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We previously showed that inhibition of the mevalonate pathway in C. elegans causes inhibition of protein
prenylation, developmental arrest and lethality. We also showed that constitutive activation of the mitochondrial
unfolded protein response, UPR™, is an effective way for C. elegans to become resistant to the negative effects of
mevalonate pathway inhibition. This was an important finding since statins, a drug class prescribed to lower cholesterol
levels in patients, act by inhibiting the mevalonate pathway, and it is therefore possible that some of their undesirable
side effects could be alleviated by activating the UPR™. Here, we screened a chemical library and identified 4
compounds that specifically activated the UPR™. One of these compounds, methacycline hydrochloride (a tetracycline
antibiotic) also protected C. elegans and mammalian cells from statin toxicity. Methacycline hydrochloride and ethidium
bromide, a known UPR™ activator, were also tested in mice: only ethidium bromide significantly activate the UPR™ in

skeletal muscles.

Introduction

Statins are a class of cholesterol lowering drugs taken by tens
of millions of patients worldwide. They act by inhibiting the
enzyme HMG-CoA reductase, which is rate limiting in the
mevalonate pathway of cholesterol biosythesis. In spite of their
wide use, many effects of statins remain poorly understood. For
example, patients on statin regimen frequently complain of mus-
cle pains or, rarely, rhabdomyolysis,' and statins have immuno-
suppressive effects;> both these effects are thought to be unrelated
to cholesterol lowering and are poorly understood. Besides
cholesterol, other outputs of the mevalonate pathway include
dolichol-phosphate (important for protein N-glycosylation),
coenzyme Q (a soluble anti-oxidant that is important in the
mitochondrial electron transport chain) and prenyl groups (small
lipids that may be covalently attached to the C-terminus of small
GTPases or other proteins, and hence target them to mem-
branes).”” Inhibiting the mevalonate pathway could therefore
have consequences not only on cholesterol levels, but also on
mitochondrial function, protein glycosylation or small GTPases.

C. elegans is an ideal model organism to investigate the effects
of statins that are unrelated to cholesterol because its mevalonate

© Manish Rauthan and Marc Pilon

*Correspondence to: Marc Pilon; Email: marc.pilon@cmb.gu.se
Submitted: 08/21/2015; Revised: 09/09/2015; Accepted: 09/15/2015
http://dx.doi.org/10.1080/21624054.2015.1096490

pathway is conserved with that in mammals, except for the
important fact that the output branch leading to cholesterol syn-
thesis is absent from the worm.” We previously showed that sta-
tins cause loss of protein prenylation, activation of the
endoplasmic reticulum unfolded protein response (UPR®),
developmental arrest and lethality in C. elegans, that these effects
are strictly due to on-target inhibition of HMG-CoA reductase
and that they can be alleviated by activating the mitochondrial
unfolded protein response (UPR™) either by mutations or by
treatment with ethidium bromide or paraquat.®”

The unfolded
mitochondria’s primary defense mechanism against stress. Upon
stress, UPR™" activation results in expression of mitochondrial
chaperones such as HSP6, HSP60 and proteases (CLPPI,
LONI1) to maintain mitochondrial proteostasis either by proper

mitochondrial stress response is the

folding or degrading unfolded proteins.'®'" Suppression of this
stress response either by knocking down ATFS-1, a key UPR™
regulator, or by inhibiting the mevalonate pathway, reduces the
o . . . 7.8,12
ability of mitochondria to cope with stressors. Conversely,
activation of the UPR™ protects mitochondria against stress and
promotes survival.”” Identifying factors or molecules that can
activate the UPR™ may therefore lead to novel therapeutic
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approaches in diseases or clinical conditions where mitochondria
are stressed or otherwise challenged.'” With this objective, we
performed a chemical screen and identified 4 drugs that specifi-
cally activate UPR™"

pounds, methacycline hydrochloride (a tetracycline antibiotic)

in C. elegans. Additionally, one of the com-

also protected C. elegans and mammalian cells from statin toxic-
ity. We also found that ethidium bromide is a potent in vivo
UPR™" activator in mouse muscle tissue.

Results

Chemical screen identifies UPR™ activators

The Prestwick Chemical library includes over 1 200 com-
pounds that have previously been approved for use in
humans by the US. Food and Drugs Administration (FDA).
These were screened at a concentration of 100 uM following
a published protocol.'® to identify compounds that cause
activation of the hsp-60::GFP transgene, a reporter of UPR™
activation'” (Fig. 1A). The oxidative agent paraquat is a
R™ '>1¢ and was used as a posi-
tive control in the screen. Eight compounds reproducibly

known activator of the UP

A One compound (100 uM) per well;
50-60 N2 (hsp-60::GFP) L1 larve.

@@@@@@

Controls

B Auranofin Betahistine mesylate

500 uM

Minocycline HCI

Prenylamine lactate

—>

Incubation
(20 C; 96 hrs)

Chlorprothixene HCI

Pyrvinium pamoate

scored positive (Table 1, Fig. 1B). When re-tested over a
range of concentrations, we found that only 4 of the 8 com-
pounds specifically caused activation of the UPR™" reporter
without also activating high levels of the hsp-4::GFP, a UPR*"
reporter (Fig. 2, Fig. S1). These were: minocycline hydro-
chloride and methacycline hydrochloride (2 tetracycline anti-
biotics), chlorprothixene hydrochloride (a D2 dopamine
receptor antagonist) and auranofin (a gold salt used as an
antirheumatic agent).

ATFS-1 is required for UPR™ activation

ATFS-1 is a leucine zipper transcription factor that contains a
mitochondrial targeting signals at its N terminus and a nuclear
localization signal at its C terminus.”'>'”"? Tt is the primary
activator of the UPR™" in response to mitochondrial stress. None
of the newly identified UPR™-activating compounds could
bypass the requirement for ATFS-1 since their ability to induce
hsp-60::GFP was either completely abolished or greatly reduced
in the a#fs-1(gk3094) null mutant (Fig. 3). The most likely expla-
nation for the ATFS-1 dependency is that the compounds acti-
vate the UPR™ by causing mitochondrial stress, hence activating

ATFS-1.

@@@@@@

Screen for well with GFP positive worms

Fendiline HCI Methacycline HCI

Paraquat Control

Figure 1. Screen for UPR™ activators. (A) shows the schematic of the chemical screen to identify UPR™ activator. (B) shows drugs identified in chemical
screen that activate of hsp60::GFP reporters, with the oxidative agent paraquat used as a positive control.
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Table 1 List of hits from the UPR™ activator screen and their therapeutic functions.

COMPOUND THERAPEUTIC CLASS BIOLOGICAL EFFECT
Auranofin (a gold salt) Analgesic antirheumatic agent
Betahistine mesylate vasodilator histamine H3 receptor antagonist

Chlorprothixene HCI
Fendiline HCI
Methacycline HCI
Minocycline HCI
Prenylamine lactate
Pyrvinium pamoate

antianginal
antibacterial
antibacterial
antianginal

antipsychotic, antiemetic

antihelmintic, anticancer

D2 dopamine receptor antagonist
calcium channel blocker
tetracycline antibiotic

tetracycline antibiotic

calcium channel blocker
androgen receptor inhibitor

Methacycline hydrochloride protect from statin toxicity

We previously showed that activation of the UPR™, either by
mutation or using chemical agents that stress mitochondria (ethi-
dium bromide, paraquat), renders worms, yeast and mammalian
cells resistant to otherwise lethal doses of statins.” Of the 4 spe-
cific UPR™-activating compounds isolated in our screen, one
induced statin resistance in C. elegans: the tetracycline antibiotic
methacycline hydrochloride (Fig. 4A-E). The gold salt auranofin
appeared toxic to C. elegans in this assay, and minocycline hydro-
chloride and chlorprothixene hydrochloride provided no
protection.

Ethidium bromide, but not methacycline hydrochloride,
induces the UPR™" in mice

Methacycline hydrochloride, identified in the present screen,
and ethidium bromide, a known activator of the UPR™ in mam-
malian cells which we previously showed protects these cells from
the statin effects,” were chosen for further studies in mammalian
cells and whole mice. We found that methacycline hydrochloride
confers a weak protection against statin toxicity in mouse 313
cells; this protection was inferior to that obtained using ethidium
bromide, (Fig. 4F). Finally, we tested 2 doses of ethidium bro-
mide and of methacycline hydrochloride for their ability to
induce the UPR™" in mice treated using a one-time intraperito-
neal injection. Ethidium bromide caused i vivo induction of
UPR™ response genes in skeletal muscle tissues tested using
quantitative PCR, with the higher dose of 50 mg/kg being more
effective than the 10 mg/kg dose (Fig. 5A-B). Methacycline
hydrochloride caused no significant induction of the UPR™
response genes in mouse skeletal muscles at either of the 2 doses
tested, although there was a tendency toward increased expression
and significance may have been obscured due to high variability
among the treated samples (Fig. 5C-D).

Discussion

By screening a library of over 1 200 FAD approved com-
pounds, we identified 4 compounds that activate specifically the
UPR™ in C. elegans without also activating the UPR™. One of
these compounds, the tetracycline antibiotic methacycline also
protected C. elegans from the toxic effects of statins. The three
other UPR™" inducers failed to protect from statins and there
may be several reasons for this. For example, the UPR™ may be
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insufficiently induced, the compounds may have toxic effects or
the compounds may fail to enter into specific cell types where
UPR™" activation is required.

Interestingly, methacycline hydrochloride conferred some
protection against statins to mouse 313 cells, but did not induce
the UPR™ in vivo when provided by intraperitoneal injection.
Ethidium bromide was more potent than methacycline hydro-
chloride both in terms of protecting NIH-3T3 cells from the
adverse effects of statins and in inducing UPR™ in vivo. This is
to our knowledge the first instance of a drug treatment that acti-
vates the UPR™ 7z vivo. Note too that ethidium bromide is used
in veterinary medicine to treat trypanosome infections at doses
similar to those used in the present study (10-15 mg/kg).20
Thus, at present, if a situation arouse where the UPR™ must be
activated 77 vivo, there is a possibility that ethidium bromide
could be a useful option.

One of the compounds identified as UPR™" activators is a tet-
racycline antibiotics. This is not surprising since this antibiotic
class inhibits translation in prokaryotes and therefore is likely to
interfere with this process in mitochondria, hence trigger the
UPR™. This is also in agreement with the fact that RNAi knock-
down of mitochondrial ribosomal subunits, e.g. m#sps-5, also trig-
ger UPR™ activation.”’ More generally, others have also shown
that antibiotics, e.g., doxycycline or chloramphenicol®' and anti-
mycin,** are potent activators of the UPR™. Similarly, auranofin
was recently found to have broad-spectrum bactericidal activities
and act as an inhibitor of thioredoxin reductase.”” Tt therefore
likely has direct negative effects on mitochondria that lead to
UPR™ activation. More puzzling is the identification of chlor-
prothixene hydrochloride as a UPR™ activator. This compound
inhibits several types of receptors (e.g. D2 dopamine receptors,**
serotonin receptors>) is a likely inhibitor of acid sphingomyeli-
can be used to reverse antibiotic resistance due to its abil-
ity to inhibit efflux pumps,”’ and inhibits the growth of
mycobacteria probably by impairing their membrane transport
functions.”® Tt is therefore possible that it too act directly on

26
nase,

mitochondria biology, though this is at present mere speculation.

One of our goals with the present study was to try and identify
compounds that could efficiently induce the UPR™" in vivo. Ulti-
mately, such compounds could have clinical uses, for example to
increase patient tolerance against unusually high doses of statins
deployed to treat tumors with activated small GTPases. Such a
line of thought emerges from two observations: 1) statins are
promising anti-cancer drugs because the mevalonate pathway is
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Figure 2. Four drugs specifically activate the UPR™. Treatment of 4 drugs specifically activates UPR™ reporters (hsp60:GFP) but not the UPR®" reporter
(hsp4::GFP). (A-D) GFP induction of UPR™ reporters and UPR®" reporters on various doses of drugs. (E) shows corresponding images. The bars show the

average =+ SEM (n>20).

essential for the production of the prenyl lipid groups responsible
for the membrane association of small GTPases such as RAS,*
and 2) we have previously showed that statin toxicity is primarily
due to insults to mitochondria and can be abrogated by activating
the UPR™ in C. elegans, yeast and mammalian cells.”” Even
though the present study failed to identify a compound more
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*p < 0.05; ** p < 0.01; *** p < 0.001 in paired Student’s t-test.

potent than ethidium bromide, it did demonstrate the feasibility
of the approach: a larger scale screen would likely identify potent
UPR™" activators with useful in vivo efficacy. In particular, the
main challenge of 77 vivo UPR™" activation is that all compounds
identified so far seem to act by causing some form of mitochon-
dria toxicity. Even ethidium bromide, a known mutagen, induces
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the UPR™" by impairing mito- A
chondrial DNA replication and

transcription and is therefore Auranofin

very unlikely to see any clinical
applications in  humans.*>?!
The real breakthrough would be
to identify compounds that trig-
ger the UPR™ without causing
Such
compounds could, in theory, act
by binding and impairing the
mitochondrial localization signal
of ATFS-1 or act via a

completely new mechanism.

mitochondrial  toxicity.
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Materials and Methods

Nematode strains and
maintenance

All strains are maintained at
20°C unless otherwise stated
and the Bristol strain N2 was
used as wild-type (WT).”> The
following strains were obtained
from the Caenorbhabditis Genet-
ics Center: zcls4[phsp4::GFP],
zcls9[hsp-60::GFP], and atfs-1
(gk3094). Ch

GFP induction (%)

Chemical library screen
The protocol for the chemi-

Chlorprothixene HCI

Methacycline HCI Minocycline HCI

cal library screen adapted
from a previously described

11—F—=

Control

method.'* Compound-contain-
ing plates from the Prestwick
chemical library were thawed
and 10 pl of each compound
(final conc of 100 pM) was
added into the well of 24-well
plates (one drug per well).
Additionally, each plate con-
tained one negative control well with DMSO (10 pl) and one
positive control well with paraquat (0.5 mM) or tunicamycin

cant) in paired Student's t-test.

(10 pg/ml), depending on the reporter used. The chemical
library drug plates were re-sealed and stored at -20C. Molten
nematode growth media (NGM; 1 ml) was added to each
drug-containing well and mixed thoroughly by shaking, then
allowed to cool. 50 wl of dead OP50 bacterial culture was
added as food and allowed to dry for 2 hrs in sterile condi-
tions. Finally, synchronized L1 larvae (50-80 worms) carrying
either the zc/s9 or zcls4 transgenes were added, and the plates
were sealed and incubated in dark at 20 C for 96 hrs. Each
well was then scored for the presence of GFP-positive worms
using a stereoscope equipped for epifluorescence, and possible
hits were retested.

www.tandfonline.com

Paraquat
(0.5 mM)

Worm

F]***

-

Aurofin
(0.1 mM)

Chloroprothixene
hydrochloride
(0.1 mM)

Methacycline  Minocycline
hydrochloride hydrochloride
(0.1 mM) (0.5 mM)

Figure 3. Activation of UPR™ after drug treatment is mediated through ATFS-1. (A) The drug mediated activa-
tion of UPR™ reporter (hsp60::GFP) is suppressed in the atfs-1(gk3094) mutants compared to wild type. (B) GFP
quantification of the drug treatments. The bars show the average + SEM (n > 20). *** p < 0.001; ns (not signifi-

Drug treatment and GFP intensity measurement

Fluvastatin (brand Lescol; Novartis) plates were prepared as
described in a previous study.® The following compounds were also
used: mevalonolactone (Sigma), ethidium bromide (Sigma), para-
quat (Sigma) and tunicamycin (Sigma). GFP images were acquired
96 hrs after placing synchronized L1 larvae on drug plates. Images
were acquired using a Zeiss Axio Scope Al to measure their GFP lev-
els and all images for a single experiment were taken with the same
excitation intensity and exposure time. The GFP intensity was mea-

sured with the Image J software (NIH, USA).
Mitochondrial UPR pre-induction experiment

Pre-induction of the UPR™" using paraquat was performed
as previous described.” In brief, the synchronized L1 larvae
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Figure 4. Pre-activation of mitochondria UPR using methacycline hydrochloride and paraquat confers statin resistance in worms. (A-E) Worms
pre-treated with methacycline hydrochloride and paraquat (positive control) but not other 3 compounds are viable and grow into fertile adults
when subsequently cultivated on 0.5 mM fluvastatin. (F) The mammalian fibroblast cell line NIH 3T3 shows better viability in the presence of
10 wm fluvastatin when it has been pre-treated with 1 pg/ml ethidium bromide (EtBr) or methacycline hydrochloride (MTH) (100 uM); bars
show the average readout from the Presto Blue Cell Viability assay = SEM (n > 5 wells; ***: p < 0.001). Note that the effect of statins on NIH-
3T3 cell viability is entirely due to the inhibition of HMG-CoA reductase since they are completely abrogated by the inclusion of mevalonate in

were placed on paraquat (500 wM) plates for 24 hrs and then
transferred to either control or fluvastatin (0.5 mM) plates.
The viability of the worms was then measured every 24 hrs
until 96 hrs post-paraquat treatment.

Mammalian cell culture

The 3T3 mouse embryonic fibroblast cells were maintained in
DMEM with high glucose (Gibco) and 10% fetal bovine serum
(FBS). The UPR™-mediated statin resistance assay was performed
as described in a previous study.7 In summary, ~2 000 3T3 cells
were seeded per well on 96-well plates (TPP Nordic Biolab) and
allowed to grow for 24 hrs. These cells were then treated with
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media containing EtBr (1 jg/ml) for 48 hrs and were challenged
with fluvastatin (10 wM) or fluvastatin (10 uM) plus mevalono-
lactone (1 mM) for 48 hrs. Cell viability was measured using the
Presto Blue Cell Viability Reagent (InVitrogen) as recommended
by the manufacturer.

Mouse experiments

BALB/c mice strains aged between 8 to 10 weeks old were
used to evaluate the potency of candidate drugs to activate
UPR™ response in vivo. The drugs were administered only
once through the intraperitoneal (IP) route and not more then
50 pl drug dissolved in saline or DMSO was injected per
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Figure 5. Intraperitoneal administration of ethidium bromide activates UPR™ in muscle. Balb/c mices were injected though the intraperitoneal route,
with 2 different concentration of ethidium bromide (10 mg/kg; 50 mg/kg) and methacycline hydrochloride (100 mg/kg; 200 mg/kg). The quadriceps
muscle from mouse hind limb was isolated after 16 hrs of drug administration. The muscle RNA was isolated and expression of mitochondrial specific
chaperones and protease (hspd1, hsp10, hsp75 and clpp1) were measured using QPCR. The bars show the average + SEM of 3 mice per group (***:

mice. Each animal was weighted and observed for any signs of
toxicity during and after the administration of the drug. The
mice were weighted and sacrificed 24 hrs after drug adminis-
tration. The quadriceps muscles from mice hind leg was iso-
lated and stored in RNA stabilizing solution (RNAlater—

from Ambion).

RNA isolation from muscle tissue and Quantative PCR
(QPCR)

The RNA from muscle tissue was isolated using a Qiagen
RNeasy mini spin column kit and following the manufacturer’s
instructions (Qiagen). Briefly, ~50-100 mg of the muscle tissue
was homogenized with a mechanical homogenizer in 1 ml of
TRIzol reagent (Invitrogen 15596-026). The homogenized tissue
samples were centrifuged to pellet debris, and a chloroform
extraction of the supernatent was performed to remove proteins
prior to loading the column for RNA purification. DNAse treat-
ment of the RNA sample was also carried out to eliminate trace
DNA contaminations.

cDNA from the isolated muscle tissue RNA was then synthe-
sized using an ABI high-capacity cDNA RT kit and the QPCR
was performed using a 5 x HOT FIREPOL EvaGreen qPCR
Mix; Cat no. 08-36-00008) from SOLIS BIODYNE. The CT
value of the target genes in each sample is normalized with the

CT value of the internal house-keeping gene (Gusb). The
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normalized expression value of target genes for each individual
sample (treated and untreated) for the same drug treatment was
also normalized to the average expression value of the untreated
samples. The bar graphs therefore represent the mean fold change
in expression of the individual target genes in treated and
untreated group for a same treatment group (n=3).

The following primer pairs were used to monitor the expres-
sion of UPR™ response genes:

Gusb-F: CCGATTATCCAGAGCGAGTATG

Gusb-R: CTCAGCGGTGACTGGTTCG (Gusb was used
as a reference house-keeping gene)

mCLPP1/F: GCCTTGCCGTGCATTTCTC

mCLPP1/R: CTCCACCACTATGGGGATGA

omHSP10/FOR1: AGTTTCTTCCGCTCTTTGACAG

omHSP10/REV1: TGCCACCTTTGGTTACAGTTTC

omHSP75-F4: CCTGGGACCAAAATAATCATCCA

omHSP75-R4: CCATTAAGGTACAAGGGGAAGC

omHSPD1-FOR1: CACAGTCCTTCGCCAGATGAG

omHSPD1-REV1: CTACACCTTGAAGCATTAAGGCT

Statistics

Unless stated otherwise, data points in graphs and columns in
histograms show the average (n > 20), error bars show the SEM,
and significant differences were determined using Student’s t-
test.

€1096490-7



Center, which is funded by the National Institutes of Health -
Office of Research Infrastructure Programs (P40 ODO010440).

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Funding

Some strains were provided by the Caenorbabditis Genetics

References

. Golomb BA, Evans MA. Statin adverse effects : a review

of the literature and evidence for a mitochondrial
mechanism. Am ] Cardiovasc Drugs 2008; 8:373-418;
PMID:19159124; htep://dx.doi.org/10.2165/
0129784-200808060-00004

. Patel TN, Shishehbor MH, Bhatt DL. A review of

high-dose statin therapy: targeting cholesterol and
inflammation in atherosclerosis. Eur Heart J 2007;
28:664-72; PMID:17242008; heep://dx.doi.org/
10.1093/eurheartj/chl445

. Goldstein JL, Brown MS. Regulation of the mevalonate

pathway. Nature 1990; 343:425-30; PMID:1967820;
http://dx.doi.org/10.1038/343425a0

. Miziorko HM. Enzymes of the mevalonate pathway of

isoprenoid biosynthesis. Arch Biochem Biophys 2011;
505:131-43;  PMID:20932952;  http://dx.doi.org/
10.1016/j.abb.2010.09.028

. Rauthan M, Pilon M. The mevalonate pathway in C.

clegans.  Lipids Health Dis 2011;  10:243;
PMID:22204706; http://dx.doi.org/10.1186/1476-
511X-10-243

. Morck C, Olsen L, Kurth C, Persson A, Storm NJ,

Svensson E, Jansson JO, Hellgvist M, Encjder A, Fae-
rgeman NJ, et al. Statins inhibit protein lipidation and
induce the unfolded protein response in the non-sterol
producing nematode Caenorhabditis elegans. Proc Natl
Acad Sci USA 2009; 106:18285-90; PMID:19826081;
http://dx.doi.org/10.1073/pnas.0907117106

. Rauthan M, Ranji P, Aguilera Pradenas N, Pitot C,

Pilon M. The mitochondrial unfolded protein response
activator ATFS-1 protects cells from inhibition of the
mevalonate pathway. Proc Nat Acad Sci USA 2013;
110:5981-6;  PMID:23530189;  http://dx.doi.org/
10.1073/pnas.1218778110

. Ranji P, Rauthan M, Pitot C, Pilon M. Loss of HMG-

CoA Reductase in C. elegans Causes Defects in Protein
Prenylation and Muscle Mitochondria. PLoS One
2014; 9:¢100033; PMID:24918786; http://dx.doi.org/
10.1371/journal.pone.0100033

. Rauthan M, Ranji P, Abukar R, Pilon M. A Mutation

in Caenorhabditis elegans NDUF-7 Activates the Mito-
chondrial Stress Response and Prolongs Lifespan via
ROS and CED-4. G3 (Bethesda) 2015; 5:1639-48;
PMID:26038366; http://dx.doi.org/full_text

. Jovaisaite V, Mouchiroud L, Auwerx J. The mitochon-

drial unfolded protein response, a conserved stress
response pathway with implications in health and dis-
case. ] Exp Biol 2014; 217:137-43; PMID:24353213;
http://dx.doi.org/10.1242/jeb.090738

. Sekine S, Ichijo H. Mitochondrial proteolysis: its

emerging roles in stress responses. Biochim Biophys
Acta 2015; 1850:274-80; PMID:25459516; http://dx.
doi.org/10.1016/j.bbagen.2014.10.012

€1096490-8

12.

20.

21.

22.

publisher’s website.

Nargund AM, Pellegrino MW, Fiorese CJ, Baker BM,
Haynes CM. Mitochondrial import efficiency of
ATFS-1 regulates mitochondrial UPR activation. Sci-
ence 2012; 337:587-90; PMID:22700657; http://dx.
doi.org/10.1126/science.1223560

. Ferndndez-Moriano C, Gonzilez-Burgos E, Gémez-

Serranillos  MP. Mitochondria-Targeted Protective
Compounds in Parkinson“s and Alzheimer”s Discases.

Oxid Med Cell Longev 2015; 2015:408927-30

. Giacomotto J, Ségalat L, Carre-Pierrat M, Gieseler K.

Caenorhabditis elegans as a chemical screening tool for
the study o f neuromuscular disorders. Manual and
semi-automated methods. Methods 2012; 56:103-13;
PMID:22041718; http://dx.doi.org/10.1016/j.
ymeth.2011.10.010

. Yoneda T, Benedetti C, Urano F, Clark SG, Harding

HP, Ron D. Compartment-specific perturbation of
protein handling activates genes encoding mitochon-
drial chaperones. J Cell Sci 2004; 117:4055-66;
PMID:15280428; http://dx.doi.org/10.1242/jcs.01275

. Benedetti C, Haynes CM, Yang Y, Harding HP, Ron D.

Ubiquitin-like protein 5 positively regulates chaperone gene
expression in the mitochondrial unfolded protein response.
Genetics 2006; 174:229-39; PMID:16816413; http://dx.
doi.org/10.1534/genetics.106.061580

. Haynes CM, Ron D. The mitochondrial UPR - pro-

tecting organelle protein homeostasis. J Cell Sci 20105
123:3849-55; PMID:21048161;  http://dx.doi.org/
10.1242/jcs.075119

. Haynes CM, Yang Y, Blais SP, Neubert TA, Ron D.

The matrix peptide exporter HAF-1 signals a mito-
chondrial UPR by activating the transcription factor
7C376.7 in C. elegans. Mol Cell 2010; 37:529-40;
PMID:20188671; hetp://dx.doi.org/10.1016/j.
molcel.2010.01.015

. Baker BM, Nargund AM, Sun T, Haynes CM. Protec-

tive coupling of mitochondrial function and protein
synthesis via the elF2a kinase GCN-2. PLoS Genet
2012; 8:21002760; PMID:22719267; http://dx.doi.
org/10.1371/journal.pgen.1002760

Gilbert R], Newton BA. Ethidium bromide: pharmaco-
kinetics and efficacy against trypanosme infections in
rabbits and calves. Parasitology 1982; 85(Pt 1):127-48;
PMID:7122121; http://dx.doi.org/10.1017/
S0031182000054214

Houtkooper RH, Mouchiroud L, Ryu D, Moullan N,
Katsyuba E, Knott G, Williams RW, Auwerx J. Mito-
nuclear protein imbalance as a conserved longevity

mechanism. Nature 2013; 497:451-7;
PMID:23698443; hetp://dx.doi.org/10.1038/
nature12188

Liu Y, Samuel BS, Breen PC, Ruvkun G. Caeno-
rhabditis elegans pathways that surveil and defend
mitochondria. Nature 2014; 508:406-10;

Worm

This work was funded by the Swedish Research Council, Cancer-
fonden and Carl Trygger Stiftelse.

Supplemental Material

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Supplemental data for this article can be accessed on the

PMID:24695221; http://dx.doi.org/10.1038/nature
13204

Harbut MB, Vilcheze C, Luo X, Hensler ME, Guo H,
Yang B, Chatterjee AK, Nizet V, Jacobs WR, Schultz
PG, et al. Auranofin exerts broad-spectrum bactericidal
activities by targeting thiol-redox homeostasis. Proc
Nat  Acad Sc  USA  2015; 112:4453-8;
PMID:25831516; heep://dx.doi.org/10.1073/
pnas. 1504022112

Froimowitz M, Cody V. Biologically active conformers
of phenothiazines and thioxanthenes. Further evidence
for a ligand model of dopamine D2 receptor antago-

nists.  J Med Chem  1993;  36:2219-27;
PMID:8101879; http://dx.doi.org/10.1021/
jm000672019

‘Wander TJ, Nelson A, Okazaki H, Richelson E. Antag-
onism by neuroleptics of serotonin 5-HT1A and 5-
HT?2 receptors of normal human brain in vitro. Eur J
Pharmacol 1987; 143:279-82; PMID:2891550; http://
dx.doi.org/10.1016/0014-2999(87)90544-9
Kornhuber J, Muchlbacher M, Trapp S, Pechmann S,
Friedl A, Reichel M, Miihle C, Terfloth L, Groemer
TW, Spitzer GM, et al. Identification of novel func-
tional inhibitors of acid sphingomyelinase. PLoS ONE
2011; 6:¢23852; PMID:21909365; http://dx.doi.org/
10.1371/journal.pone.0023852

Kristiansen JE, Thomsen VF, Martins A, Viveiros M,
Amaral L. Non-antibiotics reverse resistance of bacteria
to antibiotics. In  Vivo  2010;  24:751-4;
PMID:20952744

Lind K, Kiristiansen JE. Effect of some psychotropic
drugs and a barbiturate on mycoplasmas. Int ] Antimi-
crob Agents 2000; 14:235-8; PMID:10773494; htep://
dx.doi.org/10.1016/50924-8579(99)00160-0
Konstantinopoulos PA, Karamouzis MV, Papavassiliou
AG. Post-translational modifications and regulation of
the RAS superfamily of GTPases as anticancer targets.
Nat  Rev  Drug Discov  2007;  6:541-55;
PMID:17585331; http://dx.doi.org/10.1038/nrd2221
King MP, Attardi G. Human cells lacking mtDNA:
repopulation with exogenous mitochondria by comple-
mentation. Science 1989; 246:500-3; PMID:2814477;
http://dx.doi.org/10.1126/science.2814477

Hayashi J, Tanaka M, Sato W, Ozawa T, Yonekawa H,
Kagawa Y, Ohta S. Effects of ethidium bromide treat-
ment of mouse cells on expression and assembly of
nuclear-coded subunits of complexes involved in the
oxidative phosphorylation. Biochem Biophys Res
Commun 1990; 167:216-21; PMID:2310389; http://
dx.doi.org/10.1016/0006-291X(90)91753-F

Sulston JE, Hodgkin JA. Methods. In: Wood WB, edi-
tor. The Nematode Caernorhabditis elegans. Cold
Spring Harbor, NY: Cold Spring Harbor Laboratory
Press; 1988. pages 587-606

Volume 4 Issue 4


http://dx.doi.org/10.1080/21624054.2015.1096490
http://dx.doi.org/10.1080/21624054.2015.1096490

