were
normalized to protein content per well, and values are re-
ported in residual respiration after compound injection,
relative to baseline in each well.

30RNAseq

The transcriptome of our studied models was measured
with QuantSeq 30 RNA sequencing. Total RNA was extracted
from the treated primary fibroblasts using Agencourt
RNAdvance Tissue kit (Beckman Coulter Life sciences, cat#
A32646) and quantified using a Quant-iT RiboGreen RNA
Assay Kit (Invitrogen, cat# R11490). RNA (250 ng) was used to
generate libraries using the QuantSeq 30 mRNA-Seq library
prep kit (FWD) HT for Illumina (Lexogen). The kit uses total
RNA as input, hence no prior poly(A) enrichment or rRNA
depletion is needed. The libraries were amplified for 17 cycles
quantified with Quant-iT PicoGreen dsDNA Assay Kit (Invi-
trogen, cat# P7589). Size pattern was controlled with the high
sensitivity NGS Fragment Analysis kit on a Fragment Analyzer
(Agilent DNF-474). Libraries were pooled at an equimolar
ratio (i.e., an equal quantity of each sample library) and clus-
tered at a concentration of 9 PM on single read sequencing
flow cell (Illumina). Sequencing was performed for 65 cycles
on a HiSeq 2500 (Illumina) using the Rapid SBS Kit v2 (Illu-
mina, cat# FC-402-4021). Sequencing reads were trimmed
with BBDuk (BBTools version 35.85, Bushnell B., source-
forge.net/projects/bbmap/). Mapping to the human genome
(built GRCh38.p2) was performed with RNA STAR, version
2.3.0e, (46) using default parameters. Gene count was per-
formed with HTSeq (47), version 0.5.4p3. For the statistical
comparison of expression changes, we fit a negative binomial
generalized linear model, estimated the dispersion across all
genes and constructed a contrast matrix to assess differential
expression between inhibitors, holding all other variables
constant. In total, 32,041 features were identified. Of these
features, 10,881 genes were maintained in the analysis after
filtering for genes with at least 16 counts on a minimum of six
samples. Calculation of differentially expressed genes for each
treatment was identified using the R package edgeR (48).
Clustering of GO biological processes was performed with the
ShinyGO online tool, version 0.61 (49).

Metabolomics

Cells were plated at 3 million cells in a TPP300 peel-off flask
(TPP, cat# 90303). After 24 h, 50 ml of media containing in-
hibitor or equivalent amounts of dimethyl sulfoxide were
added to the cells. After 48 h, the cells were placed on ice, and
rapidly the medium was aspirated, and the cells washed three
times with ice-cold NaCl 0.9% solution. Immediately after
washing, the cells were snap frozen on liquid nitrogen and
placed on dry ice. Exactly, 3.5 ml ice-cold methanol was added
to the flask, and all the material was collected by scratching
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and collected in a Falcon tube. This step was repeated once to
ensure maximal recovery of cellular material. Two identical
flasks were pooled in one Falcon tube and stored at −80 �C
until processing. Before sample preparation, the samples were
dried in a nitrogen evaporator at room temperature under a
gentle nitrogen flow for 24 h.

The cell pellet of each sample was resuspended in 200 μl of
50% methanol and then transferred to a 5 ml Eppendorf tube.
The samples were lysed by homogenizing with the aid of two
metal balls on a MM 400 mill mixer at a frequency of 30 Hz for
1 min three times. 0.8 ml of mixed methanol/chloroform (3:1,
v/v) was then added to each tube. The homogenization step
was repeated three times, followed by ultrasonication in an ice-
water bath for 5 min. The samples were centrifuged at 4000g
for 45 min. The clear supernatants were collected, and the
residues were used for protein assay using a standardized
Bradford procedure.

Quantitation of HMG-CoA and isoprenyl phosphates

Two hundred fifty microliter of the supernatant of each
sample was mixed with 200 μl of an internal standard so-
lution of HMG-CoA-D3 and 100 μl of chloroform. The
mixture was vortexed for 30 s, followed by centrifugal
clarification for 5 min. After carful removal of the low
organic phase using gel-loading tips, the upper aqueous
phase was dried under a gentle nitrogen gas flow in a ni-
trogen evaporator. The residue was reconstituted in 200 μl
of 50% methanol. A stock solution containing standard
substances of HMG-CoA and isoprenyl phosphates was
prepared in the internal standard solution. This standard
solution was serially diluted in a ratio of 1 to 4 (v/v) to have
calibration solutions in a range of 0.0001 to 10 μM. 10μL
aliquots of the calibration solutions and the sample solu-
tions were injected to run LCMRM on a Water Acquity
UPLC system coupled to a Sciex QTRAP 6500 mass spec-
trometer operated in the negative-ion mode, using a C18
column (2.1*150 mm, 1.8 μm) and a mobile phase
composed of ammonium acetate buffer (A) and acetonitrile
(B) for binary-solvent gradient elution (5% to 80% B in 12)
at 0.3 ml/min and 50 �C. Concentrations of the detected
compounds were calculated by interpolating the constructed
linear-regression, internal-calibration curves with the peak
area ratios measured from sample solutions. Note: IPPP and
DMAPP cannot be separated, and their total amount in
each sample was reported.

Quantitation of sterols

Two hundred microliter of the supernatant of each sample
was dried under a gentle nitrogen gas flow. The residue was
resuspended in 100 μl of a 13C3-cholesterol internal standard
solution. Along with the sample preparation, serially diluted
standard solutions of sterols were prepared in the same internal
standard solution. 100 μl of each sample solution or each stan-
dard solution was mixed with 100 μl of 20 mM dansyl chloride
solution and 100 μl of 25-mM dimethylaminopyridine solution.
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The mixture was allowed to react at 50 �C for 60 min. After
reaction, the solutionwas dried in a speed-vac concentrator, and
the residue was reconstituted in 400 μl of acetonitrile. 10 μl al-
iquots were injected onto a C18 UPLC column (2.1 × 50 cm,
1.7 μm) to run UPLC-MRM/MS on an Agilent 1290 UHPLC
system coupled to an Agilent 6495B QQQ mass spectrometer
operated in the positive-ion mode, using 0.1% formic acid in
water acetonitrile/isopropanol (1:1) as the LC mobile phase for
binary-solvent gradient elution at 0.35 ml/min and at 60 �C.
Concentrations of individual sterols were calculated with the
analyte-to-internal standard peak area ratios measured from
injections of sample solutions to interpolate the constructed
linear regression calibration curves of individual sterols in
appropriate concentration ranges.
Quantitation of isoprenoids (dolichols, ubiquinones, squalene,
oxidosqualene, and MK4)

500 μl of each supernatant was mixed with 500 μl of 50%
methanol and 1000 μl of hexane. After vortex mixing and
centrifugal clarification, the organic phase was collected. The
extraction was repeated with 1000 μl of hexane twice. The
pooled hexane extractant of each sample was dried under a
gentle nitrogen gas flow. The residue was dissolved in
100 μl of isopropanol. Along with the sample preparation, a
standard solution of squalene, 2,3-oxidosqualene, MK-4,
CoQ 6, 8, 9, and 10, and a mixture of dolichols 13 to 21,
was prepared in isopropanol and was then serially diluted in
a volume ratio of 1 to 4. 20 μl of each sample solution or
each standard solution was injected to run LC-MRM/MS on
a Water Acquity UPLC system coupled to a Sciex QTRAP
6500 mass spectrometer with positive-ion detection, using a
C8 column (2.1*50 mm, 1.7 μm) and a mobile phase of 0.1%
formic acid in water (A) and isopropanol (B) for binary
solvent gradient elution (50% to 90% B in 15 min) at
0.25 ml/min and 50 �C. Molar concentrations of the
detected compounds were calculated by interpolating the
constructed linear-regression calibration curves from injec-
tion of calibration solutions, with the peak areas measured
from sample solutions. Concentrations of dolichols were
measured as the total weight amount of all detected dolichol
compounds in each sample

Confocal microscopy

Experimental procedures were adapted from a published
protocol (33). Cells were seeded at 100.000 in 35 mm glass-
bottom microscopy dishes (MaTek, cat# P35G-1.5-14-C). Af-
ter 24 h, the plating media were aspirated, and cells were
washed once with PBS, and fresh media containing the in-
terventions were added. After 48 h, a 5% cyclodextrin solution
was added to a final concentration of 10 mM for 15 min to
remove plasma membrane cholesterol. Cells were immediately
washed three times with PBS and fixed with 4% PFA for
15 min at room temperature. After fixation, the cells were
again washed three times with PBS, and a 50 μg/ml filipin
solution in PBS was added. The cells were kept in the dark for
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3 h under gentle agitation on a rotary shaker to ensure com-
plete penetration of the filipin compound. After staining, the
cells were again washed three times with PBS in a dark envi-
ronment. Cells were kept in PBS during image acquisition.
Filipin fluorescence intensity was captured on a confocal mi-
croscope (Leica, SP5) using a × 60 objective (oil; CFI Plan APO
1.4 NA). The focal plane was visually positioned to the middle
of the cells in bright field. Filipin was excited with a Chame-
leon Ultra II multiphoton laser (Coherent) (1% transmission,
5% gain, 20% offset) at 700 nm (excitation), and the emission
was collected at 380 to 535 nm. Images were acquired a scan
resolution of 1024 × 1024 and a pinhole of 60 μm, at an 8 bit
depth. Images were acquired at 10 different positions per
coverslip. Quantification of intensity was performed using FIJI
software (50). For each image, all pixels were selected above a
threshold of 50. Intensity was expressed as mean intensity of
the selected pixels. For each individual experiment, the in-
tensities were normalized to the mean of the control intensities
to correct for intraexperimental bias.
Antibody table
Target protein Supplier Product no.

SREBP2 BD Biosciences 557,037
SQLE Cell Signaling Technology 40659S
HMGCR Thermo Fisher MA5-31335
SERCA2 Cell Signaling Technology 4388S
Vinculin Cell Signaling Technology 4650S
GAPDH Cell Signaling Technology 2118S
Primers
Gene Fw Rv

TBP TGGTGTGCACAGGAGCCAAG TTCACATCACAGCTCCCCAC
ACAT2 TCGCCATGGGAGCAACATAG ATTGGCTGGGGTGACTGTTC
HMGCS1 TCTTGGGATGGACGGTATGC CACGAAGCCCTCGTTCAAAA
HMGCR GCCCTCAGTTCCAACTCACA TTCAAGCTGACGTACCCCTG
DHCR7 GACAACTGGATCCCACTGCT CGATGCCCATCATGTAGTTG
SQLE GTCTCCGGAAAGCAGCTATG AAAAGCCCATCTGCAACAAC
Data availability

All the experimental data are contained within the article
and figures with the exception of the Quantseq data, which is
accessible through the GEO Series accession number
GSE191034.
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