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ABSTRACT

Doxorubicin induces both DNA damage and metabolic interference. How these effects interact to
modulate cellular toxicity is not completely understood but important given the widespread use
of doxorubicin in cancer treatment. This study tests the hypothesis that cell cycle arrest and
survival are affected by distinct mitochondrial activities during doxorubicin exposure.

Parental and mutant S. cerevisiae strains deficient in selected genes with mitochondrial func-
tion were treated with doxorubicin and assayed for changes in proliferation rates, cell survival and
cell cycle arrest kinetics. Mitochondrial DNA content was estimated using quantitative PCR.
Mitochondrial function was assessed by measuring oxygen consumption with and without an
uncoupler.

Parental cells growing in a non-fermentable carbon source medium and mutants lacking
mitochondria and grown in glucose medium both show abrupt cell cycle and proliferation arrest
during doxorubicin exposure compared to parental cells grown in glucose. Mitochondrial DNA
increases during doxorubicin exposure in S. cerevisiae and in human breast cancer cells. Yeast
strains deficient in TCA cycle activity or electron transport both show more abrupt cell cycle arrest
than parental cells when exposed to doxorubicin. Concurrent treatment with the mitochondrial
uncoupler dinitrophenol facilitates cell cycle progression and proliferation during doxorubicin
exposure.

Doxorubicin exposure induces mitochondrial DNA synthesis with TCA cycle and oxidative
phosphorylation activity having opposing effects on cell proliferation, survival and cell cycle
kinetics. TCA cycle activity provides biosynthetic substrates to support cell cycle progression
and cell proliferation while electron transport and oxidative phosphorylation facilitate cell cycle
arrest and possibly increased cytotoxicity.

ARTICLE HISTORY
Received 4 February 2021
Revised 15 April 2021
Accepted 16 April 2021

KEYWORDS

Cell cycle arrest;
mitochondria; doxorubicin
toxicity; DNA damage;
metabolism

Introduction exploited to improve cancer therapy. Doxorubicin,
with well-established functions in both DNA
damage and cell metabolism, may provide an
ideal model to fully examine interactions between
DNA damage and metabolism in improving the
efficacy of cancer treatment.

Genome-wide studies in S. cerevisiae identified
key pathways that contribute to doxorubicin sen-
sitivity [8,9]. As expected, mutations in genes
involved in DNA repair increase cell sensitivity
to doxorubicin. Interestingly, mutations in genes
involved in central metabolism and mitochon-
drial function also mediate doxorubicin sensitiv-
ity. Changes in gene expression and metabolic
flux indicate a widespread shift away from gly-
colysis and toward alternate pathways including
tricarboxylic acid (TCA) cycle and electron

Doxorubicin is derived from a naturally produced
antibiotic and is an important part of standard
treatment for many solid and hematologic malig-
nancies [1]. Doxorubicin both inhibits topoisome-
rase activity [2], leading to DNA damage, and
interferes with mitochondrial electron transport
chain (ETC) complex I activity [3,4]. The interac-
tion between these activities and the mechanism of
toxicity in cancer and normal tissue remain unde-
fined despite doxorubicin’s long history of clinical
application.

Altered metabolism is a hallmark of cancer [5-
7]. While metabolic differences between normal
and cancer tissues are exploited for cancer imaging
(i.e. fluorodeoxyglucose positron emission tomo-
graphy), metabolic differences have not been fully
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transport (ETC) among others [10,11].
Unfortunately, the sheer number of pathways
identified in genome-wide screening studies pre-
cludes a simple mechanistic relationship between
DNA damage and altered cell metabolism.

Examining the effects of growth conditions on
doxorubicin sensitivity has yielded what appear to
be contradictory findings. Anaplerotic substrates
can improve doxorubicin survival in cells with
a functional TCA cycle by optimizing cell cycle
arrest [12]. In contrast, growth in medium requir-
ing mitochondrial respiration increases doxorubi-
cin sensitivity [11]. The present study seeks to
resolve this apparent paradox by testing the
hypothesis that mitochondrial TCA and ETC
pathways influence cell survival to doxorubicin in
opposing ways. Specifically, TCA cycle activity
fosters cell cycle progression and survival while
electron transport and oxidative phosphorylation
promote cell cycle arrest and toxicity.

Methods
Strains and reagents

All strains of S. cerevisiae were obtained through
Open Biosystems (Open Biosystems, Inc.
Huntsville, AL). The parental strain used is
BY4741 (Mata, ura3, leu2, his3, metl5) [13].
Mutant strains obtained from the same source
were in the same background with the gene
under study deleted and replaced by the selectable
neomycin resistance gene.

YPD is rich media replete with nutrients that is
permissive for both glycolysis and respiration in
yeast; in this media cells will gain ATP primarily
through fermentation. YPD liquid and YPD plates
were prepared as described [14]. YPD contains 1%
yeast extract, 2% peptone and 2% glucose. 2% agar
is added to make plates. YPG is similar to YPD but
with 3% glycerol (by volume) replacing glucose;
cells grown on YPG cannot generate energy
through fermentation and require mitochondrial
respiration. Doxorubicin was obtained from
Cayman Chemical (Ann Arbor, MI) and dissolved
in water prior to use. Dinitrophenol (DNP) was
obtained from Sigma-Aldrich (St. Louis, MO) and
dissolved in DMSO.

MCE-7 cells [15] were obtained from ATCC
and routinely cultured in phenol red-free IMEM
supplemented with antibiotics and 5% fetal bovine
serum in 25 cm? flasks in a CO, incubator at 37°.
Cells were split at a 1:5 ratio at sub-confluence,
every 4-5 days.

Growth, cell cycle distribution and survival
assays in yeast

Cultures of parental or select mutant strains were
grown in either YPD or YPG to approximately
1 x 107 cells per milliliter. Prior to doxorubicin
exposure, cultures were diluted to 3 x 10° cells
per milliliter. Cell concentration was determined
by counting with a hemocytometer. Budding pat-
tern was determined at the same time by visual
inspection. Cell survival was determined by plat-
ing a known number of cells to YPD plates and
counting colonies four days later. Plating effi-
ciency is the number of colonies formed divided
by the number of cells plated. Doxorubicin was
added to cultures at 100 micromolar final con-
centration. DNP was added for final concentra-
tions as indicated. Equal volumes of DNP or
DMSO were added to cultures. Dilutions for plat-
ing used 0.9% NaClL

Mitochondrial DNA copy number

Yeast Cultures — Yeast maintained at log phase in
YPD media were diluted to 1le6 cells/ml and
exposed to doxorubicin at 0, 25, 50, and 100
microM for 6 hours. Parental strain (BY4741)
yeast grown in YPG media was included as
a positive control for increased mitochondrial
abundance. After incubation with doxorubicin,
yeast cultures were pelleted by centrifugation at
5000 xg for 10 minutes. The supernatant was dis-
carded and the pellets stored at —20°C until begin-
ning the DNA extraction.

Human Cell Cultures — For doxorubicin expo-
sure, MCF-7 cells were plated at 1 million cells per
dish in complete growth media in 10 cm tissue
culture dishes and allowed to attach overnight.
Cells were washed once with warm phosphate
buffered saline and treated in normal growth
media with 24 nM doxorubicin or control for the
72-h exposure period.



DNA extraction - DNA was extracted using the
DNeasy Blood and Tissue Kit (Qiagen, Hilden,
Germany) according to the vendor-provided proto-
col. For yeast, the pellets were thawed and resus-
pended in 600 ml lyticase digestion buffer (200 U
lyticase (Sigma, L4025), 1 M Sorbitol, 100 mM
EDTA, 14 mM 2-Mercaptoethanol (b-ME), pH
7.5) and incubated in a 30°C shaker for 30 minutes.
The resulting spheroplasts were pelleted by centri-
fugation at 900 xg for 10 minutes and the super-
natant was carefully removed and discarded.
Human cells were lysed directly on the plates in
DNeasy kit lysis buffer, collected by scraping and
transferred to 1.5 ml tubes. Yeast spheroplasts were
resuspended by vigorous vortex mixing in DNeasy
kit lysis buffer. Proteinase K was added to all sam-
ples which were then incubated in 56°C water bath
with shaking until the samples were completely
dissolved (3 hours to overnight). Subsequent isola-
tion and cleanup steps were carried out according
to manufacturer’s protocol and the DNA was eluted
twice with 100 ml buffer AE combining both elu-
ents. The nucleic acid was quantified spectrophoto-
metrically measuring absorbance at 260 nm (A,4)
on a NanoDrop ND-1000.

Quantitative  PCR (qPCR) - Mitochondrial
(mtDNA) and nuclear (nDNA) DNA was mea-
sured by Quantitative PCR (qPCR) using the
FastStart Essential DNA Green Master mix on
a LightCycler 96 system (Roche Holding AG,
Basel, Switzerland). Gene specific primers (Table
1) for the nuclear encoded ACT1 (yeast) and PK-
LR (human) genes and mitochondrial encoded
COX1 (yeast) and MT-CYB (human) genes were
purchased from Integrated DNA Technologies
(IDT, Coralville, IA) using previously published
sequences [16,17]. Quantification of gene target
was made against a 5-point series of tenfold serial
dilutions of gene-specific DNA standard; the
values are reported as the ratio of mtDNA copies
per nDNA copies.

Table 1. Primers used for gPCR.
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Sulforhadamine B assay

To measure acute doxorubicin toxicity and
growth inhibition, MCF-7 cells were plated at
5,000 cells per well in 96 well plates and allowed
to attach overnight in their normal growth media.
The next day, media was replaced with normal
growth media control or media supplemented
with 24 or 240 nanomolar doxorubicin. Cells
were incubated for 72 hours. Cell abundance
and condition was assessed qualitatively by
microscope. Cell mass was then quantitatively
determined by a modification of the method
described in [18]. Non-adherent cells were
removed by washing with cold PBS. The remain-
ing cells were fixed in 10% trichloroacetic acid
and dried on the bottom of the 96 well plate.
Cellular protein was then stained with 0.4% sul-
forhodamine B (SRB) in 1% acetic acid followed
by repeated washing in 1% acetic acid to remove
excess stain. After drying, SRB was suspended in
10 mM Tris. SRB staining was measured on
a SpectraMax plate reader by subtracting absor-
bance at 690 nm from absorbance at 565 nm.

Oxygen consumption measurement

Doxorubicin exposure — Yeast maintained at log
phase in either YPD or YPG media were diluted
to 2 x 107 cells/ml and exposed to doxorubicin at
0, 25, 50 and 100 mM for 12 hours. After expo-
sure, the  yeast counted  using
a hemocytometer, diluted to 2 x 107 cells per ml
for YPG cultures or 4 x 107 cells per ml for YPD
cultures in respiration assay medium (Kreb’s
Henselite buffer + either 2% glucose or 3% gly-
cerol), and 1 ml aliquots were distributed into
1.5 ml microcentrifuge tubes. The cells were pel-
leted by centrifugation at 10 000x g for 5 minutes
and the supernatant discarded. The pellets were
held on ice until measuring respiration.

were

Gene Symbol NCBI Gene ID Forward primer Reverse primer

ACT1 (Yeast nDNA) 850,504 GTATGTGTAAAGCCGG G CATGATACCTTGGTGTCTTGG
COX1 (Yeast mtDNA) 854,598 CTACAGATACAGCATTTCCAAGA GTGCCTGAATAGATGATAATGGT
PKLR (human nDNA) 5313 GTCGATCCAGGAGAACATATCAT CTCCTAG CACCCTCA C

MT-CYB (human mtDNA) 4519

TGATATTTCCTATTCGCCTACACA

TGTTGTTTGGATATATGGAGGATG
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Respiration  measurement - Basal and
uncoupled  (Carbonyl  cyanide-p-trifluoro-
methoxyphenylhydrazone or FCCP) oxygen
consumption rates were measured using an
Oxytherm System with Clark-type oxygen elec-
trode and digital data acquisition (Hansatech,
Pentney, UK). Sample pellets were resuspended
in 1 ml respiration buffer in, incubated in 30°C
water bath for 10 minutes then transferred to
the Oxytherm sample chamber. Oxygen con-
sumption rate was measured with constant stir-
ring at 30°C with the system calibrated to air
saturated water adjusted for local barometric
pressure. Basal respiration rate was taken from
the first two minutes of stable oxygen con-
sumption. FCCP was added in 5 mM incre-
ments until the respiration rate reached
maximum and began to decline. The maximum
rate prior to the decrease was taken as the
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Statistics

Pairwise comparisons were evaluated using
unpaired Student T tests in Microsoft Excel.
Multiple comparisons were performed using
ANOVA followed by Tukey Honest Significant
Differences post hoc testing using JMP software.

Results

Doxorubicin decreases proliferation, alters cell
cycle distribution and decreases viability

Changes in cell density for glucose cultures with
and without doxorubicin are shown in Figure la.
Cell proliferation slows but does not completely
stop under these conditions. Cell cycle

Budding Changes in BY4741 Yeast exposed to 100 uM
Doxorubicin for 6 Hours
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Figure 1. Changes in proliferation, cell cycle, and survival in BY4741 with increased mitochondria DNA exposed to doxorubicin — BY4741
yeast were grown in either YPD or YPG media to induce mitochondrial proliferation prior to exposure to 100 pM doxorubicin. Error bars
represent 1 SD. Points marked with the same letter are not significantly different (Tukey’s HSD p < 0.05; N = 3). A) Doxorubicin induced
growth arrest in BY4741 yeast grown in glycerol (increased mitochondrial DNA) is significantly greater than BY4741 grown in glucose at 3
and 6 hours exposure B) Changes in budding pattern, an indication of cell-cycle progression, are significantly altered in YPD grown yeast at
six hours of exposure to doxorubicin while YPG grown yeast have minimal changes in budding pattern. This correlates with the overall
arrest in growth in yeast with abundant mitochondria. Same color bars (bud type) with the same letter are not significantly different
between media and time point groups (Tukey’s HSD p < 0.05; n = 3). C) Plating efficiency, a measure of survival or sensitivity after exposure
to 100 pM doxorubicin, is significantly lower in BY4741 yeast grow YPG than YPD media.



distribution, as determined by budding pattern,
also changes with doxorubicin. The proportion of
cells with no buds or small buds corresponding to
GI and early S phase decreases while the propor-
tion of cells with large or multiple buds increases
over time with doxorubicin (Figure 1b). These
changes in budding pattern are consistent with
G2 cell cycle arrest observed following exposure
to a variety of DNA damaging agents and are
similar to topoisomerase top2 mutants at nonper-
missive temperatures [19]. Viability, as determined
by plating efficiency, modestly decreases over time
(Figure 1c) even as cell numbers increase over
time.

Mitochondrial DNA copy number increases
during doxorubicin exposure

Defects in several genes encoding mitochondrial
proteins lead to altered doxorubicin sensitivity and
metabolic flux through central metabolic pathways
change following doxorubicin exposure [10], sug-
gesting mitochondria play a key role in the
response to doxorubicin. Changes in mitochon-
drial DNA (mtDNA) were examined to further
explore this role. Doxorubicin treatment leads to
an increase in mtDNA irrespective of whether cells
are grown by fermentation in YPD (glucose)
media or primarily by respiration in YPG (gly-
cerol) media (Figure 2). mtDNA increases during

mtDNA Copy Number 6 Hour Dose Response in Mutant
Yeast Strains; n=3
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doxorubicin exposure in mutants deficient in TCA
cycle activities citrate synthase (citI) and aconitase
(acol). The expansion of mtDNA was less robust
in mutants lacking the two forms of mitochondrial
NADH oxidase (ndel and ndil). Mrell plays
a central role in DNA damage repair and mrell
mutants have elevated rates of DNA damage and
mutation [20]. mrell mutants have high mtDNA
content that is further increased during doxorubi-
cin exposure, consistent with elevated mtDNA
content being a common response to DNA
damage regardless the cause. The observation of
increasing mitochondrial DNA copy number dur-
ing doxorubicin exposure is consistent with an
important role for mitochondria in doxorubicin
response and complements data showing
enhanced doxorubicin sensitivity in strains har-
boring mutations in genes with mitochondrial
function.

Both increased and decreased mitochondrial
function during doxorubicin exposure enhances
arrest and toxicity

Cultures of S. cerevisiae exposed to doxorubicin in
YPG (glycerol) medium respond with an abrupt
cessation of cell proliferation (Figure la); prolif-
eration halts before cells complete one cell cycle.
Cell cycle distribution changes very little upon
doxorubicin exposure in respiring cells (Figure

mtDNA Copy Number 6 Hour Dose Response in Mutant
Yeast Strains; n=3
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Figure 2. Mitochondrial DNA Copy number in Mutant Yeast strains — A) Parental strain yeast (BY4741), and mutants deficient in DNA
repair (MRE11) and ETC complex 1 (NDI1) function were grown in YPD media with Doxorubicin from 0 to 100 uM for 6 hours; n = 3.
BY4741 yeast, cultured in YPG media were included as a positive control for increased mitochondrial abundance. Doxorubicin caused
a significant increase in mtDNA content in BY4741 in YPD and YPG and MRE11 mutants; NDE1 mutants blocked this effect. While
MRE11 and 4741 YPG yeast have greater mitochondrial DNA abundance than parental, the magnitude of increase upon exposure to
doxorubicin is not different between individual strains (data not shown; Dunnett’s p = 0.0014 and 0.0259, respectively) B) Additional
mutant strains deficient in TCA cycle components (ACO1, CIT1) show increased mtDNA with doxorubicin exposure, similar to
parental YPD, YPG and DNA repair deficient strains. Values are mtDNA copies (COX1) per nuclear DNA (nDNA) copies (ACT1). Error
bars are 1 standard deviation. Asterisk(*) indicate significant increase in mtDNA over 0 pM Doxorubicin for that strain; Dunnett’s
p < 0.05.
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1b). Cells in YPG medium have a significantly
lower plating efficiency compared to fermenting
cells grown in glucose containing YPD medium
after exposure to doxorubicin for 6 hours (Figure
1c). Cells growing in YPG exposed to doxorubicin
increase mitochondrial DNA copy number (Figure
2) suggesting loss of viability in respiring cell is not
immediate. These observations suggest that mito-
chondrial activity promotes both cell cycle arrest
and inhibition of cell proliferation and may con-
tribute to doxorubicin toxicity.

Cells mutant for mitochondrial ribosome gene
mrpl6 lack mitochondrial DNA [21] and mito-
chondrial function and are unable to grow in
YPG medium. mrpl6 mutants growing in YPD
respond to doxorubicin with an abrupt arrest in
cell proliferation (Figure 3a) with little change in
cell cycle redistribution (Figure 3b), similarly to
wild-type yeast in YPG media (Figure 1b). mrpl6
mutants are more sensitive to doxorubicin than
their parental strain [8], with a trend toward
decreased plating efficiency under these conditions
(Figure  3c). These observations  suggest

Relative Cell Concentration in Yeast exposed to 100 uM
Dox Over Time
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mitochondrial activity promotes proliferation and
cell cycle redistribution during doxorubicin expo-
sure. Furthermore, mitochondrial activity may
reduce doxorubicin toxicity.

The YPG and mrpl6 findings underscore the
importance of mitochondrial function in response
to doxorubicin. However, these findings present
an apparent paradox. The YPG data suggest robust
mitochondrial activity halts progression and
decreases cell survival while mrpl6 data suggests
mitochondrial function promotes progression and
survival. Determining the role of distinct mito-
chondrial functions in doxorubicin response may
resolve this paradox.

TCA cycle and electron transport activities
influence doxorubicin response

Mitochondria perform a variety of anabolic and cata-
bolic functions. Genome-wide expression and mutant
analyses demonstrate that both TCA cycle and elec-
tron transport play significant roles in doxorubicin
response. Therefore, cell proliferation and survival in

Budding Changes in Yeast exposed to 100 uM Dox; n=3
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Figure 3. Changes in growth, cell cycle, and survival/sensitivty in mitochondria deficient MRPL6 yeast exposed to doxorubicin -
BY4741 and the mitochondria deficient mutant mrpl6 were grown in glucose and exposed to 100 uM doxorubicin for up to 12 hours.
A) Doxorubicin induced growth arrest in mrpl6 yeast is significantly greater than BY4741 (p-values are two-tailed Student’s T-test at
each time point; n = 3). B) Budding pattern is significantly altered in BY4741 yeast at 12 hours of exposure to doxorubicin while
mrpl6 yeast are not significantly changed from zero hour. Same color bars (bud type) with the same letter are not significantly
different between yeast strain and time point groups (Tukey’s HSD p < 0.05; n = 3). C) Plating efficiency, after exposure to 100 uM
doxorubicin, is not significantly lower in MRPL6 than in BY4741 yeast with Tukey’s HSD comparing between all samples.



response to doxorubicin for mutants in TCA and
electron transport activities were examined.

Aconitase (Acol) participates in the TCA cycle
and acol mutants are sensitive to doxorubicin [9].
acol mutants exposed to doxorubicin in YPD
arrest more promptly than parental cells (Figure
4a) and show a lower proportion of multi-budded
cells (Figure 4b), also consistent with less prolif-
eration and cell cycle progression during doxoru-
bicin exposure. Under these conditions, acol
mutation had little effect on cell viability following
doxorubicin (Figure 4c).

Complex I of the electron transport chain has
two forms in S. cerevisiae, each encoded by
a single gene. One form of complex I has
a mitochondrial matrix facing NADH binding
site.  (Ndil) while the other form has
a cytoplasmic NADH binding site (Ndel). ndil
mutants exposed to doxorubicin, like acol

Relative Cell Density in Yeast Strains Exposed to 100 uM
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mutants, arrest more promptly (Figure 4a) and
with less cell cycle progression (Figure 4b) than
parental cultures, but they are not significantly
more sensitive to doxorubicin than parental cells
(Figure 4c).

Uncoupling electron transport from oxidative
phosphorylation facilitates cell cycle progression
and proliferation during doxorubicin exposure

The acol findings and our previous studies with
citl [12] suggest TCA cycle activity contributes to
cell proliferation and cell cycle progression in the
presence of doxorubicin. ndil mutation clearly
decreases electron transport activity. However,
since Ndil activity reoxidizes NADH generated
from TCA activity, ndil mutation may also
decrease TCA activity by limiting the abundance
of NAD" available for TCA reactions. Uncoupling

Budding Changes in Yeast Exposed to 100 uM Dox; n=3
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Figure 4. Changes in proliferation, cell cycle, and survival in TCA and ETC deficient yeast exposed to doxorubicin — BY4741 and
mutant strains deficient in TCA cycle (aco7) and ETC (ndi7) components were grown in YPD and exposed to 100 pM doxorubicin for
up to 12 hours. A) Both TCA and ETC mutant strains had significantly lower cell proliferation from the parental at 12 hours of
exposure to 100 uM doxorubicin (Tukey's HSD P < 0.05; N = 3). B) There were significant alterations in budding pattern from 0 hour
after 12 hours of exposure to doxorubicin in all strains. Generally, across all strains, doxorubicin caused an increase in multi-bud and
Large bud yeast and a decrease in Small bud yeast. Same color bars (bud type) with the same letter are not significantly different
between yeast (Tukey’s HSD p < 0.05; n = 3). C) There was a significant decrease in plating efficiency at 12 hours in all strains after
exposure to 100 uM doxorubicin; however, there was no significant difference between strains at any time point. Bars with the same

letter are not significantly different (Tukey’s HSD p < 0.05; n = 3).
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agents such as dinitrophenol (DNP) dissociate
electron transport from proton gradient formation
such that NADH is rapidly oxidized to NAD™ but
ATP production is compromised. Therefore, DNP
provides a means to interfere with electron trans-
port functions while maintaining TCA cycle activ-
ity. Accordingly, we next examined the effect of
DNP on doxorubicin response.

BY4741 (parental strain) cultures in YPD were
treated with DNP, doxorubicin, both or neither. Cell
proliferation was minimally affected by 0.2 mM DNP.
Doxorubicin alone significantly slowed proliferation

Proliferation in 4741 Yeast Exposed to Doxorubicin in the
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(Figure 5a) with altered cell cycle progression (Figure
5b) as described above (Figure 1.) DNP partially
mitigated proliferation arrest induced by doxorubi-
cin, with significantly more cells proliferating
between 6 and 12 hours in doxorubicin with DNP
compared to doxorubicin alone. Likewise, cultures
treated with both doxorubicin and DNP produced
more cells with small buds and multiple buds com-
pared to doxorubicin only, consistent with more cells
being engaged in advancing through the cell cycle and
dividing. Under these conditions, plating efficiency
was minimally affected by doxorubicin or DNP.

Budding Changes in BY4741 Yeast Exposed to Doxorubicin in the
Presence of DNP; N=3

= multi bud

100 Dox |

OHour | 12Hour

Figure 5. Changes in proliferation, cell cycle, and survival in BY4741 yeast in the presence of DNP during exposure to doxorubicin —
BY4741 yeast were grown in YPD and exposed to 0 or 100 uM doxorubicin and either 0, or 0.2 mM DNP for up to 12 hours. Cell
density was measured by counting on a hemocytometer at 0, 6, and 12 hours. A) Values at each time point with the same letter are
not significantly different (Tukey’s HSD p < 0.05; n = 3). In the presence of 100 pM doxorubicin (dotted lines), 0.2 mM DNP caused
a significant reduction in dox induced growth arrest at 12 hours. B) Budding patterns at 12 hours exposure showed significant
increases in Large and No-bud yeast in the absence of doxorubicin with or without 0.2 mM DNP (Tukey’s HSD P < 005; N = 3) and
a nominal decrease in multi-bud yeast. In the presence of doxorubicin, 0.2 mM DNP showed the significantly lower increase in multi-
bud yeast at 12 hours with a concomitant increase in small-bud populations. Same color bars (bud type) with the same letter are not
significantly different between yeast strain and time point groups (Tukey’s HSD p < 0.05; n = 3). C) 100 uM Doxorubicin did not
cause a significant decrease in plating efficiency (survival) at 12 hours exposure. There was significant difference between groups at
12 hours (ANOVA p < 0.0478); however, no differences were identified after correcting for multiple comparisons (Tukey's p > 0.5).
Bars with the same letter are not significantly different from other exposures at the same time point (Tukey’s HSD, p < 0.05; n = 3).



Doxorubicin does not induce oxygen
consumption

Mitochondrial DNA copy number increases in
response to doxorubicin and both TCA and ETC
appear to participate in doxorubicin response. We
next sought to determine if mitochondrial respira-
tion measured by oxygen consumption increased
in response to doxorubicin treatment. Cultures of
YPD and YPG grown cells were collected and
divided into two cultures, doxorubicin and con-
trol, one of which was exposed to doxorubicin, the
other continued growth without drug. Treated and
control cells were collected and oxygen uptake
measured using an oxygen electrode. The rate of
oxygen uptake was also measured after addition of
the uncoupler FCCP to determine overall maxi-
mum oxygen uptake capacity. Oxygen uptake in
YPD grown cells was low but increased with the
addition of FCCP (Figure 6). Treatment with dox-
orubicin did not increase oxygen consumption at
either 6 or 12 hours. The amount of uncoupled
oxygen uptake at 12 hours was lower than at
6 hours, consistent with mitochondrial damage
or cytotoxicity. YPG grown cells consumed signif-
icantly greater amounts of oxygen as expected, but
doxorubicin did not increase oxygen consumption.
Interestingly, FCCP stimulated increased oxygen
consumption in YPG grown cells exposed to dox-
orubicin even after 12 hours when plating effi-
ciency was quite low, suggesting doxorubicin may
cause some mitochondrial damage and loss of
viability but not immediate death at this time
point.

Respiration in YPD cultured BY4741 Yeast
exposed to 100 uM Doxorubicin for 6 hours
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Mitochondrial DNA increases in breast cancer
cells in response to doxorubicin

Central metabolic pathways, DNA damage
response pathways and regulation of cell cycle
progression are conserved in eukaryotic cells
from yeast to humans; the corruption of these
pathways is central to the pathology of cancer.
To test whether the metabolic response to doxor-
ubicin observed in yeast is also conserved, we
measured the mtDNA copy number in human
cancer cells. MCF-7 cells, a human breast cancer
cell line modeling the luminal A intrinsic subtype
[15,22], were treated with 24 nM doxorubicin for
72 hours. This dose and treatment time are not
acutely toxic and produces a small but significant
decrease in total cell mass (Figure 7a).
Doxorubicin treated MCEF-7 breast cancer cells
had a significantly increased mtDNA copy number
(Figure 7b), akin to the response in yeast (Figure
2). These data indicate that metabolic accommo-
dation to the damage caused by doxorubicin is
a feature of human cancer cells that may be
exploited to improve clinical care.

Discussion

Actively growing and dividing cells subjected to
DNA damage must halt cell division in order to
survive. Failure to arrest cell division and conduct
repair leads to passing along fragmented, mutated
and inviable DNA leading to death of daughter
and/or mother cells. Failure to arrest after

Respiration in YPD and YPG cultured BY4741
Yeast exposed to 100 uM Doxorubicin for 12
|

hours YPD

YPG

2.0

15 I

P=0.009

P=0401J

OuMDox | 100uM Dox | OuMDox | 100 uM Dox

02 nmoles/min/1e6 cells

‘ Basal ‘ FCccp ‘

Figure 6. Respiration in BY4741 Yeast exposed to 100 uM doxorubicin for 6 and 12 hours — Yeast were cultured in either YPD (6 and
12 hours) or YPG (12 hours only) media and exposed to 100 uM Doxorubicin. Oxygen consumption was measured with a Clark type
oxygen electrode. A) There was no significant difference in either basal or uncoupled (FCCP) respiration rates between control and
doxorubicin-exposed cells (ANOVA P > 0.05; N = 3) cultured in YPD. B) Doxorubicin caused a significant decrease in both Basal and
uncoupled respiration in YPD cultured yeast. In YPG cultured yeast, doxorubicin caused a nominal decrease in basal and a significant
decrease in uncoupled respiration. P-values are for Dunnett’s post-hoc between doxorubicin treated and control; N = 3.
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Figure 7. Human breast cancer cells exposed to doxorubicin have increased mitochondrial DNA copy number. A) MCF-7 cells were
plated in 96 well plates and allowed to attach overnight, then treated for three days with 0, 24 or 240 nm doxorubicin. Cell mass was
then determined by sulforhodamine B (SRB) staining. The average SRB absorbance is shown; error bars indicate one standard
deviation (n = 8). Letters summarize the results of ANOVA with Tukey post hoc testing; conditions with the same letters are not
significantly different. B) MCF-7 cells were plated at low density, allowed to attach overnight, then treated + 24 nm doxorubicin in
complete growth media. Three days later, cells were harvested and mitochondrial DNA copy number determined by gPCR
amplification of cytochrome B (CB) and the liver isoform of pyruvate kinase (PK). The average fold change in the ratio of CB to
PK is shown; error bars indicate one standard deviation (n = 3). The p value is from a two tailed unpaired Student t-test.

exposure to DNA damaging agents such as doxor-
ubicin can lead to death by mitotic catastrophe
[23]. Slowing or halting proliferation requires
a global decrease in synthesis of many cellular
macromolecules. Clearly, DNA synthesis must
slow, but synthesis of cell membranes, organelles
and structural proteins must slow as well and in
a coordinated manner. S. cerevisiae has served as
a model system to understand how DNA damage
is detected, how signals are transduced through
the cell and how DNA replication slows (reviewed
in [24]). Much less is known about how global
changes in anabolic metabolism are coordinated
to optimize arrest and survival in response to
DNA damage.

S. cerevisiae grow in glucose media through
glycolysis and fermentation. Glycolysis serves to
produce not only ATP but also biosynthetic sub-
strates. For example, cells growing by glycolytic
fermentation produce serine from the glycolytic
intermediate 3-phospho-D-glycerate. DNA
damage results in a significant decrease in the
rate of glycolysis and activity of glycolytic enzymes
[10,25]. Cell cycle arrest following DNA damage
requires a substantial decrease in synthesis of cell
components. However, DNA damage also requires
increased synthesis of specialized proteins,
enzymes, nucleotides and other products necessary
to carry out repair. Yeast exposed to the alkylating
agent methyl methanesulfonate (MMS) and dox-
orubicin respond with a transient increase in

mitochondrial activity [10,11,25]. Indeed, response
to replication stress from a variety of sources pro-
motes mitochondrial  proliferation  [16,26].
Decreased glycolysis and increased mitochondrial
activity may be a consequence of global changes in
chromatin structure [27]. Data provided in this
work and that of others [10,11] suggest mitochon-
drial proliferation is a conserved response to dox-
orubicin. The synthetic needs of DNA repair may
be met by mitochondrial sources since glycolytic
activity is significantly reduced. For example, cells
growing by respiration produce very little 3-phos-
pho-D-glycerate from glycolysis and employ other
substrates to produce serine. Respiring cells can
produce serine from glyoxylate produced in mito-
chondria from a pathway within the TCA cycle
[28]. Similar metabolic shifts occur in mammalian
cells as well, since breast cancer cells exposed to
doxorubicin also increase mitochondrial DNA
abundance (Figure 7).

Deriving biosynthetic intermediates from glyco-
Iytic or TCA cycle intermediates has significant
consequences for redox and energy production.
Both glycolysis and TCA cycle reduce NAD" to
NADH, which must be reoxidized to NAD" to
permit ongoing activity of both pathways.
Cytoplasmic NADH is oxidized by fermentation
without concomitant ATP production.
Mitochondrial NADH is oxidized mainly via com-
plex I, leading to ATP production via electron
transport and  oxidative  phosphorylation.



Therefore, producing repair substrates via mito-
chondrial pathways will produce higher levels of
ATP than from glycolytic pathways. Mitochondrial
production of repair substrates may have multiple,
significant implications on redox and energy meta-
bolism during DNA damage. One possible effect
of increased ATP production could be decreased
activity of pathways for which ATP serves as an
allosteric inhibitor, such as the TCA cycle. The
shift from glycolysis to mitochondrial sources of
biosynthesis may provide a downshift in TCA
cycle activity followed by ultimate arrest of biosyn-
thetic activity. This downshift would allow pro-
duction of repair intermediates even when overall
proliferative synthesis has ceased. The findings of
the current work with the uncoupler DNP are
consistent with this model. When TCA cycle activ-
ity proceeds without linkage to ATP production,
proliferation and cell cycle progression proceeds,
albeit at a slow rate.

The metabolic requirements and responses result-
ing from DNA damage are critically important to
understand. Metabolic alterations and derangements
are perhaps the most universal, consistent and ther-
apeutically under-utilized feature of cancer. Many
metabolic changes are associated with a malignant
phenotype. Perhaps the most consistent feature is
a separation or disconnect between NADH produc-
tion and ATP synthesis. Major examples of this altera-
tion include the strong proclivity of cancer cells to
grow by glycolytic metabolism [29] with fermentative
reoxidation of NADH to NAD". This affords produc-
tion of biosynthetic intermediates without producing
the allosteric inhibitor ATP. Mitochondrial alterations
including oxidative phosphorylation uncouplers or
electron leakage from electron transport to produce
ROS instead of ATP are other examples for cancer
recycling NADH to NAD" to allow synthetic path-
ways to progress while minimizing ATP production.

If cancer metabolism minimizes ATP produc-
tion, it also reduces the ability of cancer cells to
optimally arrest during exposure to DNA dama-
ging agents. Suppressing ATP production may be
an important explanation for how DNA damaging
agents are preferentially toxic to cancer cells.
Suppressing ATP synthesis may be responsible
for mitotic catastrophe and may contribute to the
combined toxicity of mitotic poisons with DNA
damaging agents. For example, doxorubicin is
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frequently paired with etoposide in lymphoma
treatment. The data presented here provide
a mechanistic rationale to further manipulate
mitochondrial metabolism to enhance the selectiv-
ity and efficacy of cancer treatment. Enhancing
TCA synthetic capacity while minimizing ATP
production could augment selective toxicity of
doxorubicin in cancer.

The major clinical problem in the treatment of
breast cancer is disease recurrence after therapy (e.g.
in [30]). Recurrence of cancer at the primary site or by
metastases months or years after treatment with che-
motherapy is the result of cells that survive che-
motherapy, either by being exposed to a lower dose
or by compensating for the damage. The treatment

regimen shown in Figure 7 shows that at
a doxorubicin dose that is tolerated by MCF-7 cells,
mtDNA increases. This may then represent

a response of cancer cells that allows them to evade
toxicity and increase their metastatic potential [31,32].
Blocking the mitochondrial response to doxorubicin
with uncouplers or electron transport-chain inhibi-
tors could increase the therapeutic index of doxoru-
bicin and decrease the fraction of cells that survive
chemotherapy.

Previous studies screening for doxorubicin sen-
sitive mutants typically use a lower concentration
of doxorubicin (for example, 20 micromolar in
[8]) and compare total growth after 3 days. This
type of screen identifies mutants experiencing both
greater growth inhibition as well as greater toxi-
city. The data presented here using a higher dox-
orubicin concentration over shorter period of time
examine both growth inhibition and viability sepa-
rately and independently. Under the conditions
reported here, growth inhibition appears to
a more prominent than outright loss of viability.

In summary, mitochondria influence arrest and
survival in response to doxorubicin. Different mito-
chondrial pathways contribute to cellular responses in
different ways. TCA cycle activity promotes ongoing
proliferation, cell cycle progression and possibly sur-
vival, while electron transport activity promotes arrest
and may decrease survival. These findings have rele-
vance to cancer treatment because the pathways are
conserved in mammalian cells, mtDNA is induced in
breast cancer cells as in S. cerevisiae, and mitochon-
drial biogenesis is associated with the development of
stem cell characteristics in cancer cells [33].
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