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ABSTRACT Resistance to cancer therapy is a major obstacle in the long-term treatment of cancer. A greater
understanding of drug resistance mechanisms will ultimately lead to the development of effective therapeutic
strategies to prevent resistance from occurring. Here, we exploit the mutator phenotype of mismatch repair
defective yeast cells combined with whole genome sequencing to identify drug resistance mutations in key
pathways involved in the development of chemoresistance. The utility of this approach was demonstrated via
the identification of the known CANT and TOPT resistance targets for two compounds, canavanine and
camptothecin, respectively. We have also experimentally validated the plasma membrane transporter HNM1
as the primary drug resistance target of mechlorethamine. Furthermore, the sequencing of mitoxantrone-
resistant strains identified inactivating mutations within [PT1, a gene encoding inositolphosphotransferase, an
enzyme involved in sphingolipid biosynthesis. In the case of bactobolin, a promising anticancer drug, the
endocytosis pathway was identified as the drug resistance target responsible for conferring resistance. Finally,
we show that that rapamycin, an mTOR inhibitor previously shown to alter the fitness of the iptT mutant, can
effectively prevent the formation of mitoxantrone resistance. The rapid and robust nature of these techniques,
using Saccharomyces cerevisiae as a model organism, should accelerate the identification of drug resistance
targets and guide the development of novel therapeutic combination strategies to prevent the development of
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chemoresistance in various cancers.

As the global burden of cancer increases, chemoresistance continues
to obstruct progress in the long-term control of this disease (Gatti and
Zunino 2005). Although chemotherapy is often effective in the short-
term, it frequently serves as a potent selective pressure for the pro-
liferation of preexisting resistant variants (Cunningham et al. 2011).
Furthermore, the heterogeneous nature of most cancers results in an
increase in the diversity of resistant phenotypes, thereby increasing the
likelihood of therapeutic failure (Nowell 1976). Clinical studies show
that most patients will experience a drug resistance-associated relapse
within the first few years of initial treatment, resulting in the emergence
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of an even more aggressive cancer phenotype that is more likely to
spread, leading to poor clinical outcomes and survival rates (Agarwal
and Kaye 2003; Aguirre-Ghiso 2007; Baniel et al. 1995; Engelman and
Settleman 2008). Therefore, the identification of drug resistance targets
in vivo represents an important challenge of significant current interest.
Likewise, understanding the genetic basis of chemoresistance can have
a direct impact on the development of novel combination therapies.

Previous efforts toward the identification of genes that confer re-
sistance to anticancer drugs have focused on the use of genome-wide
screens in Saccharomyces cerevisiae, a model eukaryotic organism with
considerable homology to the human system (Aouida et al. 2004; Burger
et al. 2000; Furuchi ef al. 2004; Huang ef al. 2005; Schenk et al. 2003; Wu
et al. 2004). However, these approaches that rely on high-throughput
screening methodologies primarily utilizing the yeast deletion collection
or plasmid-based genomic libraries are limited in terms of the con-
strained range of genetic perturbations explored and the ability to rig-
orously validate the findings .

In an effort to address these challenges, we developed a rapid and
systematic method that exploits the mutator phenotype of mismatch
repair defective yeast cells combined with whole genome sequencing to
identify mutations that confer resistance to anticancer drugs. Because
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loss of mismatch repair can increase the mutation rate by a factor of 104,
the significant increase in the genetic heterogeneity of the cell popula-
tion facilitates the selection of drug-resistant variants (Kunkel and Erie
2005; Schofield and Hsieh 2003). The mutation spectrum of mismatch
repair defective cells is such that most events are likely to be easily
validated inactivating frameshifts within repeat regions (Lang et al.
2013; Surtees et al. 2004). Additionally, unlike the standard high-
throughput methods discussed above, our system allows for the iden-
tification of rare mutations within essential genes, thereby expanding
the range of resistance mutational events that may be identified. Finally,
the use of replicates allows for rigorous validation of the identified
resistance target.

Importantly, the experimental conditions used in our analysis are
such that the yeast metabolic state resembles rapidly proliferating cancer
cells, including increased levels of glucose uptake and fermentation
(Warburg effect) as well as changes in amino acid and nucleotide
metabolism (Tosato et al. 2012; Zimmermann et al. 2003). Addition-
ally, the acidity of the yeast medium results in a lower extracellular pH
similar to the environment of tumors (Stubbs et al. 2003; Stubbs et al.
2000).

The identification and evaluation of novel drug combinations to
overcome or prevent resistance in vivo is another major challenge in
cancer drug discovery. As such, we posit that yeast can serve as a power-
ful model organism for determining whether the pharmacological in-
hibition of drug-resistant mutant cells will prevent the development of
chemoresistance.

In this work, we describe a simple platform capable of rapidly
validating previously characterized drug resistance targets and identi-
fying novel genes and pathways responsible for conferring resistance to
clinically relevant anticancer compounds. We also provide results
demonstrating the use of yeast as a platform for the development of
combination therapeutic strategies designed to prevent the evolution of
anticancer drug resistance.

MATERIALS AND METHODS

Reagents

A total of 2697 compounds were provided by the National Institutes of
Health National Cancer Institute Developmental Therapeutics Program
(NCI/DTP) Open Chemical Repository (http://dtp.cancer.gov). The
four compound sets screened include: the “Approved Oncology Drugs
Set IV” (plates 4762-4763) which consisted of 101 compounds; the
“Diversity Set” (plates 4770-4789), which consisted of 1597 com-
pounds; the “Mechanistic Set” (plates 4742-4752), which consisted of
879 compounds; and the “Natural Products Set II” (plates 13120880
and 13120881), which consisted of 120 compounds. The clinically
relevant anticancer compounds camptothecin (NSC 94600),
mechlorethamine (NSC 762), and bactobolin (NSC 325014) were
obtained from the NCI/DTP Open Chemical Repository and
selected for further study. Mitoxantrone, rapamycin, FK-506,
and etoposide were purchased from Cayman Chemical. Canavanine
and DMSO were purchased from Sigma Aldrich. Each compound was
dissolved in DMSO.

Microbial and molecular techniques

Microbial and molecular techniques were described previously (Burke
et al. 2000). The wild-type strain MY 12377 (his3-11,15 ura3-1 leu2-3,112
RAD5 CANI hom3-10 pdr5A:kanMX erg6A:LEU2) and msh2A strain
MY12378 (his3,11,15 wura3-1 leu2-3,112 RAD5 CANI hom3-10
pdr5A:KanMX erg6A:LEU2 msh2A::URA3) are in the W303 strain
background but have the wild-type RADS5 gene.
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The erg6A pdr5A knockout strain and an erg6A pdr5A msh2A triple
knockout strains described above were grown in synthetic complete
media at 30° overnight to reach saturation. The cultures were diluted
1:200 in synthetic complete media and dispensed in a 96-well flat-
bottomed microtiter plates with wells containing either the chemical
compounds or DMSO as the control. For the NCI/DTP compound
libraries, two rounds of screening were performed. In the first round,
compounds from the Diversity, Approved Oncology Drug, and Mech-
anistic sets were screened at a final concentration of 10 WM, whereas
compounds from the Natural Product set were screened at a final
concentration of 100 wM. Five optical density readings at 600 nm were
taken over a 48-hr period using a Perkin Elmer Envision Microplate
Reader. Promising compounds were selected for a secondary screen in
which optical density readings at 600 nm were taken every 15 min over
48 hr using a BioTek Synergy 'H Microplate Reader. The growth rates
and lag phases were determined using an R-based program written by
Danielle Carpenter and modified by Matthew Cahn (Princeton, NJ).

Compounds that caused a prolonged lag phase in the mutator strain
were categorized as resistance due to selection. A prolonged lag phase is
defined as approximately two-times the lag phase of the control (DMSO)
over 24 hr. Compounds that did not affect the lag phase in the mutator
strain were categorized as resistance due to the mismatch repair defective
phenotype (Table S2). From this initial screen, resistance hits were
defined as compounds that exhibited a 2.5-fold lower ODgy, reading
in erg6A pdr5A knockout strain (WT) when compared to the msh2A
erg6A pdr5A (msh2A) (i.e., WT ODgpo/msh2A ODggo <0.4). The re-
sistance hits were rescreened using a Biotek microplate reader. In this
case, selection resistance hits were defined as compounds that exhibited
a prolonged lag phase phenotype in m15h2A erg6A pdr5A cells (=24 hr),
and condition of mismatch repair deficiency resistance hits were de-
fined as compounds that exhibited a “normal” lag phase phenotype
(<24 hr). In the initial NIH screen, two compounds (Celastrol and
NSC 1011) causing particularly prolonged lag phases were found (Table
S1) and two compounds were categorized as resistance due to the
mismatch repair defective phenotype (Table S2).

A second screen was conducted to determine whether more clinically
relevant compounds would also cause a prolonged lag phase phenotype
at a higher dose. The Approved Oncology Drugs Set IV and the Natural
Products Set IT compounds were rescreened using the higher-resolution
Biotek microplate reader. The metrics for selecting the compounds
were as described above. Three compounds in the second screen were
categorized as resistance due to selection (Table S1) and one compound
was categorized as resistance due to the mismatch repair defective
phenotype (Table S2).

In an effort to find more hits, a third screen was conducted with
purchased clinically relevant compounds. Dose response analyses were
conducted and the resistance phenotype was based on a qualitative
assessment of the length of the lag phase as described above. A total of 13
compounds from this screen were categorized as resistance due to
selection (Table S1). Six compounds were categorized as resistance
due to the mismatch repair defective phenotype (Table S2). The data
for all of the screens are found in the Supporting Information (File S1,
File S2, File S3, File S4, File S5, File S6).

Drug resistance discovery platform

Select molecules were chosen to be used in the drug resistance discovery
platform described in this article. Camptothecin was chosen as
a control because the mode of resistance is known in humans and
yeast. Mitoxantrone and mechlorethamine were chosen because they
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Figure 1 Examples of the effects of compounds
of interest from the small molecule screening.
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are anticancer drugs currently used in the clinic. Bactobolin was
chosen because we found that this molecule specifically inhibited the
growth of mismatch repair defective cells. Dose response experi-
ments were conducted for these compounds to determine the optimal
concentrations giving rise to resistance in the erg6A pdr5A msh2A
triple knockout strain mutator strain. The following range of con-
centrations were used: canavanine (100 pM-1 mM); camptothecin
(10 wM-100 wM); mitoxantrone (10 wWM-100 wM); mechlorethamine
(10 wM-100 pM); and bactobolin (10 wM-100 wM).

For the canavanine, camptothecin, mechlorethamine, and mitoxantrone
resistance experiments, the msh2A erg6A pdr5A strain was inoculated in
5 ml of synthetic complete medium and grown to saturation overnight
at 30°. Overnight cultures were diluted 1:200 in synthetic complete
media. The diluted msh2A erg6A pdr5A cultures were grown in the
presence of the compound at the dose of resistance in 96-well flat-
bottomed microtiter plates in a shaking incubator at 30° until satura-
tion was achieved (~72 hr). Resistance cells were diluted 1:200 in
synthetic complete media and dispensed into 96-well flat-bottomed
microtiter plates and allowed to grow without drugs in a shaking in-
cubator at 30° for 48 hr. The cultures were then diluted 1:200 in syn-
thetic complete media containing the drug in 96-well flat-bottomed
microtiter plates and optical density readings at 600 nm were taken
at 15 min intervals over a 48-hr period on a BioTek Synergy 'H Micro-
plate Reader. Six independent cultures exhibiting a normal lag phase in
the presence of drug were chosen for whole genome sequencing.

For the bactobolin resistance experiments, the msh2A erg6A pdr5A
knockout strain was streaked out on nutrient agar plates to allow for
selection of single colonies after growth for 2 d at 30°. Ninety-six
colonies were selected and each colony was added to an individual well
of a microtiter dish containing 200 .l of synthetic complete media. The
samples were grown to saturation overnight at 30°. Overnight cultures
were diluted 1:200 in synthetic complete media dispensed in a 96-well
flat-bottomed microtiter plate. The diluted 115h2A erg6A pdr5A cultures
were grown in the presence of the compound at the dose conferring
resistance in a shaking incubator at 30° for 72 hr. The remainder of the
bactobolin experiment was conducted as described above.

lllumina sequencing and analysis

Samples were prepared for sequencing by inoculating 10 pl from each of
the six independent cultures into 20 ml of synthetic complete media.
The cells were grown to saturation for 24-48 hr at 30°. Genomic DNA
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upper left of each panel of the msh2A curves.
The three rightmost panels are representative
of molecules resulting in an msh2A-specific growth
difference.

preparations from yeast were performed as previously described (Burke
et al. 2000). Yeast genomic DNA was prepared for sequencing using the
Mumina TruSeq DNA sample preparation kit with indices for multi-
plexing. Whole genome sequencing was performed at the Lewis-Sigler
Institute for Integrative Genomics Core Sequencing Facility using an
Mumina HiSequation 2000. Lanes with 9-12 samples each were used.
Single end reads of 74 bp were performed, giving an average of 66x
coverage of each genome. The sequencing data are available through
NCBI (SRA Study Accession Number SRP057759).

The sequence reads were mapped to the draft W303 genome as
described previously (Lang et al. 2013). Mutations were identified using
Freebayes version 0.8.9.a for read groups (Garrison and Marth 2012)
using parameters published previously (Lang et al. 2013). The chromo-
somal position of called mutations were processed using YeastMine
Genomic DNA Search function (Balakrishnan et al. 2012) to determine
whether the mutations fell within genes and whether the same gene was
mutated in all six isolates.

Combination therapy studies

The gene-drug homozygous knockout data for IPT1 deletion strains
were acquired from the yeast fitness database (http:/fitdb.stanford.edu/).
Seven clinically relevant compounds shown to cause fitness defects in
the IPT1 deletion strain include: bleomycin; floxuridine; mitomycin C;
camptothecin; mechlorethamine; FK-506; and rapamycin. Overnight
msh2A erg6A pdr5A cultures were diluted 1:200 in synthetic complete
media and added to 96 well plates containing 50 .M mitoxantrone in the
absence or presence of the seven compounds: bleomycin (100 nM);
mechlorethamine (100 nM); floxuridine (100 wM); mitomycin C
(100 wM); FK-506 (100 pwM); and rapamycin (1 nM). The compounds
were used at a dose that does not inhibit the growth of the erg6A pdr5A
or msh2A erg6A pdr5A cells. Cultures were grown at 30° with shaking
and optical density readings at 600 nm were taken using a Perkin Elmer
Envision Microplate Reader. Sample size for each experiment was 40.
The error calculation was the SE of proportion.

Data availability

Strains are available upon request. File S1, File S2, File S3, File 54, File S5,
and File S6 contain the raw data from all of the screens. The sequencing
data are available through National Center for Biotechnology Informa-
tion (NCBI) Sequence Read Archive (SRA) Study Accession Number
SRP057759.
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Figure 2 Verification of the resistance dis-
WT covery method using canavanine. (A) The
chemical structure of canavanine. The struc-

A B
NH, 0

HoN )\\N'OMOH g J

NH, 8 ~

ture was rendered using ChemDraw. (B)
Growth curves of ergbA pdr5A wild-type
(WT) and msh2A ergbA pdr5A (msh2A) strains

_f msh2A

CAN1 chrV:33466-31694 Time 0-48 h in the absence (No Drug) and presence of
200 uM canavanine (Can). Optical density

G>TG TG>G readings at 600 nm (ODgpo) were taken every

TG>G TG>G G>AG TG>G 15 min for 48 hr. (C) Schematic representation

*e o

of the frameshift positions within the CANT1
’ locus on chromosome V (chrV) conferring re-
sistance to canavanine. The numbers indicate

SABS - SEE: s209 the chromosomal position. The mutations all

D resulted in frameshifts at homopolymers de-
tailed in the bottom panel. (D) A table listing

Isolate Position Sequence Mutation the mutations in CAN1 conferring resistance

to canavanine. The nucleotide position for

1 chrv:32841 AGTATTTTTTGGGTAATTAT TG > T.G each mutation is shown along with the region
mutated. Because CANT is in the opposite ori-

2 chrVv:32841 AGTATTTTTTGGGTAATTAT TG > TsG entation (chrV:33466-31694) within the W303
reference genome, the sequence shown is the

3 chrV:32727 TACTGTTTTTGTATGGTTTG TG > T.G reverse complement of the reference genome

for the given interval. The insertion or deletion

4 chrv:32727 TACTGTTTTTGTATGGTTTG TsG > T,G at the homopolymeric run (highlighted in red) is
indicated for each isolate, for example, a deletion

5 chrVv:32497 CATCAAAAAAGTTGTTTTCC AG > A;,G at an A, repeat followed by a C (AAAAAAC)

6 chrv:32080 AGGCTTTTTTGCATGGTTAT TG > TsG ﬁ::ﬁoﬁew‘iilzggf?%’“f C>Af5C' whereas an
RESULTS consistent with being caused by mutational events in resistance genes.

Differences in lag phase distinguish the nature of drug
resistance in a mutator strain

To identify drugs with high susceptibility to resistance formation, we
screened compounds provided by the National Institutes of Health
National Cancer Institute Developmental Therapeutics Program (NCI/
DTP) Open Chemical Repository. Because yeast cells are often refractory
to the effects of small molecules due to the presence of multidrug
transporters (encoded by the pleiotropic drug resistance, PDR, gene
family) and the abundance of ergosterol (ERG) in the yeast plasma
membrane, an erg6A pdr5A knockout strain and an erg6A pdr5A
msh2A triple knockout strain were constructed allowing for enhanced
sensitivity to small molecules. The compounds were characterized
according to their ability to inhibit growth in the mismatch repair
proficient strain, the mismatch repair deficient strain or both. Figure 1
summarizes the results of the screening. The leftmost panel shows that
in the absence of drug (the DMSO control), there is no difference
between the two strains in terms of lag phase, growth rate, or saturation
point. The panel second from the left is representative of the 88 com-
pounds that inhibited growth, irrespective of the mismatch repair status
(sensitive). The three rightmost panels are representative of molecules
resulting in an msh2A-specific growth difference. One of the two com-
pounds causing the msh2A specific synthetic growth defect is shown in
the rightmost panel.

Two types of resistance phenotypes were distinguishable by quan-
tifying the lag phase (Figure 1). For the first resistance phenotype, the
mismatch repair defective cultures displayed no significant lag phase,
consistent with the resistance being a consequence of the mismatch
repair defect (Figure 1, middle panel). The second phenotype, charac-
terized by mismatch repair defective cultures with a long lag phase, was
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As mentioned above, mismatch repair deficient cells accumulate muta-
tions at a high rate. If a subpopulation of cells in the starting culture
encodes a mutation conferring drug resistance, these cells will eventu-
ally dominate the culture when grown in the presence of the drug.
Because only a small fraction of the cells in the starting culture carry
the drug resistance mutation, it takes a longer time to enter the expo-
nential phase, resulting in a “prolonged lag phase” phenotype, whereas
if all the cells in starting culture are resistant, then there will be no
significant lag phase. A total of 19 compounds resulted in a prolonged
lag phase phenotype (Table S2), and a total of nine compounds resulted
in a normal lag phase phenotype (Table 2).

We confirmed that the lag phase could be used to distinguish between
the types of resistance by examining the growth curves in response to two
control drugs, etoposide, associated with resistance conferred by loss of
mismatch repair activity (Aebi et al. 1997; de las Alas et al. 1997; Fedier
et al. 2001; Fink et al. 1998; Lage and Dietel 1999), and camptothecin,
whereby the resistance is caused by a mutational event in the TOPI
locus (Knab et al. 1993; Pommier 2006). The middle panel in Figure 1
shows the normal lag phase for the etoposide-treated cells compared to
the prolonged lag phase for the camptothecin treated cultures (second
from the right).

Whole genome sequencing of drug-resistant isolates is

an effective method for identifying resistance targets
Exploiting the ability of mutator strains to generate mutations conferring
resistance to anticancer drugs at a high rate, we developed a simple
platform described below for the rapid identification of genes involved in
the development of chemoresistance. We used chemically sensitive
mismatch repair null cells to allow for the rapid selection of resistant
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ture of camptothecin. The structure was ren-
dered using ChemDraw. (B) Growth curves of
ergbA pdr5A wild-type (WT) and msh2A ergéA

method using camptothecin. (A) Chemical struc-
f msh2A

Time 0-48 h pdr5A (msh2A) strains in the absence (No Drug)
TOP1 ChrXV:315387-313078 and presence of 9 wM camptothecin (Camp).
Optical density readings at 600 nm (ODyqg) were
AT>T AC>C taken every 15 min for 48 hr. (C) Schematic rep-
resentation of the frameshift positions within the
AG>G Wr TOP1 locus on chromosome XV (chrXV) confer-
AG>G CT>T AT>T ring resistance to camptothecin. The numbers in-
. . ‘ ‘ dicate the chromosomal position. The mutations
all resulted in frameshifts at homopolymers de-
315116 315083 314723 314100 tailed in the bottom panel. (D) A table |iStiﬂg the
315296 mutations in TOP1 conferring resistance to
D camptothecin. The nucleotide position for each
mutation is shown along with the region mu-
i g tated. The sequence given corresponds to the
Isolate Position Sequence Mutation strand in the W303 reference genome. Because
1 chrXv:315296 TTAAAAAAAAGAAAGGTGGC AG > A.G TOPT s in the opposite orientation
(chrXV:315387-313078) within the W303 refer-
2 chrXv:315296 TTAAAAAAAAGAAAGGTGGC AsG > A.G ence genome, the sequence shown is the reverse
complement of the reference genome for the
3 chrXv:315116 CCTAAAAAAATCAAGAAAGA AT > AT given interval. The nucleotide numbers differ
slightly from the S288C draft genome. The spe-
4 chrXv:315083 AAGGTAAAAACAACTAAAAA AsC > A,C cific insertion or deletion at the homopolymeric
run (indicated in red) is indicated in a format de-

5 chrXv:314723 GGTGGTCCCCTCAATGGAAT C,T > C;iT scribed in Figure 2.

6 chrXv:314109 TGGTGAAAAATCCGAAGATG AsT > AT

variants combined with whole genome sequencing methods to identify
the genetic alterations responsible for drug resistance. The method
involves the propagation of a drug-sensitized mutator strain in micro-
titer dish wells containing the drug of interest. Mismatch repair defective
cultures displaying resistance based on a prolonged lag phase in the
presence of the drug were then passaged through a round of exponential
growth in the absence of the drug. Finally, cells were cultured in fresh
medium in the presence of the drug and cultures that no longer had
a significant lag phase were selected for genomic DNA extraction for
whole genome sequencing. The absence of alonglag phase after relieving
the selective pressure ensures that the resistance was a consequence of
a mutational event and not caused by regulatory mechanisms. As
controls for the screening method, we examined two drugs, canavanine
and camptothecin, each with known targets of resistance.

Canavanine (Figure 2A) is a toxic analog of arginine taken into the
cells via the arginine permease encoded at the CANT locus (Broach et al.
1979; Rosenthal 1977). As mentioned above, if the CANI gene is inac-
tivated, then the yeast become resistant to canavanine (Whelan et al.
1979). At a concentration of ~200 wM, a typical mutator culture will
show a long lag phase consistent with mutational event resistance
(Figure 2B). To identify genomic changes associated with canavanine
resistance, whole genome sequencing of six independently isolated
canavanine-resistant cultures was performed. All of the isolates har-
bored frameshifts within the CANI gene (Figure 2C). The mutations
were all single base insertions or deletions within homopolymer repeats
(HPR) (Figure 2D). Although two isolates share the same frameshift
mutation in CANI, they do not share any other mutations in common,
suggesting that these inactivating events occurred independently.
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The anticancer compound camptothecin (Figure 3A) is a well-
characterized topoisomerase I inhibitor that targets the TOPI gene
(Knab et al. 1993). Consistent with a mutational event resistance phe-
notype, the camptothecin resistance is characterized by a long lag phase
(Figure 3B). As with canavanine, we identified six independent isolates
with mutations in the TOPI gene (Figure 3C). All six mutations repre-
sented frameshift mutations within homopolymer nucleotide stretches
(Figure 3D). Taken together, this method proved to be a simple and
rapid way to identify the drug resistance target for compounds when the
loss of function of a single locus confers resistance.

The Hnm1 transmembrane protein is the major

resistance target for mechlorethamine

Mechlorethamine (Figure 4A) is a frequently prescribed drug used to
treat Hodgkin lymphoma and several other cancers (Gold et al. 1970).
Mechlorethamine is an alkylating agent and inhibits DNA replication
via the formation of interstrand crosslinks (Millard et al. 1990; Rink and
Hopkins 1995). We found that the growth curves of mechlorethamine
resistance are consistent with a mutational event resistance (Figure
4B). Whole genome sequencing of mechlorethamine-resistant strains
revealed HNM]I as the primary resistance locus. HNMI encodes
a small molecule transporter that presumably allows for entry of
mechlorethamine within the cell (Li and Brendel 1993). We identified
four frameshifts within homopolymeric repeats, a nonsense mutation
generating a truncation, and a missense mutation within a transmembrane
region (Figure 4, C and D). The missense mutation was a C-to-T
substitution causing the glycine at amino acid 65 to be changed to
an arginine (G65R). G65 is located in transmembrane domain I and
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the W303 reference genome, the sequence
shown is the reverse complement of the
reference genome for the given interval.
The nucleotide numbers differ slightly from
the S288C draft genome. The mutated
nucleotides for the point mutations are
underlined. The mutated codons and homo-
polymers are indicated in red. The specific

Gly65Arg

Frameshift at HPR
Frameshift at HPR
Frameshift at HPR
Frameshift at HPR

Tyr505Stop

substitution of the arginine results in the introduction of a positive
charge likely to destabilize the hydrophobic transmembrane domain.
Taken together, our assay provides direct evidence that loss of func-
tion of HNM is the major drug-resistant target for mechlorethamine.

Mutations in genes in the endocytosis pathway confer
resistance to bactobolin

Bactobolin (Figure 5A), an anticancer compound with protein synthe-
sis inhibitory activity, has demonstrated in vitro cytotoxicity against the
human melanoma cell line B16 and has also prolonged the survival
time of mice with leukemia L-1210 (Ishizuka et al. 1980; Kawada et al.
1999). Therefore, the potent anticancer activity of bactobolin necessi-
tates further investigation into possible modes of resistance, allowing
for the design of bactobolin-based combination therapies. As with the
other compounds used in this analysis, the resistance profile for bactobolin
is consistent with a mutational event (Figure 5B). The results from the
bactobolin resistance experiments failed to reveal a single resistance
locus; however, a gene ontology analysis showed there was a significant
enrichment of genes involved in endocytosis. Each isolate contained an
inactivating mutation within a gene in the endocytosis pathway; five
were frameshift events and one destroyed a splice donor consensus
sequence (Figure 5, C and D). Taken together, the results suggest that
the endocytosis pathway is important for the entry of bactobolin into the
cells. Furthermore, the results show that a pathway is also easily iden-
tified by using this simple platform.
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insertion or deletion at the homopolymeric
run is indicated in a format described in
Figure 2.

IPT1, a gene implicated in sphingolipid biosynthesis, is
the major resistance target for cells treated

with mitoxantrone

Mitoxantrone (Figure 6A) is a commonly prescribed drug used to treat
a wide variety of cancers and autoimmune diseases (Hande 1998).
Mitoxantrone inhibits rapidly dividing cells by targeting topoisomerase
IT during DNA synthesis (Bellosillo et al. 1998; Fox and Smith 1990).
The mitoxantrone resistance phenotype is consistent with a mutational
event resistance (Figure 6B). We identified the mutations within six
isolates and found that the IPT1 gene is the major target for mitoxantrone
resistance (Figure 6C). All of the isolates had frameshift mutations at
homopolymeric repeats within the IPT1 gene (Figure 6D). IPT1 encodes
an inositolphosphotransferase involved in synthesis of mannose-(inositol-
phosphate),-ceramide, with the most abundant sphingolipid in yeast
(Dickson et al. 1997). These data suggest that entry of mitoxantrone
may depend on lipid rafts or essential transporters within lipid rafts.
Interestingly, in human cell lines, mitoxantrone resistance has been
linked to differences in plasma membrane permeability (Breuzard
et al. 2005).

Combination therapeutic approaches are capable of
blocking resistance formation

The development of simple and rapid methods for developing effective
combination therapies designed to prevent the emergence of drug-
resistant variants remains a tremendous challenge in cancer research.
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Our approach to overcoming this challenge involves the use of the yeast
fitness database (FitDB), which is a genome-wide collection of fitness
profiles for ~4800 single gene yeast deletion strains in response to
400 small molecules and a wide variety of different growth conditions
(Hillenmeyer et al. 2010; Hillenmeyer et al. 2008). To narrow the list of
clinically used drugs capable of targeting and inhibiting the growth of
mitoxantrone-resistant cells, we searched the fitness database for drugs
that can cause a fitness defect in cells carrying IPT1 null mutations,
which results in mitoxantrone resistance. The compounds selected for
this study include bleomycin, floxuridine, mitomycin C, camptothecin,
mechlorethamine, FK-506, and rapamycin. The compounds used in
combination with mitoxantrone do not have any obvious phenotype
when administered singly to the m1sh2 erg6 pdr5 strain at the low doses
used for the combinations. Although all compounds were able to in-
hibit the development of resistance (Table 1), the combination of
mitoxantrone and a TOR inhibitor (rapamycin and FK-506) appear
to be the most effective regimens in the prevention of mitoxantrone
resistance. This study demonstrates the utility of yeast as a tool for the
development of combination therapeutic strategies.

DISCUSSION

Summary

Chemoresistance represents a primary challenge in medical treat-
ments for conditions ranging from cystic fibrosis to cancer (Stefanko
and Wrobel 2010). Although chemoresistance continues to be a sig-
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nificant impediment to effective medical treatments, the number of
strategies designed to address resistance is limited. The ability to rapidly
identify drug resistance mechanisms would provide the information
necessary for the development of more effective treatment strategies. In
this work, we describe a simple platform that exploits the mutator
phenotype of mismatch repair defective yeast cells combined with
whole genome sequencing to identify drug resistance mutations in
key pathways involved in the development of chemoresistance. Using
a mismatch repair defective mutator strain allows for a spectrum of
inactivating mutations, including frameshift, nonsense, missense, and
splice-site mutations in drug resistance candidate genes. In this work
we also outline a method that rapidly screens drugs that target resistant
cells to use in combination and prevent resistance formation. Using
mitoxantrone resistance as a case study, we showed that this platform
provides an efficient method for evaluating and prioritizing effective
drug combinations capable of preventing the emergence of resistant
cells from dominating a population.

Using a yeast mutator strain allows for the rapid
identification and validation of drug resistance targets
with inactivating mutations in single genes, gene
pathways, and essential genes

Prior to the completion of the yeast deletion collection, the process for
identifying resistance targets involved chemical or ultraviolet light
mutagenesis followed by the selection of drug-resistant mutants. After
identification of resistant isolates, a thorough genetic characterization of
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in a format described in Figure 2.

TG TsG

C,A CsA
C.A C:A

C,A CsA

vV V V V V

C4A (o] A

the resistance alleles was required before classical cloning methods and
linkage analysis fully verified the genetic basis of the resistance. The
methods were thorough, but laborious. The platform described in this
work allows for the rapid identification and verification of drug re-
sistance targets and is broadly applicable to any compounds resulting in
a resistance phenotype. The preponderance of frameshifts in mismatch
repair defective cells allows for a straightforward characterization of the
molecular nature of the resistance. Unlike screens using the yeast
deletion collection, this method is able to characterize rare alleles of
essential genes responsible for conferring resistance.

In this work we showed that frameshift mutations identified in CANI
and TOPI, drug resistance targets for canavanine and camptothecin,
respectively, validated the use of this platform for determining the genetic
basis of drug resistance. Identification of a variety of mutation types (non-
sense, frameshift, and missense) in the FNM transporter gene for mech-
lorethamine-resistant cells confirmed the effectiveness of this technique
for validating previous findings (Li and Brendel 1993). Additionally, we
identified a novel resistance mechanism for mitoxantrone involving
sphingolipid biosynthesis. The mitoxantrone-resistant cells all contained
frameshift mutations in the sphingolipid biosynthetic gene IPT1, suggest-
ing that the primary mechanism of resistance is reduced membrane
permeability. Although most of the resistance mechanisms involved single
gene events, we also demonstrated that pathways are readily identifiable
for certain drug resistance phenotypes; for example, bactobolin resistance
was shown to be a consequence of mutations in endocytosis genes.
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The resistance targets are likely to be similar in
mammalian cells

An important issue is the transferability of the findings to mamma-
lian cells. In the case of camptothecin, the resistance target in yeast
and humans are identical. In both cases, inactivating mutations in
topoisomerase 1 render the cell resistant to the cytotoxic effects of
camptothecin (Pommier 2006). Additionally, in yeast and humans,
mechlorethamine is taken up by the choline transporter (Doppler
et al. 1988; Lerner 1989; Li and Brendel 1993). Therefore, the mech-
anism of resistance to mechlorethamine is expected to be similar. In
the case of mitoxantrone, amphiphilic drugs like mitoxantrone or its

Table 1 Drug combinations to prevent mitoxantrone resistance

Mitoxantrone-Resistant

Drug Combination Cultures (n = 40)

Mitoxantrone + DMSO control 98 = 2%
Mitoxantrone + mechlorethamine 74 £ 7%
Mitoxantrone + floxuridine 64 * 8%
Mitoxantrone + bleomycin 28 = 7%
Mitoxantrone + camptothecin 13 = 5%
Mitoxantrone + mitomycin C 3+3%
Mitoxantrone + rapamycin 0%

Mitoxantrone + FK506 rapamycin analog 0%

Error bars reflect the standard error of proportion.
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analogs (e.g., doxorubicin) get into the cell by passive diffusion
(Veldman et al. 2004). Therefore, altering the composition of the
plasma membrane via sphingolipid biosynthesis should cause re-
sistance to amphiphilic drugs like mitoxantrone in yeast and
humans (Sietsma et al. 2001). It is of interest that in human cell
lines, mitoxantrone resistance is associated with differences in
plasma membrane permeability (Breuzard et al. 2005). Finally,
a common mechanism of resistance is the reduction of intracellu-
lar drug levels that can occur via a variety of ways including inhib-
iting endocytosis, as in the case of bactobolin (Gottesman 2002). In
summary, all of the resistance targets uncovered in this analysis
are likely to be applicable to mammalian cells.

Yeast as an organism for drug discovery for the
treatment of human diseases

Saccharomyces cerevisiae has a long history in the field of chemical
genomics (Baetz et al. 2004; Giaever et al. 1999, 2004; Hoon et al.
2008; Hughes et al. 2000; Lum et al. 2004; Parsons et al. 2004, 2006;
Pommier 2006). Its complete and well-annotated genome and highly
conserved genetic and biological pathways make it a powerful tool for
the mechanistic investigation of clinically relevant bioactive com-
pounds. For instance, rapamycin is an immunosuppressive drug with
anticancer properties (Guertin and Sabatini 2007; Vignot et al. 2005).
The target of rapamycin (TOR) proteins were originally identified via
the genetic screening of rapamycin-resistant clones in yeast (Heitman
et al. 1991; Lorenz and Heitman 1995). These proteins were later found
to be functionally conserved from yeast to humans (Cutler et al. 1999).
Likewise, the discovery of the copper transporter CTRI was first dis-
covered in yeast and was later found to be the cause of cisplatin re-
sistance in humans (Lin et al. 2002; Zhou and Gitschier 1997). As a final
example, a yeast chemical genetic screen identified splitomycin as an
inhibitor of the highly conserved Sir2 histone acetyltransferase (Bedalov
et al. 2001). Splitomycin has since been used for as a mechanistic probe
of SIRT1, the human homolog of Sir2 (Westphal et al. 2007). In sum-
mary, yeast is a powerful model organism with a proven history of
facilitating the understanding of the molecular mechanisms of drug
action and resistance that are applicable to treating human disease in
the clinic.

The use of yeast to efficiently find combination drug
therapies to prevent chemoresistance formation

in patients

Once the mechanism of resistance has been determined, combina-
tion therapies could potentially allow for the direct targeting of
resistant mechanisms. Eradication of resistant populations would
significantly reduce the commonplace problem of cancer recurrence.
The experimental convenience of Saccharomyces cerevisiae as a
model organism allows for the screening of potential drugs capable
of targeting resistance mechanisms. Our results suggest that the
combination of an anticancer drug and a drug known to reduce
the fitness of cells carrying null mutations in genes conferring re-
sistance can be an effective strategy for tackling chemoresistance.
We quantified the effectiveness of dual treatments and found that
the combination of mitoxantrone and rapamycin completely pre-
vented the emergence of mitoxantrone-resistant cells. Evidence for
the ability of TOR inhibitors to prevent and reverse chemoresistance
has been documented in human cells with mitoxantrone analogs,
doxorubicin, and daunomycin (Arceci et al. 1992; Grunwald et al. 2002;
Mondesire et al. 2004). In conclusion, this report describes a rapid
method for identifying drug resistance mutations and identifying
cotreatment strategies that prevent the selection and evolution of
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resistance phenotypes. The speed and accuracy of our approach
demonstrates the potential applications of this technique.
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