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In a previous genetic screen for Caenorhabditis elegans mutants that survive in the presence of an antimitotic drug,
hemiasterlin, we identified eight strong mutants. Two of these were found to be resistant to multiple toxins, and in
one of these we identified a missense mutation in phb-2, which encodes the mitochondrial protein prohibitin 2. Here
we identify two additional mutations that confer drug resistance, spg-7 and har-1, also in genes encoding mitochon-
drial proteins. Other mitochondrial mutants, isp-1, eat-3, and clk-1, were also found to be drug-resistant. Respiratory
complex inhibitors, FCCP and oligomycin, and a producer of reactive oxygen species (ROS), paraquat, all rescued
wild-type worms from hemiasterlin toxicity. Worms lacking mitochondrial superoxide dismutase (MnSOD) were
modestly drug-resistant, and elimination of MnSOD in the phb-2, har-1, and spg-7 mutants enhanced resistance. The
antioxidant N-acetyl-L-cysteine prevented mitochondrial inhibitors from rescuing wild-type worms from hemiaster-
lin and sensitized mutants to the toxin, suggesting that a mechanism sensitive to ROS is necessary to trigger drug
resistance in C. elegans. Using genetics, we show that this drug resistance requires pkc-1, the C. elegans ortholog of

human PKCe.

INTRODUCTION

The appearance of drug-resistant cancers after chemother-
apy is a common, serious contributor to morbidity, and
combating this requires developing new therapeutics. Cir-
cumventing drug resistance ultimately entails understand-
ing both the molecular mechanisms of drug action and the
responses to the drug that lead to resistance. We have been
exploring the use of Caenorhabditis elegans as a model for
understanding these issues, as it is a fast growing multicel-
lular organism with well-developed genetics, a sequenced
genome, and known mutants with defects in many impor-
tant cell signaling pathways. To avoid the problem that the
C. elegans genome encodes for effective drug effluent pumps,
we chose hemiasterlin as the toxic compound to begin these
studies. Hemiasterlins are sponge-derived tripeptides that
bind to tubulin and inhibit microtubule assembly. A hemi-
asterlin analog, HTI-286, is poorly transported by the P-
glycoprotein efflux pump and inhibits the growth of human
tumor xenografts expressing P-glycoprotein, where pacli-
taxel and vincristine are ineffective (Loganzo et al., 2003).
Also, HTI-286 exhibited strong antitumor effects against do-
cetaxel-refractory prostate cancer (Hadaschik et al., 2008b)
and has shown minimal toxicity and significantly delayed
human bladder cancer growth in a mouse model (Hadaschik
et al., 2008a). Tumor cells resistant to HTI-286 have been
isolated that bear mutations in « or B tubulin and show
increased microtubule stability (Poruchynsky et al., 2004).
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Currently, HTI-286 is in clinical trials as a promising che-
motherapeutic drug that circumvents P-glycoprotein—-medi-
ated resistance (Loganzo et al., 2003; Ayral-Kaloustian and
Zask, 2005).

We have chosen to use a hemiasterlin analog almost iden-
tical to HT1-286, having a -3 bromophenyl instead of S-phe-
nyl group. This compound was synthesized as a precursor
of a biotinylated probe we used to show that the derivative
binds tubulin and is toxic for animal cells at subnanomolar
range, like natural hemiasterlin (Zubovych et al., 2006). Pre-
viously, we described a genetic screen on C. elegans where
we isolated drug-resistant mutants and identified the ge-
netic lesion responsible for drug resistance in one of them as
a missense mutation in C. elegans prohibitin-2 (PHB-2), a
protein localized to the inner mitochondrial membrane.
Now we report the identity of mutations that confer drug
resistance in two additional mutant worms from our screen.
Both are in proteins known or predicted to locate to mito-
chondria.

We have shown previously that worms phb-2(ad2154) and
(ad2155dm) are resistant to a number of poisons, including
other tubulin binders and the DNA topoisomerase I inhibi-
tor camptothecin, while retaining wild-type sensitivity to
phalloidin (Zubovych et al., 2006). Because our screen pro-
duced resistant animals with mitochondrial protein alter-
ations, in this current work we examined other existing
mitochondrial mutants for drug resistance. Among five mu-
tants tested, three of them were resistant (isp-1, clk-1, eat-3),
and two sensitive (gas-1 and mev-1) to the hemiasterlin an-
alog. We tested the hypothesis that impaired mitochondrial
respiration leads to drug resistance by a combination of
pharmacology and genetics. Our work leads to the conclu-
sion that a mechanism sensitive to reactive oxygen species
(ROS) is necessary to produce drug resistance involving
mitochondria in C. elegans.
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MATERIALS AND METHODS

Drugs and Toxins Used

The hemiasterlin analog was synthesized and described previously (Zubovych
et al., 2006). Rotenone, antimycin, stigmatellin, myxothiazol, oligomycin,
2-thenoyltrifluoroacetone (TTFA), FCCP, 2-deoxy-p-glucose, taxol, eto-
moxir sodium, wortmannin, and N-acetyl-L-cysteine (NAC) were pur-
chased from Sigma (St. Louis, MO); peloruside A was from Dr. Jef De
Brabander (University of Texas Southwestern Medical Center), cryptophy-
cin-1 was provided by Dr. Gunda Georg (University of Minnesota) and Dr.
Richard Himes (University of Kansas), and methyl viologen and 5-thio-p-
glucose were from MP Biomedicals (Aurora, OH).

Worm Strains and Culture

Worms were handled at 20°C as described (Brenner, 1974) with slight mod-
ifications. All worms were fed on Escherichia coli HB101 bacteria (Boyer and
Roulland-Dussoix, 1969). The wild-type N2 Bristol was the parental strain for
all mutant strains and was used as the wild type for all comparisons. The
wild-type Hawaiian CB4856 was interbred with mutants for experiments that
mapped mutations. Other strains used were DA2154 phb-2 (ad2154) II; DA2155
har-1 111, DA2249 spg-7 (ad2249) I; ZG31 hif-1(ia4) V; DA1496 eat-3(ad426) II;
DA1116 eat-2(ad1116) II; MQ887 isp-1(qm150) 1V; CB4876 clk-1(e2519) III;
MQ130 clk-1(qm30) III; CW152 gas-1(fc21) X; TK22 mev-1(kn1) III; GR1310 akt-1
(mg144) V; RB712 daf-18 (0k480) IV; TM173 sod-2(sj173) I; TM134 sod-3(sj134) X;
TM259 sod-2(sj173);s0d-3(sj134) IK105 pkc-1(nj1)V; IK130 pke-1(nj3)V; MJ500
tpa-1(k501)IV; M]563 tpa-1(k530)IV; VC127 pkc-2(0k328)X, JJ1271 glo-1(zu391)X.

Identifying the Mutation in har-1(ad2155dm) and
Complementation Testing

Using a standard single-nucleotide polymorphism method (Wicks et al., 2001),
we mapped the drug-resistant dominant mutation in ad2155dm to the left arm
of chromosome III, between cosmids C32A3 and WO03A5. Further analysis of
recombinants placed the mutation among cosmids C44F1 and R10E4. This
interval was flanked by [in-48 (left border) and tag-310 (right border) and
contained 107 genes. Because phb-2 and ad2155dm displayed similar behavior
in our assays, we hypothesized that both mutations in these worms might
share the same pathway and the genes might show similar expression patterns.
We compared the expression of the 107 genes in the interval containing the
drug-resistance mutation with PHB-2 (GeneOrienteer 1.40; www.geneorienteer.
org/; Zhong and Sternberg, 2006). C16C10.11 had the highest feature score
and was the only mitochondrial protein in the region. We amplified the
C16C10.11 DNA from the ad2155dm mutant and sequenced PCR products.
Sequence analysis revealed a G-to-A transition at nucleotide 218 resulting in
a Gly-to-Glu change at 73 aa (G73E). To test if a mutation in C16C10.11 was
responsible for the ad2155dm drug-resistant phenotype, we amplified by PCR
1943 base pairs of genomic DNA from the mutant that contained the 850-base
pair coding region of C16C10.11 with a 533-base pair upstream and 560-base
pair downstream sequence. The primers used for the amplification were
GCTAGTAAATCGAATGGCAT and AAGCTTCGAAGCTACCGTA. We in-
jected gonads of wild-type worms with this PCR product (0.15 ng/ ul) mixed
with DNA encoding a ro0l-6 (pRF4) mutation as a transformation marker (50
ng/ ul). Twenty-seven independent stable transgenic lines were examined for
drug resistance, defined as the ability of worms to grow to healthy gravid
adults that can move in the presence of hemiasterlin analog. In 19 lines
30-100% of transformed worms were resistant to the hemiasterlin analog.

Mapping the Mutation in the ad2249 Recessive Mutant
and Complementation Testing

A recessive mutant, ad2249, was isolated in our genetic screen for hemiaster-
lin-resistant mutants together with phb-2 and har-1. We crossed ad2249 males
with CB4856 hermaphrodites and in the F2 generation selected for drug-
resistant progeny, placing 435 drug-resistant animals individually on plates
and allowing them to reproduce. Subsequent SNP (single nucleotide poly-
morphism) analysis of DNA isolated from progeny of these resistant worms
assigned the mutation to chromosome I and analysis of worms with recom-
binant chromosome I mapped the drug-resistant mutation into the region
between cosmids WO5F2 and T28F2. This region contains 46 genes in total,
and only one, spg-7, encoded a mitochondrial protein. We amplified and
sequenced all 10840 base pairs of DNA encoding SPG-7 from the ad2249
mutant and found a single G-to-A transition changing E-to-K at amino acid
414. The primers for PCR amplification of the region containing this mutation
were GTGAATTTCCTGAAGAACCC and ATCTCGTGATTCGCATCTCT.
The resulting 649-base pair PCR product was sequenced and the mutation
was confirmed on both DNA strands. E414 is a highly conserved amino acid
from yeast to humans (see Figure 1B). To confirm that this mutation was
responsible for drug resistance, we obtained strain FX 2312(tm2312/+) from
the Mitani laboratory. We amplified by PCR the region that contained the
deletion in FX 2312(tm2312/+) using as primers, AATCGCAGTTAGGCT-
GTGT and CATAGATCTGTCTATCAAAGCG. The resulting DNA fragment
was 978 base pairs in wild-type worms but in FX 2312(tm2312/+) heterozy-
gous worms both the 978-base pair fragment and a 584-base pair fragment

Vol. 21, March 15, 2010

Drug-resistant Mitochondrial Mutants

were present. Sequence analysis of the 584 fragment indicated that the
spg-7 gene in FX 2312 (tm2312/+) worms contains a 394-base pair deletion
that causes a frame shift in the protein coding sequence that would
produce a protein containing the N-terminal 245 SPG-7 amino acids and 40
nonnative residues before terminating. We mated spg-7(ad2249) males with
spg-7(tm2312/+) hermaphrodites and examined the F1 progeny for resistance
to 1 uM hemiasterlin. This drug concentration converts wild-type worms into
rigidly paralyzed, dumpy worms. However, after the mating we observed in
the F1 generation healthy and actively moving, nondumpy worms. The
spg-7(ad2249) mutant is recessive, and the appearance of hemiasterlin resis-
tance in F1 progeny indicates that ad2249 and tm2312 alleles do not comple-
ment each other. We conclude that the ad2249 mutation in the spg-7 gene is
responsible for the hemiasterlin resistance phenotype.

Longevity Experiments

To evaluate life span, worms were cultured at 19°C and ~600 synchronized
L1 larvae were grown to young adults and counted (day 1). Adult worms
were counted by transferring them individually each day to fresh nematode
growth medium (NGM) plates, which separated the initial population from
progeny and avoided starvation. Plates were flooded with M9 buffer, and
worms were transferred with a P20 plastic pipette tip that had been soaked in
M9 buffer supplemented with 1% BSA to prevent worms from adhering to the
plastic. This prevented damage to the worms and resulted in complete
transfer of the viable adult population. A worm was considered dead if it
failed to respond to gentle touch with the pipette tip.

Drug Experiments

For all drug testing, gravid adults were bleached (Emmons et al., 1979), and
the remaining intact eggs were allowed to hatch by rocking them gently
overnight in M9 buffer in the absence of food (Brenner, 1974). Synchronized
L1s were used for all drug tests. Assays were performed in 48-well plates as
described previously (Zubovych et al., 2006). N2 wild-type worms were used
for all rescue experiments with mitochondrial inhibitors. Briefly, N2 L1 larvae
were exposed to increasing amounts of mitochondrial inhibitor in the pres-
ence of 1.3 uM the hemiasterlin analog, a concentration that causes N2 larvae
to die or infrequently develop into paralyzed and dumpy worms. In experi-
ments testing the effect of NAC to counteract drug resistance, eggs were
hatched overnight and cultured thereafter in the presence of 20 mM NAC.

Amplex Red Assay for H,O, Measurements

The Amplex Red hydrogen peroxide/peroxidase assay kit (Invitrogen, Carls-
bad, CA) was used to measure H,O, production by worms according to a
published protocol for C. elegans (Chavez et al., 2007). To measure ROS
production in the presence of mitochondrial inhibitors, synchronized L1
larvae were treated with the indicated amount of the inhibitor alone or with
addition of 20 mM NAC. DMSO was used as a vehicle control. At the
concentrations used, the inhibitors (FCCP and myxothiazol) had no effect on
growth, and within 2 d animals developed into L4 larvae. At that stage worms
were washed four times with M9 in 15-ml tubes, transferred into microfuge
tubes, washed once with 50 mM sodium phosphate buffer, pH 7.4 (reaction
buffer), and centrifuged for 1.5 min at 800 X g. Each sample contained 50 ul
of tightly packed L4 worms, and 450 ul of 1X reaction buffer was added to
each tube. According to the manufacturer’s instructions, 500 ul of working
solution (100 uM Amplex Red and 0.2 U/ml HRP diluted in reaction buffer)
was added to every sample. Absorbance was measured at 560 nm twice, 30
and 90 min from the beginning of the reaction. Tubes were placed on a rotator
in the dark, and within 30 min the liquid changed color from transparent to
pink, indicating the presence of H,O,. Samples were centrifuged as before,
600 ul of supernatant was transferred to a separate cuvette, and absorbance
was measured. After initial measurements, the supernatant was returned; the
reaction was allowed to proceed for 1 h, and absorbance was measured again.
The amount of H,O, produced by each worm sample was calculated by
comparison to a H,O, standard curve. Each experiment was reproduced three
times with similar results, and data are presented as fold difference of H,O,
produced in 1 h compared with a DMSO control.

Western Blot Analysis

To detect the mitochondrial superoxide dismutase (MnSOD) protein, 50 ul of
tightly packed N2, sod-2;s0d-3, phb-2;s0d-2;s0d-3, har-1;s0d-2;s0d-3, or ad2249;
sod-2;s50d-3 worms were resuspended in 150 ul of M9 buffer and 50 ul of 4X
SDS sample buffer (EMD Chemicals, Gibbstown, NJ) and boiled immediately
for 20 min, centrifuged at 14,000 X ¢ for 15 min to remove debris, and then
samples were resolved by SDS/PAGE. After electrophoresis, proteins were
electrotransferred to nitrocellulose membrane (Trans-Blot, Bio-Rad, Hercules,
CA) and immunoblotted with a 1:2000 dilution of rabbit polyclonal anti-
MnSOD antibody (Assay Designs, Ann Arbor, MI), followed by a 1:3000
dilution of HRP-conjugated goat anti-rabbit antibody (Bio-Rad). Mouse
monoclonal anti-actin antibody (MP Biomedicals) were used as a protein
loading control at 1:8000 dilution, followed by a 1:3000 dilution of HRP-
conjugated goat anti-mouse antibody (Bio-Rad). For the phospho AMP kinase
(p-AMPK) detection, wild-type and mutants lysates were prepared as de-
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scribed above, and then after electrophoresis and electrotransfer the mem-
brane was probed with phospho-Thr172 antibody (Cell Signaling Technology,
Danvers, MA) as 1:1000 in 5% BSA, followed by a 1:3000 dilution of HRP-
conjugated goat anti-rabbit antibody (Bio-Rad). To visualize the protein bands
ECL reagent (Perkin Elmer Life Sciences, Boston, MA) was used according to
the manufacturer’s instructions.

Imaging Worms Stained with MitoTracker Red

The JJ1271 glo-1(zu391) mutant strain which lacks autofluorescence and bire-
fringent gut granules was used for imaging mitochondria. We crossed the
glo-1 animals with our mitochondrial mutant worms and generated the three
double mutants: glo-1,phb-2, glo-1;har-1, and glo-1;spg-7. We also made the
glo-1;phb-2;har-1 triple mutant. Eggs were collected from gravid adults of each
strain and allowed to hatch overnight. The L1 larvae were plated in liquid
culture of E. coli HB101 bacteria +2 ug/ml MitoTracker Red CMXRos (In-
vitrogen) dye in 48-well plates. For hemiasterlin treatment we used 0.6 uM
hemiasterlin, the dosage at which wild-type worms survive, but become
unhealthy and paralyzed. Mutant worms look normal in 0.6 uM hemiasterlin.
After 3 d of incubation, worms were washed and allowed to crawl for 1 h on
a bacteria-free agar plate and washed again with M9 and immobilized for 7
min with 0.1% tricaine +0.01% tetramizole (Sigma) in M9 buffer. The immo-
bile worms were applied on freshly made 3% agarose in dH,O on a micro-
scope slide and immediately covered with a coverglass. Worms were viewed
with a Deltavision RT deconvolution microscope (Applied Precision, Seattle,
WA) provided by the UT Southwestern Live Cell Imaging Core Facility
(Dallas, TX). Images were captured and deconvoluted using SoftWoRx soft-
ware (Applied Precision).

RNA Interference

Bacteria expressing double-stranded RNA (dsRNA) were purchased from
Open Biosystems (Huntsville, AL) as individual clones for phb-2 T24H7.1 (cat.
no. RCE1182-9359536), har-1 C16C10.11 (cat. no. RCE1182-9359420), and spg-7
Y47G6A.10 (cat. no. RCE1182-9363938). Bacteria were grown overnight at
37°C in liquid LB +100 pg/ml carbenicillin and then induced with 1 mM
IPTG for 4 h and seeded onto NGM agar plates supplemented with 100
png/ml carbenicillin +1 mM IPTG. Wild-type N2 L4 larvae were placed on
these plates and allowed to grow for 1 d. Worms were then plated as one
animal per well in 48-well plates into corresponding dsRNA-expressing bac-
teria or HB101 bacteria resuspended in M9 buffer +1 mM IPTG, with or
without the 1.5 uM hemiasterlin.

Construction of myc-His C-terminal-tagged Expression
Vectors

Vectors used in transient transfections were constructed by PCR amplification of
full-length human cDNAs encoding PHB2 and CHCHD2 from their correspond-
ing clones (PHB2, NM_007273.3; CHCHD2, NM_016139.2, OriGene Technolo-
gies, Rockville, MD) using the following primer sequences: Xbal-C1qBP.
fwd: 5'-GGCTCTAGAATGCTGCCTCTGCTGCGC-3' and Xbal-AA-C1qBP.
rev: 5'-GGCTCTAGAAACTGGCTCTTGACAAAACTCTTG-3'; and Xbal-
CHCHD2 fwd: 5'-GGCTCTAGAATGCCGCGTGGAAGCCGAAG-3' and Xbal-
AA-CHCHD2rev: 5-GGCTCTAGAATGCCGCGTGGAAGCCGAAG-3'. The
resulting PCR products were digested with Xbal and cloned into the pcDNA3.1/
myc-His(—) B vector (Invitrogen). All constructs were sequenced from T7 and
BGH priming sites to ensure that wild-type sequences were obtained. The
QuikChange XL site-directed mutagenesis kit (Stratagene, La Jolla, CA) was used
to generate the PHB2 E130K and CHCHD2 G65E mutations according to man-
ufacturer’s instructions. The following primer sequences were used: qcPHB2-
E130K.fwd: 5'-GTCCATTGTCAACAAGGTGCTCAAGAGTG-3'and qcPHB2-
E130K.rev:  5-CACTCTTGAGCACCTTGTTGACAATGGAC-3';  and
qcCHCHD2-G65E.fwd: 5'-ACCACTGCAGCTGAAGTGGCTGTGGGC-3" and
qcCHCHD2-G65E rev: 5'-GCCCACAGCCACTTCAGCTGCAGTGGT-3'. Con-
structs were sequenced from T7 and BGH priming sites to ensure that the correct
mutations were generated. All primers were obtained from Integrated DNA
Technologies (Coralville, IA). Transfection-ready DNAs were isolated using the
Qiagen EndoFree Plasmid Maxi kit (Chatsworth, CA).

Imaging HeLa Cells Expressing PHB2 and CHCHD?2 and
Their Mutants

HeLa cells were grown in DMEM (Invitrogen) containing 10% FBS, 1 mM
sodium pyruvate, and 10 mM HEPES without antibiotics. Before transfection,
cells were plated in four-well dishes fitted with coverslips and allowed to
attach overnight. DNA transfections were performed using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions. Eighteen
hours later, the cells were washed twice in prewarmed medium and incu-
bated with 200 nM MitoTracker Red CMXRos (M7512, Molecular Probes/
Invitrogen) in normal growth media for 45 min in a 5% CO, incubator at 37°C.
Cells were fixed with 3.7% formaldehyde in PBS for 15 min at 37°C and
permeabilized with 0.2% (vol/vol) Triton X-100 in PBS for 8 min at room
temperature. The cells were blocked for 30 min in PBS containing 1% (wt/vol)
BSA, incubated with mouse monoclonal c-Myc (9E10) primary antibody
(M4439, Sigma) diluted 1:250 in PBS containing 1% BSA for 1 h at room
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A

HAR-1 *
QMATTAAGVAVGSAVGHTL GH H.sapiens
QMATTAAGVAVGSAVGHTLGH Mmusculus
QMAATAGGVAVGSAIGHTYVGH Dmelanogaster
QMAATAGGVAIGSAVGHAYVGG C.elegans

B QMASTAAGVAVGSTIGHTL GA S.cerevisiae

SPG-7 *
GQSEQENTLNQLLVEMDGFNT H.sapiens
GQSEQENTLNQLLVEMDGFNT Mmusculus
GHSEQENTLNQLLVEMDGFNT Dmelanogaster
GHSEQENTLNQLLVEMDGFTT C.elegans
ANDERENTLNQMLVEMDGFTP S.cerevisiae

Figure 1. Amino acid sequence alignment of the region mutated in
(A) HAR-1 and (B) SPG-7. The amino acid sequence near the mu-
tation site is shown for Saccharomyces cerevisiae, C. elegans, Drosophila
melanogaster, Mus musculus, and Homo sapiens. The mutated amino
acid in each protein is indicated with an asterisk (*). A complete
alignment assembled by the ClustalX program is presented in Sup-
plemental Figures 1 and 2.

temperature, washed three times in NET/Gel, incubated with goat anti-
mouse AlexaFluor 488 (Molecular Probes) secondary antibody diluted 1:1000
in PBS containing 1% BSA, washed three times in NET/Gel (50 mM Tris-HCl,
pH 8.0, 1 mM EDTA, 150 mM NaCl, 0.25% gelatin, 0.05% NP-40, 0.01% NaNj),
and mounted onto slides using Aqua-Poly/Mount (Polysciences, Warrington,
PA). Cells were viewed using the Deltavision RT deconvolution microscope,
and images were captured and deconvolved using SoftWoRx software (Ap-
plied Precision, Seattle, WA). Overlays were generated using Image] software
(http:/ /rsb.info.nih.gov/ij/).

RESULTS

Identifying Mutations in ad2155dm and ad2249

Drug-resistant mutant worm strains DA2155 (ad2155dm)
and DA2249 (ad2249) were two of eight strains isolated in a
screen for resistance to a hemiasterlin analog that we de-
scribed previously (Zubovych et al., 2006). Using standard
techniques, we mapped the dominant drug-resistant muta-
tion in ad2155dm to a region on the left arm of chromosome
III containing 107 genes (see Materials and Methods). Because
the phb-2 (ad2154) mutant identified previously and
ad2155dm displayed similar behavior in our drug-resistance
assays, we hypothesized both mutations might act in the
same drug-resistance pathway. Thus, we analyzed these 107
genes with GeneOrienteer program (Zhong and Sternberg,
2006) to identify any with an expression pattern correlated
with PHB-2. C16C10.11 appeared with the highest feature
score and was the only mitochondrial protein in the region.
We amplified C16C10.11 DNA from the ad2155dm mutant,
and sequence analysis revealed a single G-to-A transition at
nucleotide 218, resulting in a Gly-to-Glu change (G73E). This
amino acid is conserved across species (Figure 1A). To con-
firm that the mutation in C16C10.11 was responsible for the
ad2155dm drug-resistant phenotype, C16C10.11 DNA from
ad2155dm was injected into wild-type N2 worms, and the
transgenic progeny were found to be drug-resistant (see
Materials and Methods). We concluded that the G73E substi-
tution in C16C10.11 is responsible for ad2155dm drug resis-
tance and named the mutant har-1(ad2155dm) for hemiasterlin
resistant-1 (referred to as har-1 in this article). HAR-1 con-
tains a mitochondrial localization sequence on the N-termi-
nus and a strongly conserved feature called the CHCH
domain: (coiled coil 1)-(helix 1)—(coiled coil 2)-(helix 2),
which contains two C-X9-C motifs that might serve as li-
gands for metal binding. Based on the secondary structure
analysis, proteins with the CHCH domain have been di-
vided into three groups (Westerman ef al., 2004). HAR-1
belongs to the N-group proteins, which have a CHCH do-
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main located toward the C-terminus and a GXXXGH motif
positioned to the N-terminus of the CHCH domain. The hu-
man ortholog of HAR-1 is CHCHD?2, a protein with an un-
known function. short hairpin RNA targeting CHCHD2 in
mammalian cells decreases respiration (Baughman et al., 2009).

The recessive mutant ad2249 was isolated in our genetic
screen together with phb-2 and har-1. As described in Mate-
rials and Methods, we mapped the ad2249 mutation to a
region on chromosome I containing 46 genes of which only
spg-7, encoding the worm ortholog of the human paraplegin
gene, was likely to encode a mitochondrial protein (Atorino
et al., 2003; Ishihara et al., 2006). In yeast, prohibitin 2 forms
a complex with prohibitin 1 and the ortholog of spg-7
(Steglich et al., 1999). Therefore we amplified DNA encod-
ing spg-7 from the ad2249 mutant and sequenced both
strands. We found a G-to-A transition resulting in an
E-to-K change at amino acid 414 (Figure 1B). Because
spg-7 is a very large gene and the mutation was recessive,
to confirm that this mutation was responsible for drug
resistance, we used a complementation test with a C.
elegans strain, FX 2312(tm2312/ +), which contains a small
deletion within one copy of spg-7 that results in premature
termination of translation (see Materials and Methods for
details). Drug-resistant worms were observed in the F1
progeny from a cross between ad2249 males and FX
2312(tm2312/+) hermaphrodites, indicating that the
ad2249 and tm2312 alleles do not complement each other
and the mutation in spg-7 is responsible for drug resis-
tance in spg-7(ad2249) worms.

Loss of Function of phb-2 and spg-7, But Not har-1,
Produces Drug Resistance

To determine if loss of function of phb-2, spg-7, and har-1
conferred drug resistance, we used RNA interference
(RNAI). We found that in the absence of drug worms fed on
bacteria expressing dsRNAi for har-1 were as healthy as
worms fed on HB101. Thus, RNAIi for har-1 produced no
phenotype. In contrast, feeding worms with bacteria ex-
pressing dsRNAi for phb-2 and spg-7 resulted in dramatically
reduced brood size. Only 10-25 F1 progeny survived from
each phb-2 or spg-7 parent, and many dead eggs were
present, indicating that RNAi for phb-2 and spg-7 results in
embryonic lethality. To examine the effect on drug resis-
tance, for each of the three genes 27 individual young adult
parents were fed bacteria expressing RNAIi in the presence
of 1.5 uM hemiasterlin. After 3 d of incubation, we observed
no progeny surviving from parents fed on HB101 bacteria or
har-1 dsRNAi-expressing bacteria in the presence of hemi-
asterlin. However, under these conditions some progeny
(~5-10% of normal brood size) of worms fed with phb-2 and
spg-7 dsRNAi survived and grew into healthy adults. Al-
though phb-2 and spg-7 RNAI resulted in embryonic lethal-
ity, the small percentage of animals that did survive, possi-
bly because inhibition of gene expression was incomplete,
were hemiasterlin resistant. In conclusion, loss of function of
both phb-2 and spg-7 genes results in hemiasterlin resistance.
The RNAi experiment was reproduced twice, with 27 pa-
rental worms for each gene knockdown.

A Human Ortholog of har-1 Localizes to Mitochondria

PHB-2 and SPG-7 proteins are known to localize to mito-
chondria in several species, but the subcellular location of
HAR-1 had not been reported. CHCHD?2 is the human or-
tholog of HAR-1. We obtained ¢cDNA for CHCHD2 and
introduced into it the mutation found in C. elegans har-1.
Wild-type and mutant myc-tagged CHCHD?2, with wild-
type and mutant PHB-2 for comparison, were expressed
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transiently in HeLa cells, and the staining pattern with c-
myc antibody was compared with MitoTracker Red staining
(Figure 2). Both wild-type and mutant CHCHD?2 localized
exclusively to mitochondria as indicated by the colocaliza-
tion with MitoTracker Red. For both CHCHD?2 and PHB-2,
some cells stained only with the c-myc antibody and had no
MitoTracker staining (wild-type PHB-2, Figure 2). In these
cells the reticular c-myc staining became more punctate, a
result that would occur if mitochondria lost membrane po-
tential and fragmented in those cells. We also observed that
transient transfection appeared cytotoxic after longer peri-
ods, suggesting that overexpressing these proteins was
toxic.

Hemiasterlin Analog Disrupts Mitochondria Networks in
Wild-Type C. elegans

Because mutations that produced drug resistance were in
mitochondrial proteins and because microtubules are
known to help organize mitochondrial networks, we inves-
tigated the effect of the hemiasterlin analog on wild-type and
mutant worm mitochondria (Figure 3). Worms were cul-
tured in the presence or absence of a concentration of hemi-
asterlin that immobilizes wild-type animals but does not kill
them. Worms were stained with MitoTracker Red, and im-
ages of the same region of the head were taken for each
worm strain. Untreated wild-type worms exhibited a retic-
ular pattern of MitoTracker staining typical of mitochondria
(Figure 3A); however, this pattern was completely disrupted
in worms treated with the drug (Figure 3B). Untreated
phb-2, har-1, or spg-7 mutants stained with MitoTracker
Red were indistinguishable from wild-type worms (data
not shown). Untreated phb-2;har-1 worms, which are more
resistant to hemiasterlin than either phb-2 or har-1 single
mutants, presented two phenotypes. Half of the worms
showed a reticular pattern of MitoTracker staining similar
to the wild-type (Figure 3C), and half were very abnormal
with mitochondrial staining. (Figure 3E). Because mito-
chondrial networks were disrupted in at least half the
viable drug-resistant phb-2;har-1 wormes, it is unlikely that
drug resistance is linked to the maintenance of mitochon-
drial networks.

AMPXK Is Activated in phb-2, har-1, and spg-7, Suggesting
Impaired ATP Production

AMPK is activated by an elevated AMP/ATP ratio, and
phosphorylation on Thrl72 is an important response to
cellular metabolic stress (Hardie, 2004). To determine if
the mutations in phb-2, har-1, and spg-7 activated AMPK,
lysates from each of the worm strains were probed
by immunoblotting with an antibody to phosphorylated
Thr172 (Figure 4). We observed higher activity of AMPK
in the mutant animals compared with wild-type worms,
suggesting that the mutants likely produce less ATP than
wild-type worms. Lower ATP production suggests that
the mitochondria in the mutant worms might work less
efficiently.

Other Mutations in Mitochondrial Proteins Can Alter
Drug Sensitivity in C. elegans

Because all three of the mutations we had identified so far as
conferring drug resistance were found in mitochondrial pro-
teins, we asked if other known mitochondrial mutants
would show a similar phenotype. We tested four well-stud-
ied mutants: gas-1(fc21), mev-1(knl), isp-1(qm150), and two
alleles of clk-1, (e2519) and (qm30), for resistance to the
hemiasterlin analog. The first three of these mutants contain
missense mutations in complexes I (NADH-ubiquinone ox-
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CHCHD2wt

PHB2wt

idoreductase 49-kDa subunit), II (succinate dehydrogenase
cytochrome b subunit), and III (Rieske iron sulfur protein),
respectively. The two clk-1 mutants possess either a mis-
sense mutation (e2519) or deletion (gm30) in the gene encod-
ing the demethoxyubiquinone hydroxylase, an enzyme re-
quired for the biosynthesis of ubiquinone. Ubiquinone
accepts electrons from both complex I and II in the electron
transport chain. All four mutants are defective in oxidative
phosphorylation (Feng et al., 2001; Kayser et al., 2001, 2004;
Senoo-Matsuda et al., 2001). isp-1 and clk-1 were resistant to
hemiasterlin, and gas-1 and mev-1 had wild-type sensitivity
(Figure 5). Both isp-1 and clk-1 worms grow slowly and are
long lived; in contrast, gas-1 and mev-1 have a slight growth
delay and are short lived. Thus, we tested if drug resistance
correlates with growth rates and the life span. We found that
har-1 and spg-7 mutants grow slightly slower than N2
worms, but phb-2 has wild-type growth, indicating that re-
sistance to the hemiasterlin analog is not correlated with
slow growth.

Moreover, our mutants were not long lived; har-1 has a
wild-type life span, and phb-2 and spg-7 have slightly shorter
life spans than wild-type worms (Figure 6). Because we
observed drug resistance in worms with short, normal and
prolonged life, we concluded that response to drugs and
changes in longevity are independent consequences of mi-
tochondrial alterations.

As our mutants likely have reduced ATP levels (Figure 4),
it was possible that drug-resistance was a result of slowed
metabolism. To investigate this, we tested two food-de-
prived mutants, eat-2 (acetylcholine receptor) and eat-3 (mi-
tochondrial dynamin, homologous to Opal in humans), for
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CHCHD2(GB5E)

PHB2(E130K)

Figure 2. PHB-2 and CHCHD2 (Har-1) mu-
tants localize to mitochondria. Hela cells were
transfected with plasmid expression vectors
expressing myc-tagged human PHB-2, hu-
man PHB-2(E130K), CHCHD2 (the human or-
tholog of Har-1), and CHCHD2(G65E). After
18 h cells were stained with MitoTracker Red,
fixed, and stained with anti-myc antibody
(green). PHB2 is known to localize to and
CHCHD2 suspected of localizing to mito-
chondria. Each of the mutants also colocalized
with the MitoTracker Red. In some cells such
as the one shown for PHB-2 wild type, the
myc-staining pattern resembled MitoTracker
staining, but no MitoTracker was visible in
the cells.

resistance to hemiasterlin. Both eat-2 and eat-3 mutants can-
not consume food efficiently because of pharyngeal pump-
ing defects and are starved worms that grow very slowly,
but only eat-2 is a long-lived mutant. In agreement with our
observations that mitochondrial dysfunction may result in
drug resistance that is unrelated to longevity, we found that
eat-2 was fully sensitive, and eat-3 was resistant to the
hemiasterlin analog. Importantly, phb-2, har-1, spg-7, isp-1,
and eat-3 were resistant not only to hemiasterlin but also
to dolastatin-10, indicating that resistance for all these
mutants was not specific to hemiasterlin (data not shown).
The mitochondrial dynamin EAT-3 is orthologous to hu-
man OPA-1, and the mutation in eat-3 worms results in
fragmented mitochondria with reduced numbers of cris-
tae (Kanazawa et al., 2008). Furthermore, the m-AAA
protease paraplegin, in complex with prohibitins, has
been reported to process OPAl and its yeast ortholog,
Mgm-1 (Ishihara et al., 2006; Merkwirth and Langer, 2009).
This suggests that phb-2, spg-7, and eat-3 might function in
the same pathway.

Mitochondrial Inhibitors, But Not Inhibitors of
Glycolysis, Protect Wild-Type Worms from the
Hemiasterlin Analog

We hypothesized that if certain mitochondrial defects cause
drug resistance in our mutants, then partially inhibiting
mitochondrial respiration in wild-type N2 worms might
confer the same phenotype. If true, growing wild-type
worms in the presence of inhibitors that disrupt individual
mitochondrial respiration complexes would show the con-
tribution of each complex to hemiasterlin resistance. Inhib-
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Figure 3. The hemiasterlin analog causes mi-
tochondrial networks to fragment in wild-type
worms. Images of worms stained with Mito-
Tracker Red were taken with the focal plane in
marginal cells in the region of the metacorpus
and isthmus in the head of wild-type or phb-2;
har-1 double mutant worms in the presence or
absence of the hemiasterlin analog. (A) Wild-
type worm. (B) Fragmented mitochondria in a
wild-type worm treated with 0.6 uM hemiaster-
lin analog. (C) One of the more normal appear-
ing phb-2;har-1 worms without drug treatment.
(D) phb-2;har-1 treated with 0.6 uM drug. (E) An
untreated phb-2;har-1 worm with fragmented
mitochondria. All images were taken at the
same magnification and with the same camera
settings.

itors of respiration complexes I and II represented our
special interest, because gas-1 and mev-1 mutants with mu-
tations in those complexes were sensitive to the hemiasterlin
analog. However, we found that rotenone, which inhibits
complex I, TTFA (complex II inhibitor), antimycin, myx-
othiazol, and stigmatellin (complex III inhibitors) all rescue
wild-type worms from the hemiasterlin analog (Figure 7).
FCCP, a potent uncoupler of oxidative phosphorylation,
conferred strong resistance to the drug. Oligomycin, an in-
hibitor of mitochondrial ATP synthase, also protected N2
worms from hemiasterlin, although less efficiently than res-
piration inhibitors.

To distinguish between general effects on metabolism or
energy levels and changes in mitochondrial respiration as
causes of drug resistance, we tested the competitive hexoki-
nase inhibitors, 2-deoxy-glucose and 5-thio-glucose, for their

Vol. 21, March 15, 2010

Drug-resistant Mitochondrial Mutants

ability to protect worms from the hemiasterlin analog. Hex-
okinase initiates the first critical step in glycolysis by phos-
phorylating glucose. The glucose analog 5-thio-glucose can-
not be phosphorylated by hexokinase. 2-Deoxyglucose can
be phosphorylated but not further metabolized. In contrast
to oxidative phosphorylation inhibitors, inhibition of glyco-
lysis with nonmetabolizable glucose analogs could not res-
cue N2 worms from the hemiasterlin analog (Supplemental
Figure S3). Therefore, hemiasterlin resistance appears spe-
cific to changes in mitochondrial activity. Importantly, in-
hibitors of mitochondrial respiration rescue worms not only
from the hemiasterlin analog, but from other drugs. For
example, cryptophycin-1 at 300 nm concentration killed
100% of N2 larvae, but in the presence of 1.5 uM antimycin
more than 70% of animals survived even in 1 uM crypt-
ophyecin-1.
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Figure 4. AMPK is activated in phb-2, har-1, and spg-7, suggesting
impaired ATP production. Wild-type and mutant adult worms were
lysed and analyzed by immunoblotting with an antibody that rec-
ognizes phosphorylated T172 on AMPK-a. The blot was reprobed
with antibody to actin.

Paraquat Protects Wild-Type Worms from the
Hemiasterlin Analog

ROS are byproducts of oxidative phosphorylation, formed
by incomplete reduction of molecular oxygen. As a product
of normal metabolism, ROS are important cell signaling
molecules but can oxidize proteins, damage lipids, and
cause DNA mutations. Paraquat (1,1'-dimethyl-4,4’-bipyri-
dinium dichloride; PQ2+) is widely used to induce super-
oxide production. Paraquat enters the mitochondrial matrix
and is reduced by complex I to PQ1" and then reacts with
oxygen to form superoxide ‘O, resulting in mitochondrial
oxidative stress (Cocheme and Murphy, 2008). As expected,
TM?259 sod-2(sj173);s0d-3(sj134) worms, which lack MnSOD
enzymes, are hypersensitive to paraquat (Figure 8A). Similar
to mitochondrial inhibitors, paraquat protected N2 worms
from the hemiasterlin analog (Figure 8B), and this protection
occurred at much lower paraquat concentrations in TM259
sod-2(sj173);50d-3(sj134) worms, indicating that the protec-
tion conferred by paraquat is most likely due to the gener-
ation of ROS.

phb-2 and har-1 Show Differential Drug Response

We previously showed that phb-2 is resistant to nine
chemically diverse compounds (Zubovych et al., 2006).
The compounds tested represented a number of tubulin
binders, the DNA replication inhibitor camptothecin and

Sensitivity to Hemiasterlin

isp-1

N2

mev-1

gas-1

phb-2

har-1

spg-7

eat-3
phb-2;har-1
clk-1 (qm30)

Percent Surviving to Adult
ttostdot

Figure 5. Not all mutations in mitochondrial proteins confer in-
creased resistance to the hemiasterlin analog. Synchronized L1 lar-
vae of each strain were incubated at the indicated hemiasterlin
concentrations for 4-5 d, and healthy mobile adults with eggs were
counted. For each concentration, two wells were scored in an ex-
periment. Average values are graphed + SEM. Note that data for
N2 and mev-1 superimpose. Similar results were reproduced in at
least three independent experiments.
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Figure 6. The mutants isolated in our screen are not long-lived.
phb-2, phb-2;har-1, and spg-7 have slightly shortened life spans, and
har-1 is similar to wild type. isp-Iworms were used as a long-lived
control. Data represent average values of two independent experi-
ments = SEM.

the actin stabilizer phalloidin. Among 11 compounds tested,
phb-2 retained wild-type sensitivity to nocodazole (microtu-
bule destabilizer) and phalloidin (stabilizes actin), although
nocodazole differs from the other drugs tested in causing
abnormal body morphology (dumpy phenotype), but not
death, in wild-type worms (Zubovych ef al., 2006). The re-
sponse of the har-1 mutant on those 11 drugs was similar to
the response of phb-2 (taxol, cryptophycin, and peloruside
data shown; Figure 9). Moreover, the phb-2;har-1 double
mutant was more resistant to the hemiasterlin analog than
phb-2 or har-1 alone (Figure 5), indicating the synergy of the
two mutations.

Both phb-2 and har-1 exhibited similar resistance to 2-de-
oxyglucose (Figure 9). These mutants were also resistant to
etomoxir sodium (an inhibitor of fatty acid beta oxidation);
however, har-1 was more resistant to this drug than phb-2
(Figure 9). When exposed to paraquat, which induces ROS at
complex I, or to antimycin, the complex III inhibitor, our
mutants also show differential responses. har-1 is hypersen-
sitive to antimycin, but phb-2 is antimycin-resistant. phb-2
fails to survive in paraquat, and har-1 survives, identical to
wild-type (Figure S4). These results suggest that mutations
in phb-2 and har-1 affect respiration in different ways.

Mitochondrial Inhibitors Induce ROS Formation in
C. elegans

The production of ROS in C. elegans in response to mito-
chondrial inhibitors has not been previously measured be-
cause cell-permeable dyes that work well in mammalian
cells do not cross the C. elegans firm exterior cuticle (Balaban
et al., 2005). However, recently Chavez et al. (2007) used an
Amplex Red assay, which detects H,O, released into the
culture medium, and reported that when fed pathogenic
bacteria C. elegans generates more H,O, than when fed
nonpathogenic food. We adapted their method to our exper-
imental system to measure the effect of mitochondrial inhib-
itors on production of H,O,. Antimycin, TTFA, myxothia-
zol, stigmatellin, and FCCP all increased H,O, production in
C. elegans (data for myxothiazol and FCCP shown; Figure
10). Although mitochondrial inhibitors induced dose-depen-
dent increases in H,O, in wild type, in resting conditions
(without inhibitor) the rates of H,O, formation of all mutant
strains were similar to the wild type (Figure S5). Thus, if the
mutations that conferred drug resistance increased ROS,
either the active species is not H,O, or the difference in H,O,
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production between wild-type and mutant worms is less
than the Amplex Red assay can detect.

Worms Lacking MnSOD Are Resistant to the
Hemiasterlin Analog

C. elegans has five SOD genes, two of them Fe/Mn-contain-
ing mitochondrial enzymes (sod-2 and sod-3) and the other
three Cu?*/Zn?" containing cytosolic and extracellular en-
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average values are graphed = SEM. For most concentrations tested, the error
bars are smaller than the symbol that indicates the data point.

zymes (sod-1, sod-4 and sod-5; Doonan et al., 2008). SOD
converts superoxide into oxygen and H,O,, an important
cellular antioxidant defense. Mitochondrial mutants isp-1,
eat-3, and gas-1 overexpress MnSOD (Feng et al., 2001;
Kondo et al., 2005; Kanazawa et al., 2008). Sod-2;s0d-3 double
knockouts were described previously as hypersensitive to
oxidative stress (Honda et al., 2008). Not surprisingly, the
elimination of MnSODs should raise ROS levels, making
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sod-2;s0d-3 mutants more susceptible to oxidative damage.
Western blot analysis with an antibody to MnSOD con-
firmed the absence of SOD-2 and SOD-3 proteins in the
TM259 sod-2(sj173);50d-3(sj134) strain (Figure 8D). We rea-
soned that if an increase in mitochondrial ROS participates
in the resistance of our mutants to drugs, then TM259 sod-
2(sj173);50d-3(sj134) worms should be resistant to the hemi-
asterlin analog compared with wild-type worms. Indeed,
sod-2;s0d-3 double mutants were resistant to the drug (Figure
8C), although the resistance was modest compared with any
mitochondrial mutant alone. We constructed phb-2;s0d-2;
sod-3, har-1;s0d-2;s0d-3, and spg-7;s0d-2;s0d-3 worms and
found the triple mutants to be more resistant to the hemi-
asterlin analog than the mitochondrial mutants alone, con-
firming that absence of MnSOD makes the drug sensitivity
threshold greater even in a mitochondrial mutant back-
ground (Figure 8C).

Antioxidant NAC Pharmacologically Sensitizes phb-2,
har-1, and spg-7 to the Hemiasterlin Analog

NAC is a thiol compound that acts as a free radical scaven-
ger itself and also provides cells with cysteine, enhancing
glutathione synthesis (Atkuri et al., 2007). If generating ROS
plays a role in drug resistance, then lowering the ROS levels
with antioxidant NAC should enhance sensitivity. Indeed,
we observed that NAC reduced the H,O, production stim-
ulated by mitochondrial inhibitors, as measured by the Am-
plex Red assay (Figure 10). Pretreating mitochondrial mu-
tants with NAC sensitized them to the hemiasterlin analog,
indicating that a ROS-sensitive mechanism contributes to
drug resistance in phb-2, har-1, and spg-7 worms (Figure
11C). Along with sensitizing mutants, NAC completely
abolished the ability of FCCP and myxothiazol to rescue
wild-type worms from hemiasterlin toxicity (Figure 11, A
and B). This suggests that either mitochondrial mutations or
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mitochondrial inhibitors protect worms from hemiasterlin
analog by increasing ROS.

Resistance to Hemiasterlin Analog Does Not Require
HIF-1 or AKT Survival Pathways But Does Require
Protein Kinase C

It has been proposed previously that respiration injury in
mammalian cells leads to inactivation of PTEN and activa-
tion of the AKT survival pathway, with active AKT contrib-
uting to increased drug resistance (Pelicano et al., 2006). This
study used respiration-deficient mammalian cells with dam-
aged mitochondrial DNA (mtDNA) and observed consistent
activation of AKT kinase. Wortmannin, a phosphatidylino-
sitol 3’-kinase (PI3K)-Akt pathway inhibitor, enhanced drug
sensitivity in these respiration-deficient cells (Pelicano et al.,
2006). We could not check the AKT activation level in our
mutants because antibody developed against the human
AKT phosphorylation site did not recognize the C. elegans
phosphorylated protein. However, a mutant with an activat-
ing mutation in AKT-1 was isolated as a dauer arrest sup-
pressor of a PI3K knockout strain (Paradis and Ruvkun,
1998), and a PTEN null C. elegans mutant, daf-18, was also
available (Rouault et al., 1999). Both akt-1(mg144) and daf-
18(0k480) were as sensitive to the hemiasterlin analog as
wild-type worms. Additionally, we constructed four double
mutant strains: phb-2;akt-1, phb-2;daf-18, har-1;akt-1, and har-
1,daf-18 to determine if those double mutants with a poten-
tially activated PI3K-AKT pathway were more drug resis-
tant than mitochondrial mutants alone. However, none of
these double mutants showed an increase in drug resistance
(data for har-1 shown; Figure 12A). Wortmannin failed to
sensitize mutants to the hemiasterlin analog, although the
drug was active because it killed larvae at 350 uM and
resulted in 50% of larvae converting to dauer at 200 uM,
which is evidence that the PI3K pathway was inhibited.
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Each experiment was reproduced indepen-
dently three times.

Thus it is likely that activation of AKT kinase is not respon-
sible for the drug resistance that we observed in our mito-
chondrial mutants.

In mammalian cells, ROS produced by mitochondria may
stabilize HIF-1a and turn on cell survival mechanisms de-
pending on that transcription factor (Galanis et al., 2008). We
tested the possibility that mitochondrial dysfunction in
worms may activate this pathway, providing survival in the
presence of the hemiasterlin analog. In C. elegans, hif-1 is a
functional homolog of mammalian HIF-1«, and hif-1(ia04)
mutants cannot adapt to low oxygen (Jiang ef al., 2001). We
mated har-1 with hif-1(ia04) to see if double mutant har-1;
hif-1 would be more sensitive to hemiasterlin because of the
deficiency in HIF-1. However, the double mutant was as
resistant to the hemiasterlin analog as was har-1 alone, indi-

10.01
Figure 10. NAC decreased production of
H,0, by N2 worms treated with myxothiazol o: 7.54
or FCCP. Worms were grown for 2 d in the I
presence of DMSO and 20 mM NAC and in '§
each mitochondrial inhibitor at indicated con- 5 50
centrations with or without 20 mM NAC. E
H,0, production was measured as described S 2.5
in Materials and Methods. Results are graphed
as the fold difference in H,O, produced by 0.0-
each sample compared with controls treated o o
with DMSO. Average values of three inde- 0@"’ ¥

pendent experiments performed on different
days were graphed = SEM.
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cating that har-1 drug resistance does not require HIF-1
(Figure 12A).

ROS have been reported to serve as signals for ischemic
preconditioning, in which brief periods of hypoxia are found
to protect against ischemia/reperfusion injury to cardiomy-
ocytes (Oldenburg et al., 2003). ROS scavengers prevent
preconditioning (Hanley and Daut, 2005; Brennan et al.,
2006) and, although the exact mechanism is unknown, the
activation of protein kinase C (PKC) & by ROS was sug-
gested to reduce the opening of the mitochondria perme-
ability transition pore (MPTP) and to activate the mitochon-
drial K* ATP channels, protecting tissue from death (Baines
et al., 2003; Oldenburg et al., 2003; Otani, 2004; Hanley and
Daut, 2005; Brennan et al., 2006; Inagaki et al., 2006; Barnett
et al., 2007). C. elegans also exhibit preconditioning, and
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Figure 11. NAC counteracts the effects of mitochondrial inhibitors
or mutations on drug resistance. NAC restored sensitivity of mu-
tants to the hemiasterlin analog and reduced the protection pro-
vided by mitochondrial inhibitors to N2 worms. (A and B) In the
presence of 20 mM NAC, much higher concentrations of myxothia-
zol (A) or FCCP (B) were required to protect N2 worms from the
hemiasterlin analog. (C) NAC sensitized phb-2, har-1, and spg-7
mutants to the hemiasterlin analog, but did not enhance the sensi-
tivity of N2 worms. Concentrations which killed most worms and
left rare dumpy, paralyzed survivors were graphed + SEM; n = 4.

mitoK*ATP channel activity was detected in purified worm
mitochondria (Wojtovich ef al., 2008). Four pkc genes, pkc-1,
pkc-2, pke-3, and tpa-1, have been identified in C. elegans, and
if ROS act through PKC to confer protection from hemiaster-
lin, protection should be weaker in pkc mutants. We tested
the capability of FCCP to prevent hemiasterlin toxicity
in pkc-1(nj1), pkc-1(nj3), pkc-2(0k328), tpa-1(k501), and tpa-
1(k530) mutant worm strains. The pkc-2 and tpa-1 mutants
were protected from hemiasterlin similarly to the wild-type
worms (not shown), but interestingly, we found that in pkc-1
mutants the protection afforded by FCCP was greatly re-
duced (Figure 12B). The pkc-1 gene is orthologous to the
mammalian PKCe involved in preconditioning. The nj3 mu-
tation truncates the PKC-1 protein, and kinase activity is
expected to be completely lost in nj3 mutants (Okochi et al.,
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Figure 12. PKC-1, but not HIF-1 or AKT-1 plays a role in drug
resistance caused by mitochondrial dysfunction. (A) Wild-type N2,
har-1, and double mutants combining har-1 with hif-1, akt-1, or daf-18
were compared for resistance to hemiasterlin. None of the double
mutants had increased resistance compared with the har-1 single
mutant. (B) About 250 synchronized N2 or pkc-1 L1 larvae were
grown in liquid culture in the concentrations of FCCP shown plus
1.3 uM hemiasterlin analog. After 3 d, healthy, morphologically
normal and mobile L4 and adult worms were counted. FCCP pro-
tects both the wild-type worms and pkc-1 mutants from hemiaster-
lin, but pkc-1 mutants were less protected and protection required
higher concentrations of FCCP. For each FCCP concentration, three
wells were scored in an experiment, and average values = SEM
were graphed. This experiment was reproduced four times. (C)
pke-1(nj3) was crossed into either the phb-2, har-1, or spg-7 mutants,
and the sensitivity of single or double mutants to hemiasterlin was
compared. For each concentration of hemiasterlin, triplicate wells
containing 300 of L1 larvae of each strain were grown for 3 d, and
healthy L4 and adult worms were counted. The average concentra-
tions of three independent experiments at which <10% of worms
are healthy adults are graphed + SEM. By ¢ test, p = 0.005 compar-
ing phb-2 and pke-1;phb-2, p = 0.02 for har-1 and pkc-1;har-1; and p =
0.02 for spg-7 and pkc-1;spg-7.
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2005). When pkc-1(nj3) was crossed with phb-2, har-1, and
spg-7, the resulting phb-2;pkc-1, har-1;pke-1, and spg-7;pkc-1
double mutants were found to be more sensitive to hemi-
asterlin than phb-2, har-1, and spg-7 single mutants (Figure
12C). These data suggest that the mitochondrial mutations
or pharmacological inhibitors that confer resistance to anti-
mitotic toxins require PKC-1.

DISCUSSION

In a genetic screen for C. elegans mutants resistant to the
antimitotic toxin, hemiasterlin, we obtained eight mutants
(Zubovych et al., 2006). We have now identified the genetic
lesions in three of these, and all reside in mitochondrial
proteins. Two of these, PHB-2 and SPG-7, the worm ortholog
of a mitochondrial AAA-metalloprotease, paraplegin, are
known to interact physically (Merkwirth and Langer, 2009).
In addition, we show that other mitochondrial mutations
can produce drug resistance in worms. eat-3, encoding a
mitochondrial dynamin; isp-1, with a mutation in the Rieske
iron sulfur protein; and clk-1, with a mutation in the ubiqui-
none biosynthesis protein, were all resistant to the hemi-
asterlin analog. However, not all mutations in mitochondria
result in drug resistance. gas-1 and mev-1, with point muta-
tions in complex I and II proteins, respectively, were as
sensitive to the hemiasterlin analog as wild-type worms. It is
possible that only certain, fairly specific mutations can pro-
vide worms with drug resistance. Alternatively, it is the
degree of impairment that may be important. Genome-wide
microarray profiling of gas-1, mev-1, and isp-1 have shown
that mitochondrial respiratory chain mutants differentially
up-regulate basic cellular metabolic pathways, implying nu-
merous possibilities for compensatory adaptation (Falk et al.,
2008). For example, drug-sensitive gas-1 mutants have com-
pensated decreased complex I capacity by increasing com-
plex II-dependent oxidative phosphorylation and drug-sen-
sitive mev-1 mutants balance complex II deficiency by
increasing activity of complex I, but isp-1, which is drug-
resistant, has deficits in both complex I and II (Falk ef al.,
2008). Likewise, each mitochondrial mutant strain is unique,
with distinct metabolic rates, life span and drug sensitivity.
In agreement with this, phb-2, har-1, and spg-7 also show
different sensitivities to some drugs.

Consistent with the interpretation that impairment of res-
piration is the key to drug resistance in our mutant wormes,
we found that exogenous inhibitors of mitochondrial respi-
ration rescue wild-type worms from the hemiasterlin ana-
log. In fact, the rescue was striking, with nontoxic concen-
trations of the respiration inhibitors completely protecting
wild-type worms from a normally lethal dose of the hemi-
asterlin analog. Addition of the antioxidant NAC fully
blocked the protection by mitochondrial inhibitors and by
the mutations in phb-2, har-1, and spg-7, indicating that hemi-
asterlin resistance in mutants, or resistance caused by respi-
ration inhibitors in the wild type, requires a mechanism
sensitive to ROS. Furthermore, sod-2;50d-3, mutant worms
lacking both MnSODs, which should result in increased
mitochondrial ROS, tolerated the hemiasterlin analog better
than wild-type worms. When crossed with our phb-2, har-1,
or spg-7 mutants, the resulting triple mutants lacking Mn-
SODs were more resistant to the hemiasterlin analog than
were single phb-2, har-1, or spg-7 mutants.

Although treating wild-type worms with mitochondrial
inhibitors reproducibly stimulated H,O, production, in rest-
ing conditions without inhibitors the Amplex Red assay
could not detect differences between the mutants and the
wild-type worms. This could simply mean that the level of
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ROS production required for a drug-resistant phenotype is
below the sensitivity range of the assay, which requires that
H,O, be secreted from the animal. Because Amplex Red
measures only H,0O,, it is also possible that some other ROS
species might be necessary for drug resistance. If so, sensing
of ROS is likely to be confined to the mitochondria, because
the more reactive oxygen species have short half-lives and
do not diffuse far. Our data suggest that an increase in
superoxide is enough to promote resistance, as paraquat
produces superoxide and the absence of MnSOD enzymes
would enhance superoxide rather than H,O, levels. Alter-
natively, drug resistance might be due to a mechanism that
is sensitive to ROS, but the mutants activate that mechanism
through a different process independent of ROS.

Interestingly, in mammalian cell culture mtDNA muta-
tions resulted in respiration-deficient pO cells with altered
drug responses (Singh et al., 1999; Pelicano et al., 2006).
Despite mitochondrial metabolic defects, in one study p0
cells demonstrated resistance to common anticancer agents
(Pelicano et al., 2006). In another study p0 were resistant to
cell death induced by adriamycin and photodynamic ther-
apy, but were equally sensitive to alkylating agents and
gamma-radiation compared with their respiration-compe-
tent parental cells (Singh et al., 1999). Obviously, in mam-
malian cells mitochondrial defects also influence drug sen-
sitivity in complex ways.

Although some mitochondrial mutants are multidrug-re-
sistant, it is unlikely that resistance is due to overexpression
of P-glycoprotein or other drug efflux pumps. In a microar-
ray experiment comparing har-1 to N2 wild-type worms,
none of the genes encoding potential efflux pumps was
overexpressed in the mutant (Wu and Roth, data not
shown). Typically P-glycoprotein results in a very high re-
sistance, such as a thousand fold. In our mutants we ob-
served small resistance, only 2.5-5-fold, depending on the
compound. Also, taxol and vinblastine are excellent sub-
strates for P-glycoprotein and hemiasterlin is not, yet resis-
tance to those drugs was equivalent. The fact that our mito-
chondrial mutants were also resistant to 2-deoxyglucose
makes the drug efflux possibility extremely unlikely, be-
cause sugars are not transported by P-glycoprotein and any
unknown pump exporting 2-deoxyglucose would likely ex-
port glucose.

It is possible that either chronic (mutants) or acute (N2
worms grown in mitochondrial inhibitors) mitochondrial
dysfunction may serve to “precondition” worms to hemi-
asterlin analog by activating survival pathways. If so, our
results showing that mutants with an activated AKT path-
way are not protected from hemiasterlin analog and that loss
of HIF-1 does not block resistance in our mitochondrial
mutants suggests that these pathways are not necessary for
hemiasterlin resistance. In contrast, a pkc-1 mutation sup-
pressed the drug resistance of our mitochondrial mutants
and showed reduced protection by FCCP from hemiasterlin,
consistent with functioning downstream from the defects or
inhibitors. PKC-1 is the kinase most closely related by se-
quence to the mammalian PKC isoform reported to respond
to ROS by preconditioning cells to hypoxic shock. In our
“acute” assay, N2 L1 larvae are exposed to hemiasterlin and
the mitochondrial inhibitor simultaneously, so the protec-
tive effect of the mitochondrial inhibitor must act faster than
the toxic effects of the drug. One possibility is that the
protective effect occurs at the mitochondria itself, making
the mitochondria less able to participate in events leading to
death.
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