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Abstract

A major advance in understanding the progression and prognostic outcome of certain cancers, such as low-grade gliomas, acute
myeloid leukaemia, and chondrosarcomas, has been the identification of early-occurring mutations in the NADP*-dependent isoci-
trate dehydrogenase genes IDH1 and IDH2. These mutations result in the production of the onco-metabolite D-2-hydroxyglutarate
(2HG), thought to contribute to disease progression. To better understand the mechanisms of 2HG pathophysiology, we introduced
the analogous glioma-associated mutations into the NADP " isocitrate dehydrogenase genes (IDP1, IDP2, IDP3) in Saccharomyces cere-
visiae. Intriguingly, expression of the mitochondrial IDP1****¥ mutant allele results in high levels of 2HG production as well as ex-
tensive mtDNA loss and respiration defects. We find no evidence for a reactive oxygen-mediated mechanism mediating this
mtDNA loss. Instead, we show that 2HG production perturbs the iron sensing mechanisms as indicated by upregulation of the
Aftl-controlled iron regulon and a concomitant increase in iron levels. Accordingly, iron chelation, or overexpression of a truncated
AFT1 allele that dampens transcription of the iron regulon, suppresses the loss of respirative capacity. Additional suppressing fac-
tors include overexpression of the mitochondrial aldehyde dehydrogenase gene ALD5 or disruption of the retrograde response tran-
scription factor RTG1. Furthermore, elevated o-ketoglutarate levels also suppress 2HG-mediated respiration loss; consistent with a
mechanism by which 2HG contributes to mtDNA loss by acting as a toxic o-ketoglutarate analog. Our findings provide insight into
the mechanisms that may contribute to 2HG oncogenicity in glioma and acute myeloid leukaemia progression, with the promise
for innovative diagnostic and prognostic strategies and novel therapeutic modalities.

Introduction anabolic processes. Mutations most frequently occur at conserved
arginine residues important for binding of isocitrate (11), includ-
Heterozygous mutations in either the cytoplasmic isocitrate de- ing Idh1 R132, the corresponding Idh2 R172 residue, or Idh2 R140.
hydrogenase IDH1 or mitochondrial IDH2 genes occur early in the These mutations lead to the loss of isocitrate dehydrogenase ac-
disease process in >70% of grade II and III gliomas and secondary tivity (2,12), and impart a conformational change in the enzyme,
glioblastomas (1-4), and also at a high frequency in several other resulting in a novel gain-of-function NADPH-dependent reduction
cancers including acute myeloid leukaemias (AML) (5-8), chondro- of a-ketoglutarate to produce the “onco-metabolite” D-2-hydroxy-
sarcomas (9), enchondromas, and hemangiomas (10). The Idh1 glutarate (2HG) (6,13). Tumours bearing Idh1 R132 mutations pro-
and 1dh2 isocitrate dehydrogenases catalyze the NADP'-depen- duce up to 100-fold increased concentrations of 2HG (13,14).
dent oxidative decarboxylation of isocitrate to a-ketoglutarate, an Elevated 2HG levels, as well as the reduced production and
intermediate in both the tricarboxylic acid (TCA) cycle and increased utilization of a-ketoglutarate, have been proposed to
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contribute to tumourigenesis conferred by IDH mutations via
multiple mechanisms. Normal a-ketoglutarate levels are an im-
portant signal for maintaining low levels of hypoxia-inducible
factor 1o (HIF-1o), the master angiogenesis pathway regulator
(12,15-17). Furthermore, the NADPH produced by Idh1 catalysis
plays a significant role in the regeneration of reduced glutathi-
one, which is important for the control of oxidative damage
caused by reactive oxygen species (ROS) (18-20). 2HG is thought
to act as an inhibitory analog of a-ketoglutarate due to their
similar chemical structures, and as a result competes for bind-
ing to Fe(ll)/a-ketoglutarate-dependent oxygenases, including
prolyl hydroxylases required for targeting HIF-1a for degrada-
tion (21), chromatin-modifying JmjC histone demethylases
(22,23), and Tet2-mediated 5-methylcytosine hydroxylation
(23,24). Accordingly, IDH-mutated tumours and cell lines are as-
sociated with a hypermethylation state (23-28), a common facet
of cancers affecting chromatin structure and transcription fac-
tor binding, which results in gene silencing and chromosome
instability (29,30). IDH-mutated tumours are also frequently as-
sociated with chromosome arm 1p/19q codeletions or TP53 mu-
tations (31-33), suggesting an increased mutation rate.
Isocitrate dehydrogenases are highly conserved structurally
and functionally throughout eukaryotes (34). The model yeast
Saccharomyces cerevisiae has four isocitrate dehydrogenases lo-
calized to different cellular compartments: NADP*-dependent
Idp1 (mitochondrial), Idp3 (peroxisomal), and Idp2 (cytoplasmic)
(35-38), and an NAD*-dependent (mitochondrial) enzyme com-
posed of Idh1 and Idh2 subunits. In addition to different subcel-
lular localizations, the Idp1, Idp2, and Idp3 isozymes differ with
respect to kinetic properties (37), contributions to metabolism
(37,39-41), and expression conditions (35,39,42,43). The S. cerevi-
siae (Sc) Idp1, Idp2, and Idp3 are highly similar to Homo sapiens
(Hs) Idh1 and Idh2 (67, 60 and 59% amino acid identity between
Sc Idp1, 1dp2, and Idp3, and Hs Idh1, respectively), and the argi-
nine residues corresponding to R100 and R132 in Hs Idh1 (Hs
Idh2 R140 and R172) are conserved in the corresponding yeast
orthologs (Fig. 1A and C) . Moreover, expression of the mamma-
lian IDH1 or IDH2 genes complements Sc idp2A and idp3A, and
idpIA mutant phenotypes, respectively (43,44). Therefore, the
yeast IDP genes provide an excellent model to study the biologi-
cal effects of IDH mutations occurring in human cancers. We
developed a novel yeast model to elucidate the biological im-
pact of the onco-metabolite 2HG. We show that tumour-specific
mutations in the yeast NADP*-isocitrate dehydrogenase genes
also result in a high-level of 2HG production. Remarkably, ex-
pression of the mutated mitochondrial isoform IDP1***#" caused
extensive loss of mitochondrial (mt) DNA and associated de-
fects in the ability to respire, analogous to the Warburg effect in
tumour cells. We identify roles for the retrograde response
pathway, a-ketoglutarate levels, and iron homeostasis in con-
trolling the observed 2HG-dependent mtDNA loss. Our findings
are of interest in light of recent studies underscoring an upregu-
lation of iron trafficking in glioma cells (45) and suggest that
this mechanism could potentially result in mitochondrial
(mt)DNA damage often observed in tumour cells (46-48).

Results

Introduction of cancer-associated mutations in the yeast
isocitrate dehydrogenase (IDP) genes results in produc-
tion of 2HG at high levels

To generate a yeast model to study the cellular effects of isoci-
trate dehydrogenase mutation and 2HG production, tumour-

Human Molecular Genetics, 2016, Vol. 25, No. 16 | 3525

associated mutations were engineered at the amino acid resi-
dues analogous to human Idh1*"*? of the yeast mitochondrial
(IDP1R*#8H) " cytoplasmic (IDP2R*32H, IDP2R1?2%) and peroxisomal
(IDP3R*32H) isocitrate dehydrogenase genes (Fig. 1A and Q).
Specifically, the mutant alleles were introduced at their endoge-
nous location, in a haploid S. cerevisiae background, and placed
under the control of the strong GAL1 promoter (expression is in-
duced in galactose and repressed in dextrose). Importantly,
analysis of protein-normalized cell lysates showed that the
Piars-IDP2R32¢ and Pgap;-IDP1R8H expressing strains produced
approximately 52-fold and 88-fold higher 2HG levels than the
wildtype (WT), respectively (Fig. 1D), as determined by LC-MS.
Therefore, the expression of human cancer-associated isoci-
trate dehydrogenase mutants of yeast orthologs also results in
high-level 2HG production in yeast cells.

Mitochondrial 2HG production results in loss of
respiration and mtDNA

Interestingly, we observed a significant growth reduction (smaller
colony size) following high level 2HG production by Pgar;-medi-
ated expression of the mitochondrial IDP1¥*¥ gene, compared
with the WT, and the idp1A, idp2A, and Pgar;-IDP2X*?H mutants
(Fig. 1E). Furthermore, the 2HG-producing strains continued to
exhibit a growth defect even following transfer from galactose
media to dextrose media, which represses IDP1***¥ expression
and hence 2HG production (Fig. 2B). This indicates that 2HG
causes permanent, inherited cell damage. The deleterious growth
phenotype observed upon overexpression of the mitochondrial
IDP1RM#H allele is consistent with 2HG accumulation causing loss
of respiratory function and mtDNA damage (petite phenotype).
We therefore assessed if overexpression of IDP1%'*®H results in in-
creased loss of respiration by comparing colony formation on
media that allows differentiation between “grande” (respiration-
positive) and “petite” (respiration-negative) colonies. As ex-
pected, we found no differences in petite formation between the
WT, idplA, and Pgar;-IDP1 strains following growth for 48h in
YPD (Pgar; OFF) or YPGal (Pgar; ON) media, or when Pgaps-
IDP1R"*®H strains were grown in YPD (Fig. 2A). In contrast, follow-
ing a 48-h incubation of Pga;;-IDP1R"® strains under inducing
conditions (YPGal), approximately 95% of the resulting colonies
were petite (Fig. 2A). Therefore, overexpression of the yeast mito-
chondrial isocitrate dehydrogenase containing a tumour-associ-
ated mutation that results in high-level 2HG production causes a
loss in the ability to grow on non-fermentable carbon sources
(respiration defect).

Loss of respiration can result from either minor mutations in
certain nuclear or mitochondrial genes or partial to complete
mtDNA loss. To determine if expression of IDP1**¥ results in
mtDNA mutation, we isolated DNA from ten variants that had
lost respiration capacity following overexpression of IDP1R*6H
(2HG production) (Fig. 2B) and assayed them by PCR for the pres-
ence of two mtDNA genes that are distant from each other in
the mitochondrial genome (COX1 and COX2). While these genes
were readily detected in the parental strains from which the pe-
tite variants were derived, they were absent in all 2HG-exposed
petite strains tested (Fig. 2C). To further assess the extent of
mtDNA loss, we microscopically examined DAPI-stained 2HG-
exposed petite cells and strikingly, observed no DAPI-stained
DNA colocalizing with mitotracker red-stained mitochondria in
these cells (Fig. 2D). Finally, using whole genome sequencing
analysis, we found that all of these respiratory-deficient isolates
had undergone the complete loss of the mtDNA (Fig. 2E).
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Figure 1. Introduction of tumour-associated mutations in yeast isocitrate dehydrogenase genes results in high-level 2HG production. (A) NADP"-dependent isocitrate
dehydrogenases in humans and yeast. (B) Biochemical reactions catalyzed by WT and mutant NADP"-dependent isocitrate dehydrogenases. The chemical structures
of 2HG and a-ketoglutarate are highly similar, differing only at the position indicated by shading. (C) Partial alignment of human (Hs) and yeast (Sc) NADP"-dependent
isocitrate dehydrogenases showing a high level of sequence identity and conserved arginine residues (depicted by arrows), which are mutated in various tumours. (D)
Relative levels of 2HG from clarified extracts of cells incubated in YPGal for 6 h. The mean and standard deviation of duplicate measurements are shown; an indepen-
dent experiment yielded similar results. (E) Growth phenotypes conferred by overexpression of the IDP1747H [Dp2R!32H [Dp2R132C and IDP3R32H alleles. Phenotypes
were assayed following plating of 5 pl volumes of five-fold serially diluted cultures on SD + Ura (Pgar;OFF) and SCGal + Ura (Pga1;ON) media. Growth inhibition following
induction of Pga;;-IDP1R*7H is depicted by an arrow.

Therefore, overexpression of IDP1?*" causes comprehensive a carbon source (51). Fluorescence was reduced to background
loss of respirative capacity resulting from extensive loss of the levels in both strains following 24-h incubation, and at each
mtDNA genome. time point, no difference in the percentage of fluorescing WT

and Pgar;-IDP1RMH cells was observed (Fig. 3A). Therefore,

A L. 2HG production did not elevate ROS to levels detectable by this
2HG production does not result in increased ROS or

assay.
point mutation Tslile superoxide dismutases Sodl (cytoplasmic) and Sod2
Oxidative metabolism results in detrimental reactive oxygen spe- (mitochondrial), and also glutathione (GSH) production, play
cies (ROS) in the mitochondria, which are particularly deleterious key roles in the cellular defense mechanisms that protect
to mtDNA (49,50). NADPH, which is produced or consumed by against the deleterious effects of oxidative stress (52). However,
WT or 2HG-producing isocitrate dehydrogenases, respectively, =~ high-copy expression of SOD1 or SOD2 or supplementation of
plays a significant role in the regeneration of reduced glutathi- cultures with GSH at different concentrations, did not suppress
one, important for control against oxidative damage caused by ~Ppetite formation by the Pgar1-IDP1*** strain (Fig. 3B-D). Thus,
reactive oxygen species (ROS) (18-20). To investigate if 2HG pro- these results are not consistent with a role for ROS in the ob-
duction results in elevated ROS levels, we microscopically exam- served petite formation.
ined cells stained with the ROS-detection dye DCFH-DA, which is The types of mutations occurring upon 2HG production
oxidized to the fluorescent chromophore 2-,7-dichlorofluorescein could also provide insight into the mechanism of respiration
(DCF) in the presence of peroxide. As a positive control, we first loss. For example, if high 2HG levels result in the production of
showed that cells exposed to hydrogen peroxide resulted in a a mutagen that contributes to large-scale mtDNA loss, we might
high proportion of fluorescing cells (Fig. 3A). We observed also predict an increased rate of point mutations in these
increased fluorescence in both the WT and Pgap,-IDP1RMEH. strains. First, relative to the WT, idp1A mutant, and Pgar;-IDP1
expressing cells following 6 h induction consistent with an  Strains, the Poa;;-IDP1%'**" 2HG-producing strain did not show a

increased respiration capacity of cells grown with galactose as significant increase in the rate of nuclear DNA point mutation,
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Figure 2. 2HG production by yeast mitochondrial isocitrate dehydrogenases induces extensive mitochondrial DNA loss. (A) The proportion of non-respiring (petite) cells
in the strain populations was determined by dilution and plating onto YPGly 0.1% dextrose following incubation in triplicate in YPD (Pgar; OFF) or YPGal (Pgar: ON) for
the times indicated. (B) Following growth of Pga;;-IDP1***¥" in YPGal, ten independently derived and presumptive petite isolates were plated onto YEPEG medium to
confirm loss of respiration capability. Five pl volumes of 5-fold serial dilutions were plated on the indicated media and incubated for the time designated. (C) To deter-
mine the presence of mtDNA, total DNA was extracted from the ten petite mutants shown in (B), the grande WT and Pga;;-IDP1¥*¥" parent, and a Rho® strain and sub-
jected to PCR using oligonucleotides specific for mitochondrially encoded COX1 and COX2 gene sequence, and the nuclear-encoded ACT1 gene as a loading control. (D)
Mitochondrial DNA was visualized by staining with DAPI (which also stains nuclear DNA) and mitochondrial localization was determined by staining with Mitotracker
Red CMXRos. Results are presented for one petite isolate shown in (B), which was representative of all ten isolates. (E) Ratio of reads aligning to the mitochondrial ge-
nome as compared to the nuclear genome. Red circles indicate petite isolates derived from Pga;1-IDP17**¥", while green circles indicate strains with intact mitochon-

drial genomes. Virtually no mitochondrial sequence was detected in the petite strains sequenced in this study.

as determined by fluctuation analysis of mutation to canava-
nine resistance (Fig. 3E), which arises from point mutations in
the CAN1 arginine permease gene (53). Furthermore, 2HG-pro-
duction did not elevate the mtDNA point mutation rate in
grande cells (Fig. 3F), as determined by the acquisition of eryth-
romycin resistance (Ery®), which arises due to point mutations
at several possible locations in the mitochondrial 21S rRNA
gene (54,55). As shown previously, the spectrum of mutations
occurring could also shed light on the mutational mechanism

(56). We amplified and sequenced the Ery®-relevant region of
the 21S rRNA gene from 15 independently arising Ery® mutants
from both the WT and the 2HG producing strain following 24-h
incubation in YPGal medium. However, we found a strikingly
similar mutational spectrum between the WT and Pgap;-
IDP1R8M gtrain in this assay (Fig. 3G). Furthermore, we find no
evidence of a high degree of point mutations occurring through-
out the nuclear genome of nine petite variants that arose fol-
lowing overexpression of IDP1**¥" (Supplementary Material,
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Figure 3. Mitochondrial 2HG production does not elevate ROS levels or the frequency of mitochondrial or chromosomal point mutations. (A) ROS production at time 0
(SC) and following 6 and 24-h induction of 2HG production by incubation in YPGal medium (Pca; IDP1R*¥7-ON) was visualized by fluorescence microscopy of DCFH-
DA-stained cells. Cells treated with H,0, (25 mM) for 1 hour prior to dye addition served as a positive control for ROS production (Note, due to the brightness of the fluo-
rescent signal, the H,0,-treated cell image was captured with a shorter exposure time of 100 ms compared with 2s for the other samples). More than 100 cells were
counted from three separate fields of view at each time point, and results from duplicate cultures were averaged to determine the percentage of fluorescent cells. (B, C)
The effect of SOD1 and SOD2 high-copy expression on petite formation was ascertained by (B) plating five-fold serial dilutions of the WT and Pga.;-IDP1R*¥ strains
transformed with the vector or high copy plasmids containing SOD1 or SOD2 onto SC or SCGal, or (C) by plating cultures incubated in SCGal-Leu onto YPGly 0.1% dex-
trose as described in Figure 2A. (D) The effect of reduced glutathione (GSH) on Pgar;-IDP1%'*#"-dependent petite formation was determined as described in Figure 2A fol-
lowing incubation in media supplemented with GSH at the indicated concentrations. (E) The rate of mutation to canavanine resistance as a measure of nuclear
mutation rate was compared following growth in YPGal medium for 0 and 42h. (F) The mutation rate to erythromycin resistance as an indicator for mitochondrial
point mutation rate was determined following incubation in YPGal medium for 0 and 24 h. (E, F) Mutation rates from two independent experiments are shown. (G) The
mutation spectrum was determined by sequencing the 1900-2000 region of the 21S rRNA gene of 15 independently isolated WT and Pga.1.IDP1****" erythromycin resis-
tant isolates arising following incubation in YPGal for 24 h.



Table S4). In summary, 2HG production does not result in a sig-
nificant increase of either nuclear or mitochondrial DNA point
mutations.

ALDS and AFT1""2%7 are high-copy suppressors of 2HG-
mediated mtDNA loss

To gain insight into the cellular processes involved in 2HG-me-
diated phenotypes, we sought to identify genes that, when ex-
pressed in high copy, suppress 2HG-mediated respiration loss.
The Pgar;-IDP17*8H 2HG-producing strain was transformed with
a high-copy number (average 10-20 plasmids/cell) yeast geno-
mic library and Ura™ transformants were screened under Pgar;-
induction growth conditions (SCGal-Ura) for suppression of the
deleterious 2HG-associated growth phenotype. We identified
two suppressing genetic intervals. The first suppressing gene
that was identified is ALD5 (Fig. 4A and B), which encodes a mi-
tochondrial aldehyde dehydrogenase that converts acetalde-
hyde to acetyl-CoA and participates in the breakdown of toxic
aldehydes that accumulate during stress conditions (57). The
second suppressing region comprised the first 1,207 bp of the
2,073bp AFT1 gene (Fig. 4A and B), a truncation allele of a tran-
scription factor required for expression of high-affinity iron up-
take (58,59). Interestingly, only the truncated allele (which lacks
a glutamine-rich C-terminal domain thought to be required for
transactivation (60)), but not the full-length AFT1 gene, was ca-
pable of suppressing the 2HG-imposed growth defect (Fig. 4B).
Consistent with the suppression of growth phenotypes on
SCGal media, the high-copy number plasmids containing ALD5
and AFT1*?%7 also substantially suppressed petite formation of
the Pgar1-IDP1R*8 strain following Pgar; induction (Fig. 4E).

To better understand the contributions of ALD5 and AFT1 to
2HG-induced mitochondrial DNA instability, we also investi-
gated the phenotypes of strains disrupted for these genes in a
WT or Pgar-IDP1R*8H background. Interestingly, Pgar;-IDP1R#8H
strains disrupted for ALD5 (but not ald5A in an otherwise WT
background) were respiratory-deficient, even prior to the induc-
tion of IDP1**®" expression (see YEPEG plate in Fig. 4C). Strains
mutated for AFT1 were petite in both the WT (as reported previ-
ously from high throughput screens (61,62)) and IDP1*"*¢H back-
grounds (Fig. 4C), consistent with a general role for Aftl in
respiration capacity.

We next ascertained whether overexpression of AFT or
ALDS in a Pgar;-IDP1R8H background affected levels of 2HG fol-
lowing Pgar; induction for 6 h (SCGal-Ura). However, 2HG levels
were just as high in extracts from these strains as they were
from the Pgap;-IDP1R*8H gstrain containing the vector control
(Fig. 4D). Therefore, AFT1**?*” and ALD5 do not suppress 2HG-
mediated mtDNA loss by reducing 2HG levels via lower produc-
tion or increased turnover.

Aftl is known to interact with the ferrioxamine B transporter
Sitl (also known as Arn3), and certain Aftl truncated forms sim-
ilar to AFT1'?%7 display increased Sitl-interaction together
with increased ferrioxamine B transport, due to either enhanced
Sitl activity or reduced ubiquitin-mediated Sit1 proteolysis (63).
However, we found that AFT1'%%7 overexpression still sup-
pressed petite formation in a Pgar;-IDP1R*® sit1A strain (Fig.
4B); thus, petite suppression by AFT1'"%%7 overexpression is not
mediated via an effect on Sitl function or stability. Given the
role of Aftl in iron homeostasis, we also tested if petite forma-
tion was altered by the addition of iron (II) or the iron chelator
deferroxamine mesylate (DFO), which is transported by Sit1 (64).
Petite formation was not suppressed by addition of either iron
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(I) or DFO at the concentrations tested (Fig. 4E). In contrast, che-
lation of iron from the SCGal growth medium with bathophe-
nanthroline disulfonate (BPS, 100 uM) suppressed petite
formation in a concentration-dependent manner (Fig. 4E).

Given the known role of Aftl as a transcription factor, we as-
sessed whether cells containing the high copy AFT1'"? allele
still sensed and upregulated the iron regulon in conditions of
iron limitation. We compared the expression of the Aftl-
regulated gene FET3 (59, 60) in WT or Pgar;-IDP18¥*®H strains ex-
pressing the vector, high copy AFT1, or high copy AFT1'"?%
grown in SC or SC treated with 100 pM BPS. First, in SC medium,
FET3 was expressed at similar levels both in the WT/vector and
Pcari-IDP1RM8H/yector strains, and levels were doubled in the
Pcars-IDP1R¥8%/AFTT strain (Fig. 4F, first graph). Upon incubation
of cells for 6 h in medium depleted for iron via BPS chelation,
FET3 expression was similarly induced approximately 6-fold
compared with WT levels in SC medium in all three strains.
Strikingly however, compared with the Pga;-IDP1R*#/vector
strain, FET3 expression in the Pgap;-IDP1R™8H/AFT11207 strain
was approximately 12-fold (in SC medium) and 5-fold (in
SC + BPS medium) lower, even though this strain still contained
WT AFT1 expressed from its endogenous location. Therefore,
high copy expression of AFT1?*” dampens expression of Aft1-
regulated genes.

We also monitored FET3 expression upon a shift into SCGal
medium to induce 2HG production. Following 10-h incubation
in SCGal medium, FET3 expression in the Pgar1-IDP1R8H/yec-
tor strain was ~2-fold elevated compared with the WT/vector
strain (Fig. 4F, second graph). FET3 levels in the Pga;,-IDP1R#8H
strain with high-copy AFT1 expression remained 4 to 5-fold
higher than for the Pgar;-IDP1R**8H/yector levels at 10 and 24 h.
Expression patterns observed at 10-h incubation in SCGal me-
dium were similar to those observed for FET3 as well as FTR1
(also Aftl-regulated) at 6-h incubation in SCGal in an indepen-
dent experiment (Supplementary Material, Fig. S1). In con-
trast, although FET3 expression in the Pgay;-IDP1R#8H/AFT11
1207 strain increased to levels comparable with the Pgari-
IDP1R*8H/yector strain at early time points (6, 10 h) following a
shift to SCGal (Fig. 4F and Supplementary Material, Fig. S1),
this expression was dampened at TO and later time points (24
h) (Fig. 4F). These results demonstrate that the AFT1''2?%7 allele
dampens expression of the iron regulon most likely by the
truncated Aftl product competing with the endogenous WT
Aftl protein.

We next tested the effect of 2HG production and AFT1%72%”
high-copy expression on whole cell iron content. The WT and
Piari-IDP1R8H strains have equivalent iron levels during
growth in SC medium (Fig. 4G, first graph). Remarkably, iron lev-
els increased ~2-fold higher in the Pgap;-IDP1R*¥" strain com-
pared to the WT strain following induction of 2HG production in
SCGal medium. However, these results are not accompanied by
a predicted reduction of the FET3 expression, which unexpect-
edly increased also by ~2-fold (Fig. 4F). Alternatively, FET3 upre-
gulation is responsible for the increased iron observed in the
Pcars-IDP1R8H strain. Similar results were seen using the WT/
vector and Pgap,-IDP17 " /vector strains (Fig. 4G, second graph).
Furthermore, high copy expression of AFT1''? (Pgais-
IDP1RM8H/AFT17 127 strain) resulted in 2.8-fold reduced Pgaps-
IDP1R8M jron levels at 10 h in galactose medium as compared
to the Pgar;-IDP1R**H/vector strain. In summary, our results
suggest that 2HG production perturbs both iron homeostasis
and possibly the iron sensing mechanism, and the resulting ele-
vated cellular iron levels may contribute to the 2HG-dependent
petite formation.
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Figure 4. Overexpression of ALD5 and AFT1?”” suppresses the 2HG-mediated petite formation. (A) Genetic intervals of high-copy number plasmids that suppressed
the Pgar1-IDP1**¥1-mediated petite formation. (B) Five-fold serial dilutions of the WT, Pgar1-IDP1R**8H, or P4, 4-IDP1RM#H sit1A strains transformed with the vector or
plasmids described in Figure 4A were plated onto SD (control) or SGal media to induce Pga.;-IDP17*%" expression and thereby 2HG production. (C) Five-fold serial dilu-
tions of strains were plated onto the indicated media. (D) Relative levels of 2HG extracted from cultures grown in duplicate following incubation for 6 h in SCGal-Ura.
(E) Suppression of petite formation was determined in triplicate by incubation of strains in SGal or SCGal media to induce 2HG production. Where indicated, media was
supplemented with either no additions, individual additions of iron (II) sulfate heptahydrate (Fell), deferoxamine mesylate (DFO), or bathophenanthroline disulfonate
(BPS). At the times indicated, cells were plated onto YPGly 0.1% dextrose media to determine the proportion of petite and grande colonies. (F) Quantitative RT-PCR mea-
surements of FET3 transcript levels relative to ACT1. RNA was extracted from strains grown in duplicate for 0 (SC-Ura), 10 or 24 h in SCGal-Ura, or 6 h following incuba-
tion in SC-Ura + BPS (100 uM). (G) Analysis of cellular iron content. Cells were grown in galactose medium for the times indicated, washed, and nitric acid cell extracts

were analyzed for iron content by ICP-MS. Data shown is the average of three independent replicates. (D-G) Strains contained plasmids pRS426 (vector), pJK6 (ALDS),
PJK52 (AFT129), or pJK46 (AFT1).
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Figure 5. Mutation of RTG1 or s-ketoglutarate addition suppress 2HG-mediated petite formation. (A) The WT IDP1 or Pgay;-IDP17**®H strains and their isogenic deriva-
tives mutated for the genes indicated were cultured overnight in YPD, washed twice, serially diluted five-fold, plated onto YPD, YPGal, and YEPEG, and incubated for
various times. (B, E, F) Triplicate cultures of strains were incubated in SCGal for the indicated times and plated onto YPGly 0.1% dextrose media to differentiate petite
from grande colonies. For (E), strains cultured overnight in YEPEG were washed and inoculated in triplicate into SCGal, as indicated, with no additions, 10 or 50 mM so-
dium citrate, or 2mM d-KG. (C) Quantitative RT-PCR measurements of ACO1 and CIT2 transcript levels relative to ACT1. RNA was extracted from strains grown in dupli-
cate for 0, 6, and 24 h in SCGal-Ura. (D) TCA cycle intermediate levels extracted from strains incubated for 6 h in SCGal medium.

Retrograde pathway inhibition and o-ketoglutarate
supplementation suppress 2HG-mediated petite
formation

Interestingly, mutations in other TCA cycle genes have been
shown to result in elevated mtDNA loss (65-67). Petite forma-
tion upon disruption of the aconitase gene ACO1, whose prod-
uct is required to produce the IDP/IDH substrate isocitrate, has
been attributed in part to activation of the retrograde pathway,
which leads to increased citrate levels. In turn, increased citrate
results in elevated levels of mitochondrial iron citrate, which re-
acts with hydrogen peroxide to form DNA-damaging hydroxyl
radicals (68). We therefore tested whether a similar model also
accounts for 2HG-mediated mtDNA loss. First, consistent with
this model, we find that disruption of the gene encoding the ret-
rograde pathway transcription factor RTG1 substantially sup-
pressed Pgar;-IDP1R8H strain petite formation in galactose

media (Fig. 5A and B). Mitochondrial dysfunction induces the
retrograde (RTG) pathway (69). However, we did not find evi-
dence of RTG pathway induction upon 2HG production, as the
RTG-regulated genes CIT2 and ACO1 were not elevated following
either 6 or 24-h incubation for the Pgay;-IDP1R*¥H strain in ga-
lactose medium (Fig. 5C). Note that these genes were induced in
the WT following a 24 hour incubation in SCGal; however, this
was likely because at this time, the cultures had reached sta-
tionary phase unlike the slower-growing Pgap;-IDP17**®H strain.
Furthermore, levels of most TCA cycle metabolites, including
citrate, were not elevated following Pga;-IDP1**¥" induction
relative to the WT and Pgar;-IDP1 strains (Fig. 5D and
Supplementary Material, Table S5). Therefore, the rtglA muta-
tion appears to suppress 2HG-mediated petite formation by a
mechanism independent from that mediating retrograde path-
way suppression. Interestingly, suppression of petite formation
by the rtglA mutation was also not due to decreased 2HG
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production as extracts from an Pgap;-IDP1**8H rtg1A strain had
2.5 higher 2HG levels than the Pga;-IDP1¥* strain (5.0 and 2.0
ug/mg protein, respectively) following 6 h induction in galactose
media. Moreover, citlA mutation, which should reduce mito-
chondrial citrate levels, did not suppress 2HG-mediated petite
formation (Supplementary Material, Fig. S2), and citrate supple-
mentation instead partially suppressed petite formation (Fig.
SE). Finally, mutation of the mitochondrial iron transporter
genes MRS3 and MRS4, or of the superoxide dismutase gene
SOD1, are all known to suppress petite formation of the acolA
strain (68). However, these mutations did not alleviate the petite
formation phenotype of the Pga;-IDP17* strain and, intrigu-
ingly, mrs3A mrs4A double mutation blocks growth of the Pgars-
IDP1R*#" strain in YPGal and YEPEG media (Fig. 5A). Taken to-
gether, these data are in accord with a model in which acolA-de-
pendent and 2HG-mediated mtDNA loss occurs via distinct
mechanisms. Because mrs3A mrs4A double mutation exacer-
bates Pgar;-IDP1R*8H.dependent petite formation, this further
supports the model that 2HG production interferes with mito-
chondrial iron homeostasis.

One mechanism by which citrate addition could suppress
2HG-mediated petite formation is by metabolism to o-ketoglu-
tarate, thereby increasing intracellular levels of this key metab-
olite. Consistent with this hypothesis, the addition of dimethyl
a-ketoglutarate (d-KG, a membrane-permeable derivative of
a-ketoglutarate), significantly suppressed petite formation, re-
sulting in an ~50%-reduction in petite formation after 24 h of in-
duction of the Pgar;-IDP1R*H strain (Fig. 5E). Because citrate
and d-KG addition suppressed 2HG-mediated petite formation,
we investigated if levels of u-ketoglutarate were reduced in the
Pcars-IDP1R8H strain as a consequence of both reduced isoci-
trate dehydrogenase activity and a-ketoglutarate conversion to
2HG. Consistent with this, we found a modest 20% reduction in a-
ketoglutarate levels in the Pgap;-IDP1R*®H strain (1.16 = 0.06 uM)
compared with the WT (1.42 + 0.11 uM) and Pga;;-IDP1 (1.42 £ 0.26
uM) strains (Fig. 5D and Supplementary Material, Table S5).

Interestingly, we also observed petite formation in a hetero-
zygous diploid strain with one WT IDP1 gene and one mutant
Pcars-IDPIR8H  allele (analogous to mammalian cancer-
associated IDH2/IDH2R?* genotypes), compared with IDP1/IDP1
and IDP1/idplA strains (Fig. 5F). Taken together, these results
support the model that 2HG-production gain of function, rather
than a net decrease in mitochondrial isocitrate dehydrogenase
activity, is responsible for the deleterious mtDNA loss imparted
by IDP1R***8 gverexpression, and that the ratio of 2HG to a-keto-
glutarate levels modulates 2HG toxicity.

Discussion

To provide new insights into the pathophysiological effects of
how IDH mutations and the associated 2HG accumulation con-
tribute to tumourigenesis, we introduced tumour-relevant mu-
tations into the highly conserved yeast IDP genes. Strikingly,
2HG production following overexpression of the mutated mito-
chondrial IDP1 resulted in high-level loss of mtDNA and respira-
tory function. Why does mutation of mitochondrial IDP1, but
not the cytoplasmic IDP2 isoform, and production of 2HG in the
mitochondria, but not in the cytosol, result in loss of mtDNA?
The mtDNA loss phenotype is likely not due to Idp1 exhibiting a
dual role in mtDNA stability such as being a component of the
mitochondrial nucleoid, as has been attributed to other mito-
chondrial enzymes, including Ilv5 (70) and Aco1 (66). If this were
the case, we would expect a high degree of mtDNA loss in an
idp1A strain, as observed for iluSA and acolA mutants, and that

this is not observed argues against this dual role for Idpl.
Instead, compartmentalization of metabolites may account for
the differences in cytoplasmic versus mitochondrial 2HG pro-
duction effects. To our knowledge, no information is available
on the ability of 2HG to be transported across the mitochondrial
membrane. 2HG produced in the cytoplasm may be readily
transported into the mitochondria, and conversely, 2HG pro-
duced inside the mitochondria may not be easily transported
out of the mitochondria to reduce mitochondrial levels. Even if
trans-mitochondrial transport occurs, the 2HG concentration
reached inside the mitochondria would be expected to be higher
when it is produced inside the mitochondria than when it is
produced in the cytoplasm. In addition, our data indicate that
the toxicity of 2HG is likely related to the 2HG:a-ketoglutarate
ratio. 2HG production will result in a-ketoglutarate consump-
tion in the compartment it is produced in; thus, the mitochon-
drial 2HG:a-ketoglutarate ratio will be likely higher when 2HG is
produced in the mitochondria than when it is transported into
the mitochondria from the cytoplasm (if this indeed occurs).

We identified roles for genes involved in aldehyde dehydro-
genation, iron homeostasis, and the retrograde response, in
mitigating 2HG-mediated mtDNA damage.

Overexpression of the mitochondrial ALD5 gene, which en-
codes a mitochondrial aldehyde dehydrogenase that converts
acetaldehyde to acetyl-CoA and participates in the breakdown
of toxic aldehydes accumulated during stress conditions, sup-
pressed 2HG-mediated mtDNA loss in a role distinct from re-
ducing 2HG levels. A role for Ald5 in respiratory metabolism and
cytochrome c levels has also been reported, consistent with our
results (71). Interestingly, like Idh1, Ald5 (and Ald4) also plays
prominent roles in mitochondrial NADPH regeneration (72),
which is important for the production of glutathione and pro-
tection against oxidative stress (73,74). Because NADPH levels
are expected to be reduced in strains carrying IDH1 2HG-over-
producing mutations, overexpression of ALD5 could remediate
the petite production phenotype by offsetting the NADPH defi-
cit. While ROS-induced mtDNA damage is well-documented, we
also did not observe suppression of petite formation by overex-
pression of the superoxide dismutase SOD1 or SOD2 genes, or
supplementation with the antioxidant GSH. We also did not ob-
serve increased ROS formation upon 2HG production using a
ROS-detection dye; however, physiologically relevant increases
in ROS levels by 2HG production that were below the levels of
detection in our experiment remain a possibility. Indeed, previ-
ous reports have documented a key function for both yeast and
mammalian NADP isocitrate dehydrogenases in cellular de-
fenses against oxidative-stress-induced damage (18,20,74). Ald5
shares extensive sequence identity (47%) with its human ortho-
log, the mitochondrial Aldh2, and its mutation is linked to carci-
nogenesis (75-77). If 2HG production also induces mtDNA loss
in tumours, Aldh2 may provide an interesting candidate che-
motherapeutic target for 2HG-producing cancers.

We present several lines of evidence that mitochondrial 2HG
production perturbs iron homeostasis underscoring a role for
cellular iron levels in the IDP1***¥¥-mediated mtDNA loss and
building upon the well-established intricate associations be-
tween iron homeostasis and mitochondrial function.
Significantly, we observed that upon induction of 2HG produc-
tion both iron levels and expression from the iron metabolon
were elevated compared with the WT. Mutation of the mito-
chondrial iron transporter genes MRS3 and MRS4, and of the
iron utilization and homeostasis transcription factor gene AFT1,
induced petite formation (Figs 4C and 5A). Conversely, high
copy expression of the truncated AFT1'7?%” allele, which
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dampened expression of FET3 and presumably other iron regu-
lon genes, resulted in reduced cellular iron levels and sup-
pressed petite formation. Furthermore, chelation of iron from
the growth media suppressed petite formation. Increased iron
levels in the mitochondria can damage mtDNA by reacting with
oxygen metabolites to produce ROS (78). Mitochondria play im-
portant roles in the assembly of heme and iron sulphur clusters
(ISC), and disruption of mtDNA results in reduced ISC assembly
and Aftl-mediated induction of the iron regulon (79). Heme and
ISC are important enzyme cofactors for redox reactions, such as
respiratory electron transport, TCA cycle enzymes, DNA biosyn-
thesis, as well as epigenetic modifications in mammalian cells,
and these processes may all be dysregulated in cancers (80,81).
Interestingly, o-ketoglutarate-dependent JmjC-domain histone
demethylases and oxygenases that control HIF-1o are both
thought to be inhibited by 2HG, and both require Fe(Il) (22-24)
and are readily inhibited by the iron chelator deferroxamine
(15,82,83). Furthermore, glioblastoma stem-like cells require in-
creased iron uptake and dependence for tumourigenesis, result-
ing in upregulation of the transferrin receptor and the iron
chelator ferritin (45). Therefore, iron homeostasis and mito-
chondrial function are critical factors in tumourgenesis.

Defects in mtDNA and ISC assembly also induce retrograde
signalling between the mitochondria and nucleus, which acti-
vates the expression of a subset of genes including TCA cycle
genes such as ACO1 and CIT2 to increase TCA cycle intermedi-
ate and glutamate production (69). While disruption of the RTG
response transcription factor RTG1 suppressed mtDNA loss, we
found no evidence that 2HG production activates the retrograde
response. Although the pathway components differ, humans
also possess a mitochondria-to-nuclear retrograde-type re-
sponse stimulated via altered Ca®*dynamics, and which acti-
vates ATF, NFAT and NF«B, to result in induction of glucose
metabolism, oncogenesis, cell invasion, and anti-apoptotic
genes (84-86).

By which other mechanisms might 2HG induce mtDNA loss?
As discussed above, accumulated evidence indicates that 2HG
competitively inhibits a-ketoglutarate-dependent enzymes by
acting as a toxic a-ketoglutarate analog. Consistent with this
model, citrate and d-KG may suppress the mtDNA loss observed
here by being metabolized to a-ketoglutarate, and thereby elevat-
ing a-ketoglutarate levels to outcompete 2HG for substrate bind-
ing in a reaction important for mtDNA stability. Although the
2HG-targeting Tet family of DNA methylases and HIF-1a signal-
ling are not conserved in yeast, Fe(II) and a-ketoglutarate-depen-
dent chromatin-modifying JmjC histone demethylase orthologs
are present (87), and 2HG perturbation of these could affect ex-
pression of nuclear genes that contribute to mtDNA stability.

Gliomas undergo substantially altered mtDNA gene copy
number and large deletions, and these occur during the early
stages of tumourigenesis (46-48). The mitochondria play an im-
portant role in apoptosis (88), to which gliomas are particularly
resistant (89). Defects in oxidative respiration such as those
caused by mtDNA damage can also result in metabolic rear-
rangements observed in most tumours known as the Warburg
effect, whereby cancer cells shift to generate ATP mainly by gly-
colysis, followed by lactic acid oxidation in the cytosol instead
of pyruvate oxidation in the mitochondria, to provide metabo-
lites for anabolic metabolism (90). Mutations in the mitochon-
drial isoform scIDP1 (analogous to hsIDH2) gave rise to the loss
of mtDNA, but this is not observed upon mutation of cytoplas-
mic scIDP2 (Fig. 1E) (analogous to hsIDHI, Fig. 1A). Although the
incidence of mutations is higher in IDH1 than in IDH2 in glio-
mas, cholangiocarcinoma, and chondrosarcoma, they occur at
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similar frequencies in AML (6,91). Interestingly, although IDH
mutations are correlated with a prolonged survival of glioma
patients (1,92), this is not the case for AML patients (93).
Therefore, it would be of interest to examine whether mtDNA
loss is more prevalent in AML tumours, or whether mtDNA sta-
bility differs between IDH1- and IDH2-mutated tumours, in ac-
cord with our results. Our studies on the effects of onco-
metabolite 2HG production on mtDNA mutagenesis and loss,
and the characterization of the mechanisms involved, provide a
foundation for further studies using mammalian cancer mod-
els, and may contribute insights into possible prognostic indica-
tors and novel approaches for cancer therapy.

Materials and Methods

Strains, media and growth conditions

Standard yeast culture media included Yeast Extract Peptone
Dextrose (YPD), Yeast Extract Peptone Ethanol Glycerol (YEPEG),
Yeast Extract Peptone Galactose (YPGal), Synthetic Dextrose
(SD), Synthetic Galactose with no additional supplements
(SGal), Synthetic Complete Galactose (SCGal), Synthetic
Complete (SC), Synthetic Ethanol Glycerol (SEG), and YPGly 0.1%
dextrose were prepared as described previously (94-98). YG-Ery
media contained 20 g/l agar, 10 g/l yeast extract, 20 g/l glycerol,
50 mM sodium phosphate buffer (pH 6.5), and 4 g/l erythromycin
(Sigma). Where specified media was supplemented with nour-
seothricin (Nat, 100 mg/l; Hans Knoll Institute fiir Naturstoff-
Forschung, Jena, Germany), hygromycin B (Hyg, 300 mg/l;
Calbiochem), G418 (geneticin, 200 mg/l; Life Technologies), 5-flu-
oroorotic acid (5-FOA, 1 g/l, Toronto Research Chemicals), di-
methyl o-ketoglutarate (d-KG), l-canavanine (60 mg/l),
bathophenanthroline disulfonate (BPS, Sigma), glutathione
(GSH, Sigma) deferroxamine mesylate (DFO, Sigma). S. cerevisiae
cultures were incubated at 30°C.

S. cerevisiae strains used in this study were isogenic with
$288c (99), and are listed in Supplementary Material, Table
S1. The Rho? (lacking mtDNA) strain YJK3084 was obtained by
passage three times on YPD + ethidium bromide (10 pg/ml) to
eliminate the mitochondrial genome and confirmed by an in-
ability to grow on YEPEG, and a lack of DAPI-stained mtDNA
co-localizing with Mitotracker Red upon microscopic visuali-
zation of cells. Gene replacements and insertions with
natMX4, kanMX4, hphMX4, or CaURA3 cassettes were con-
structed by PCR-mediated gene deletion (100-102). Strains
containing IDP genes with tumour-relevant mutations under
the control of the Pgar; promoter were constructed via three
consecutive transformations. First, the CaURA3 cassette was
inserted into each gene to replace 3bp at the region of muta-
tion interest. Second, strains were co-transformed with a
NAT-resistance selectable plasmid (pAG36) together with
mutagenic oligonucleotides that contained ~40bp homology
on either side of the introduced mutation of interest.
Following the loss of the marker plasmid, strains were plated
onto SD + Ura + 5FOA media to select for replacement of the
CaURA3 marker by the mutagenic oligonucleotide. Finally,
hphMX4-Pgar; or kanMX6-Pgar;, amplified from pAG107 or
pFA6a-kanMX6-Pgar; using oligonucleotides also homolo-
gous to sequence upstream of the IDP genes, was introduced
to replace 100bp immediately upstream of the IDP ORF.
Insertions and disruptions were confirmed by PCR and point
mutations were also confirmed by sequencing. All oligonu-
cleotides employed in this study are listed in Supplementary
Material, Table S3.
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Plasmid constructions

Plasmids employed in this study are listed in Supplementary
Material, Table S2. Plasmids pJK1 and pJK8 were identified from
a URA3-marked 2um high-copy-number yeast genomic library
containing 5- to 10-kb insertions within the Sall restriction
site on plasmid pRS426 (constructed by C. Alarcon) and con-
tained 6.1 and 3.2-kb inserts, respectively. To construct pJKS,
ALDS in plasmid pJK1 was precisely replaced with the natMX4
cassette via PCR-mediated gene deletion. To construct pJK6, a
PCR product containing ALD5 together with 1kb 5’ and 0.5kb 3’
regions, flanked by pRS426-homologous sequence, was cloned
into Sall/Xhol-linearized pRS426 by gap repair (103). Plasmid
pJK46 containing the entire AFT1 ORF together with 1kb 5’ and
0.5kb 3’ sequence was PCR-amplified using oligonucleotides
that introduced Notl/Sall sites into the PCR product, and ligated
into Notl/Sall-cleaved pRS426. Plasmid pJK52 was constructed
from pJK8 following digestion with Xhol and religation, to elimi-
nate HSF1 sequence and retain partial AFT1 (1.2kb of 5’ end) and
0.4kb 5’ sequence. Conversely, pJK53 was constructed following
EcoRI-digestion of pJK8 and religation to eliminate AFT1 se-
quence and retain partial (1.3kb of 3’ end) HSF1 sequence. All
plasmids were confirmed by restriction digestion analysis and
sequencing.

Metabolite extraction

2HG was extracted from ~40 ODgoonm units of cells, grown for 6
h in galactose media to induce expression of the IDP genes un-
der the control of the GALI promoter. Cells were lysed by bead
beating in 800 pl lysis buffer (50 mM Tris HCI, 100 mM KCI, 1 mM
EDTA, 1% (v/v) Triton X) with 500 pl glass beads, for 8 bead
beater cycles of 1.5min interspersed with 1min rest periods.
Clarified lysates were normalized to protein concentration.
Levels of 2HG were analysed by LC-negative electrospray
ionization-MS/MS by the Duke University Pharmacokinetics/
Pharmacodynamics core laboratory using previously described
methods (104). Organic acids were extracted from 8 ODgoonm
units of cells grown for 6 h in SCGal medium and analysed, as
previously described (105). Extracts for analysis of iron levels
were prepared in triplicate from ~2x108 cells and analyzed by
ICP-MS (North Carolina State University, Raleigh), as described
(106).

Microscopy

To visualize reactive oxygen (ROS) production, cells were
stained with 10 pg/ml 2’7’-dichlorofluorescein diacetate (DCFH-
DA, Sigma) and incubated for 2 h at 30°C, as described previ-
ously (107). Fluorescence was counted for at least 100 cells from
three independent cultures. As a positive control, cells were
treated with 25 mM H,0, for 1hour at 30°C prior to staining. To
visualize mtDNA, cultures grown to log-phase were supple-
mented with 100pM Mitotracker Red CMXRos (Molecular
Probes), incubated for a further 50 min, and 10nM 4’,6-diami-
dino-2-phenylindole (DAPI, Sigma) was added for a further
Smin. Cells were twice-washed and visualized using a Zeiss
Axioskop 2 Plus microscope using AxioVision 4.6 image acquisi-
tion software.

Fluctuation analysis of point mutations

To estimate rates of point mutation arising in the mitochondrial
and nuclear genomes, fluctuation analyses were performed to

assess spontaneous erythromycin resistance (Ery®) and canava-
nine resistance (Can®), respectively. For monitoring Ery®, 10 in-
dependent colonies from YEPEG plates for each strain were
inoculated and cultured in liquid YEPEG. Cells were harvested,
washed, and used to inoculate 5ml YPGal to 1x10° cfu/ml. At O
and 24 h incubation, approx 100-1000 and 1x10® cfu were plated
onto YEPEG and YG-Ery, to determine overall grande and Ery®
cfu, respectively. To assess the mutation rate to CanF, 10 inde-
pendent colonies for each strain were inoculated into SC-Arg,
cultured overnight, washed, and used as an inoculum for 5ml
YPGal to 1x10° cfu/ml. At 0 and 42-h incubation, approximately
100 and 3x10” cfu were plated on YPD and SC-arg + canavanine
to estimate overall viable and Can® cfu, respectively. The analy-
sis of the mean was determined using the Luria-Delbrtick fluc-
tuation analysis calculator (FALCOR) web tool (108).

Determination of respiration loss frequency

To determine the percentage of nonrespiring cells in the popu-
lation, strains were first cultured in YEPEG or SEG to ensure all
growing cells were respiration-competent. Cells were washed
two times with water and inoculated into YPGal or SCGal-Ura
(at ~1x10* cfu/ml) and following incubation for 0, 24, and 48h,
cells were diluted and plated onto YPGly 0.1% dextrose.
Following 5 days incubation, colonies were scored for respira-
tion competence based on differential colony size morphology
(97).

Whole genome sequencing and assembly

DNA for whole genome sequencing was extracted as described
previously (109). Whole genome sequencing was performed on
the Hiseq2500 platform by the UNC Next Generation
Sequencing Facility. Paired end libraries with approximately 300
base inserts were prepared and multiplexed with 24 samples to
a single lane. The Illumina pipeline (v.1.8.2) was used for initial
processing of raw data. Sequences have been deposited to the
Sequence Read Archive under project accession number
PRJNA306764. Sequences were mapped to the S288c reference
genome (110) using the short read component of the BWA
aligner (111). Realignment and SNP calling were performed us-
ing the Genome Analysis Toolkit’s Unified Genotyper (112) with
the haploid ploidy setting as per the pipeline version 2.4-9. This
pipeline also utilized both Picard and SAMtools (113). Depth of
coverage was also determined using SAMtools and plotted using
R (114). Variant filtering was performed using VCFtools (115) and
SNP impact was inferred using SnpEff (116).

Quantitative Real-Time PCR analysis

RNA was extracted from 20-30 ODgoonm units of cells using a
Qiagen RNeasy kit and DNAse-treated (Ambion). RNA tran-
scripts were reverse-transcribed using AffinityScript RT-RNase
(Agilent Technologies). Quantitative Real-Time PCR (RT-PCR) as-
says were performed with an Applied Biosystems 7500 Real-
Time PCR System using Brilliant SYBR Green gRT-PCR master
mix (Agilent Technologies). The data were analysed using
StepOne™ Software v2.1 (Life Technologies).

Supplementary Material

Supplementary Material is available at HMG online.
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