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Genomic profiling of drug sensitivities
via induced haploinsufficiency

Guri Giaever!, Daniel D. Shoemaker?, Ted W. Jones®, Hong Liang!, Elizabeth A. Winzeler!, Anna Astromoff!
& Ronald W. Davis!3

Lowering the dosage of a single gene from two copies to one copy in diploid yeast results in a heterozygote that
is sensitized to any drug that acts on the product of this gene. This haploinsufficient phenotype thereby identifies
the gene product of the heterozygous locus as the likely drug target. We exploited this finding in a genomic
approach to drug-target identification. Genome sequence information was used to generate molecularly tagged
heterozygous yeast strains that were pooled, grown competitively in drug and analysed for drug sensitivity using
high-density oligonucleotide arrays. Individual heterozygous strain analysis verified six known drug targets. Par-
allel analysis identified the known target and two hypersensitive loci in a mixed culture of 233 strains in the pres-
ence of the drug tunicamycin. Our discovery that both drug target and hypersensitive loci exhibit drug-induced
haploinsufficiency may have important consequences in pharmacogenomics and variable drug toxicity observed

in human populations.

Introduction

It is often assumed that one copy of a gene is adequate for the
normal function of diploid organisms in all but a few cases. This
assumption is based primarily on the fact that haploinsufficiency,
in which loss of function of one gene copy leads to an abnormal
phenotype, is rarely observed. In humans, for example, only a
handful of genes have been identified as haploinsufficient!. These
were identified because they resulted in developmental abnor-
malities or other severe disease. In a genome-wide analysis of
Drosophila melanogaster, 56 haploinsufficient loci (approxi-
mately 0.4% of the Drosophila coding capacity) exhibited lethal-
ity or abnormality®. These examples demonstrate that, regardless
of their frequency, haploinsufficient loci define a set of genes
whose dosage and function are critical to the organism. In this
study, we designed experiments to allow identification of hap-
loinsufficient genes in yeast in a whole-genome manner. In addi-
tion to the identification of haploinsufficient genes under
optimal growth conditions, we identified a class of genes that are
haploinsufficient only under stressed conditions. This study
focuses on the haploinsufficiency induced in the presence of a
drug that targets the gene product of the heterozygous locus. In
these experiments, the primary effect of drug is to decrease fur-
ther gene function in heterozygous strains by inhibiting the
remaining gene product, effectively widening the phenotypic
window for identification of haploinsufficient genes.

The yeast Saccharomyces cerevisiae is a model organism for the
study of haploinsufficiency due to its ease of genetic manipula-
tion and the availability of genome sequence information, which
allows for the systematic construction of heterozygous deletion
strains in any essential or nonessential gene. Although compre-
hensive genome-wide surveys of gene dosage in yeast have not
been performed, evidence that gene dosage can alter drug sensi-
tivity has been demonstrated. Specifically, increased gene dosage

(on the order of ten copies per cell) of a drug target has been
shown to increase resistance of a yeast strain to the correspond-
ing drug>*. Here, the converse is demonstrated: decreased gene
dosage of a drug target from two copies to one copy in heterozy-
gous strains results in increased sensitivity, or drug-induced hap-
loinsufficiency. Although the idea of increasing or decreasing
copy number is not new, the study of heterozygous yeast strains
with decreased copy number of a single gene has been largely
unexplored due to the lack of discernable phenotypes in most
heterozygous strains. We first performed a feasibility study to
confirm increased sensitivity in individual strains, and then used
this phenotype to screen heterozygous strains in parallel for drug
sensitivity. The success of the parallel approach using 233 strains
encourages efforts to scale to a genome-wide level.

Results

Individual heterozygous deletion strains exhibit drug-
induced haploinsufficiencies

We constructed a set of heterozygous yeast strains carrying dele-
tions in genes encoding known drug targets. The genes used in
this study, which encode essential proteins involved in diverse cel-
lular processes, include: HIS3, required for histidine biosynthesis;
ALG7, required for glycosylation; RNR2, required for deoxyri-
bonucleotide biosynthesis; TUBI and TUB2, encoding tubulin
subunits essential for cell division; and ERGI11, crucial for ergos-
terol biosynthesis (Table 1). Each heterozygous strain was grown
in the presence of sublethal concentrations of the drug that
directly targets the protein encoded by the heterozygous locus.
The growth rate of each heterozygote with respect to wild type
provides a measure of the relative fitness, or sensitivity, of a strain
in the presence of a drug. In these experiments, haploinsufficiency
is manifested as a reduced fitness of a heterozygous strain com-
pared with the wild-type strain under the same conditions.
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Table 1 ¢ Genes encoding known drug targets used in individual strain analysis

Gene Protein; protein function
HIS3 imidazoleglycerol-phosphate dehydratase;
required for histidine biosynthesis
ALG7 Asn-linked glycosyl transferase;
required for Asn-linked glycosylation
RNR2 small subunit of ribonucleotide reductase;
required for nucleotide biosynthesis
TUB1 a-tubulin structural protein;
essential component of mitotic apparatus
TUB2 B-tubulin structural protein;
essential component of mitotic apparatus
ERGT1 cytochrome P450 lanosterol 14a-demethylase;

required for biosynthesis of ergosterol

Inhibited by Haplo-
insufficiency*
3-amino-triazole?! 100 mM
tunicamycin® 0.6 uM
hydroxyurea?? 50 mM
benomyl” 85 uM
benomyl” 85 uM
fluconazole?? 40 uM

*Haploinsufficiency: concentration of drug where 0.D.55q Wild type/O.D.gqy heterozygote was greatest. Gene information obtained from the Saccharomyces

Genome Database (http://genome-www.stanford.edu/Saccharomyces).

As increased gene dosage of ALG7 is known to confer
increased resistance to tunicamycin®®, we predicted that the
decreased gene dosage in the alg7/ALG7 heterozygous strain
would confer increased sensitivity to tunicamycin. In the
absence of tunicamycin, both alg7/ALG7 and wild-type
strains grew equally well, with a generation time of approxi-
mately 2 hours (Fig. la), whereas high concentrations of
tunicamycin (2 pg/ml) prevented growth of both strains
(Fig. 1¢). At intermediate drug concentrations (0.5 pg/ml),
however, we saw a difference in growth rate between the
alg7/ALG7 strain and wild type (Fig. 1b), demonstrating that
the alg7/ALG?7 strain was more sensitive to tunicamycin than
wild type.

We also tested the effects of the microtubule-depolymeriz-
ing agent benomyl on a tub1/TUBI heterozygote strain. In the
absence of benomyl, the tubI/TUBI strain grew slower than
the wild-type strain (Fig. 2a), as previously reported’. Hence,
the level of Tublp in the heterozygote is not sufficient for
wild-type growth, and this strain is haploinsufficient for
growth in the absence of benomyl. This inherent haploinsuf-
ficiency does not affect our analysis, however, as at interme-
diate concentrations of drug (in this example 25 pg/ml
benomyl) growth of wild type is minimally affected, whereas
growth of the tub1/TUBI strain is inhibited (Fig. 2b).

We carried out similar growth rate analyses for several
other heterozygous strains using known inhibitors (Table 1).
Each experiment was tested using at least two individual
transformants, which all showed induced haploinsufficiency
in response to the appropriate drug. Furthermore, when the
his3/HIS3 heterozygote strain was transformed with a single
copy of plasmid-borne HIS3, it became more resistant to the
inhibitor 3-amino-triazole, confirming that the affected locus
is responsible for the observed phenotype (data not shown).
These results demonstrate that increasing or decreasing gene
dosage by a single gene copy results in detectable phenotypes.

Parallel identification of drug targets

The results from the individual strain study suggest that if a het-
erozygous strain exhibits increased sensitivity to a drug, then the
heterozygous gene may encode the drug target. We incorporated
this prediction into a parallel screen for the identification of
drug-sensitive strains. Mixed cultures of heterozygous deletion
strains were grown in the presence of drug. Strains that grew
more slowly with respect to wild type represented those most
sensitive to drug and indicated the possible identification of a
drug target. We tested the feasibility of this parallel approach
using strains tagged with ‘molecular bar codes’ that allow quan-
titative measurement of individual fitness when strains are
grown competitivelyS.

We analysed a pool of 12 heterozygous strains in the presence
of the drug tunicamycin, a well-characterized glycosylation
inhibitor. Each strain was uniquely tagged using a 20-base
oligonucleotide bar code, as previously described® (Fig. 3). Equal
numbers of cells from each of 12 heterozygous strains were
pooled and grown in rich medium in the presence or absence of
0.5 pg/ml tunicamycin (the concentration at which there was the
greatest fitness differential between the individual alg7/ALG7
strain and wild type). Aliquots of cells were taken from the pool
over time and genomic DNA was isolated and used as template
for PCR amplification of the oligonucleotide tags by two com-
mon primers, one incorporating a 5 fluorescent label in the
process. Subsequent hybridization of the DNA tags to a oligonu-
cleotide array, followed by laser scanning, allowed quantitative
analysis of the relative abundance of each strain in the pool. Each
position on the oligonucleotide array contains a complementary
oligonucleotide corresponding to a unique heterozygote strain,
and the fluorescence intensity at this position reflects the relative
abundance of each individual heterozygous strain.

At time zero in the 12-strain experiment, each strain was pre-
sent in equal amounts and the fluorescent signals on the oligonu-
cleotide array were of approximately equal intensity (Fig. 4). In
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the 0.5-pg/ml tunicamycin culture, the hybridization signal on
the oligonucleotide array representing the alg7/ALG7 strain was
diminished at 22 hours, and undetectable by 48 hours. All other
strains in the pool remained at equal intensity (and therefore
equal abundance) over the course of the experiment, indicating
that they were relatively unaffected by the drug. These results
demonstrated that a known drug target could be identified in a
pool of 12 heterozygous strains.

The 12-strain study was expanded using a set of 233 unique
heterozygous yeast strains constructed by a consortium of labo-
ratories (E.A.W. et al., manuscript in preparation; http://
sequence-www.stanford.edu/group/yeast_deletion_project/dele-
tions3.html) and was performed in the same manner as the 12-
strain pool experiment. The analysed data from this study are
shown (Fig. 5). Each bar in the graph reflects the sensitivity of a
heterozygous strain grown with and without 0.5 pg/ml tuni-
camycin. The greater the negative value of the bar, the greater the
rate the strain is diminishing from the pool. The greater the posi-
tive value of the bar, the greater the rate the strain is increasing in
the pool. The unlabelled positive and negative bars (Fig. 5) define
the background fluctuation in a given experiment due to natural
variation of growth rates combined with experimental noise. In
the absence of drug (Fig. 5, top), one strain (ymr242¢/YMR242C)
showed a significantly reduced growth rate and was thereby iden-
tified as haploinsufficient. YMR242C codes for a protein that has
been classified by sequence as a cytoplasmic ribosomal protein!©.
In the presence of 0.5 pg/ml tunicamycin (Fig. 5, bottom), 3 of
233 strains were significantly diminished in relative abundance in
the pool during the time period tested, therefore identifying
these strains as drug-induced haploinsufficient. These three
strains were alg7/ALG7, ymr007w/YMROO7w (both of which
diminished in the pool at a rate approximately five times that of
any other strain) and ymr266w/YMR266w (which diminished in
the pool at an intermediate rate).

To further characterize the newly identified YMRO07w and
YMR266w genes, we studied individual growth of the heterozy-
gous and homozygous strains. The heterozygous strains showed
drug-induced haploinsufficiency at growth rates consistent with
their behaviour in the pool (data not shown). Both the
ymr007w/ymr007w and the ymr266w/ymr266w homozygous
strains exhibited increased sensitivity to tunicamycin, with the
ymr007w/ymr007w strain being the more sensitive of the two.

Fig. 3 Heterozygote deletion construct. The gene transplacement cassettes
used for precise deletion of each yeast ORF were designed such that they con-
tain unique 20-base bar codes. This oligonucleotide serves as the gene-specific
(and therefore strain-specific) hybridization tag. The tag is flanked by two
common priming sites, allowing PCR amplification of any unique tag and incor-
porating a 5’-fluoroscein label in the process. The disruption cassettes contain a
kanamycin gene to allow for selection of yeast transformants by G418 resis-
tance and two 50-bp sequence at both ends homologous to upstream and
downstream sequences that flank the ORF of the target gene, allowing for
site-specific mitotic recombination2’. DNA was extracted and all tags were
amplified in a single PCR reaction using common primers. These PCR products
were then hybridized to an oligonucleotide array carrying the complement of
each tag to determine the relative abundance of each strain in the pool (Fig. 4).
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T T T T Fig. 2 Benomyl sensitivity of
tub1/TUBT. Growth of tub1/TUBT and
TUB1/TUBT wild-type strains (O.D.gq0)
as a function of time (h). a, 0 pg/ml
benomyl; b, 25 pg/ml benomyl; ¢, 50
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loinsufficiency is seen in (b), where at
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Neither strain exhibited increased sensitivity to the unrelated
drugs hygromycin B and fluconazole. A conventional halo assay
revealed extreme sensitivity to tunicamycin for ymr007w/
YMRO0O7W, but relatively little increased sensitivity for the
alg7/ALG7 and ymr266w/YMR266W strains (Fig. 6). The discrep-
ancy between the relative sensitivities of the strains in liquid cul-
ture versus growth on plates probably reflects the increased
sensitivity of the direct competitive growth in combination with
the differences in the physiological state of the cells. It should be
noted that the amount of drug used for the plate assay was 40
times that used for the liquid culture assay.

Discussion

We tested six heterozygous strains carrying deletions in known
drug targets for induced haploinsufficiency, all of which revealed
induced haploinsufficiency in the presence of a drug that targets
the gene product of the heterozygous locus. In each case, the
result was highly specific, as we saw no haploinsufficiency when
these strains were tested with other drugs. These strains define a
class of genes that exhibit induced haploinsufficiency in the
presence of a drug. Induced haploinsufficiency may also be
revealed under other general stress conditions, as well as in con-
ditions that specifically stress a particular gene product. This
suggests that a variety of environmental perturbations, when
combined with genetic lesions, will reveal previously undetected
haploinsufficiencies.

Drug-sensitivity profiling of 233 heterozygous strains in the
presence of tunicamycin identified three drug-sensitive loci: (i)
the ALG7 locus, encoding the known target of tunicamycin; (ii)
YMRO007W, encoding a 126-aa protein of unknown function; and
(iii) YMR266W, encoding a 953-aa protein with homology to the
multi-facilitator ~ superfamily!! (MFS). Because both the
ymr007w/ymr007w and ymr266w/ymr266w strains were also

wild_type copy
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drug-sensitive, these loci were ruled out as possible drug targets
because the proteins they encode are absent in these homozy-
gotes. As YMR266W shares homology with genes encoding the
MEFS family, it may encode a permease or another protein
involved in net drug export. Further genetic analysis will allow
discrimination of genes conferring sensitivity into categories that
are either directly connected to the drug target(s), or involved in
drug availability. Those genes directly connected to the drug tar-
get will aid in elucidation of the drug target pathway. The unam-
biguous identification of the known drug target in these
experiments encourages future efforts to scale to a genomic level,
which would permit screening against all 6,000+ potential drug
targets simultaneously.

In addition to identifying drug-sensitive loci, all strains that
are haploinsufficient in the absence of drug will be identified.
We identified one such strain in the 233-strain pool experiment.
This strain carries a deletion in YMR242C, which has been clas-
sified by sequence homology as a gene that codes for a cytoplas-
mic ribosomal protein. In the presence of tunicamycin, this
strain did not exhibit a slow-growth phenotype. Because the
average generation time for most of the strains in the presence of
tunicamycin was approximately two times greater than in the
absence of drug, the decreased Ymr242cp protein level may no

o oae=s=

Fig. 4 Growth of 12 heterozygous strains
in 0.5 pg/ml tunicamycin validates Alg7p
as the drug target in a pool of 12 strains.
At t=0, each strain was in equal abun-
dance and was therefore represented as
equal signal intensities on the oligonu-
cleotide array. At t=11 h the signal inten-
sity representing the alg7/ALG7 strain in
the tunicamycin pool (arrow) began to
decrease. After 48 h of drug exposure,
the strain was undetectable. A control
tagged wild-type ho/ho strain (data not
shown) remained at an abundance equal
to that of the 11 unaffected heterozy-
gotes throughout the experiment?!,

tunicamycin 0.5 pg/ml

longer be inhibitory for growth under these conditions. In gen-
eral, strains haploinsufficient in the absence of drug identify
gene products (including those that may be essential under
defined growth conditions) that may be good candidates for
drug targets, because in these strains small changes in protein
levels result in a substantial decrease in fitness.

Currently, drug discovery is largely driven by combinatorial
chemistry followed by high throughput in vitro screening of
compounds against a preselected target. This method, though
effective, requires that molecular targets be chosen a priori. An
advantage of our approach to drug-target identification is that no
prior knowledge of the target is required, and only those targets
that affect the fitness of the organism will be identified. Further-
more, because this is an in vivo assay, only drugs that enter the
cell and are not significantly metabolized are identified. Finally,
novel anti-fungal targets, as well as those targets in critical com-
mon pathways that yeast share with higher eukaryotic cells, will
be revealed.

This approach will likely identify all targets of any particu-
lar drug, toxin, or complex mixture (such as a natural prod-
uct extract) that result in haploinsufficiency, as all potential
targets are individually evaluated for increased sensitivity.
This is an advantage over a complementary in vivo approach

By
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= differences indicate estimated growth faster than
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encoded by YMR266W and YMRO0O7W as hypersensi-
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Fig. 6 Halo assays of tunicamycin-sensitive strains. An overnight culture (200
ul) was spread onto YPD plates. Tunicamycin (10 mg/ml) was spotted onto filter
paper (~1/4" in diameter) that was placed on a lawn of the four heterozygous
strains indicated. Plates were incubated at 30 °C for 3 d.

whereby targets are identified by their ability to confer resis-
tance to a strain when present at high copy>*. In this tech-
nique, a more sensitive target present at wild-type levels may
mask any resistance conferred by overexpression of an addi-
tional target. The less-sensitive target in this case would there-
fore escape detection.

This approach may also be applied to other organisms. It is not
necessary to specifically delete a gene and replace it with a molec-
ular bar code as described in these experiments. It should be pos-
sible, in principle, to introduce molecularly bar-coded
transposons that would randomly mutagenize genes by insertion
throughout the genome, although it is difficult to obtain strains
with only single hits following transposition. Location of the
insertion may then be accomplished using transposon-specific
primers'>13. Experimentally, there is also no requirement that the
DNA tag used to identify the strain be linked to the mutation.

The identification of heterozygous loci responsible for domi-
nant autosomal disorders is increasing rapidly, suggesting that
haploinsufficiency is a more prevalent contributor to disease than
previously assumed!+13. For example, heterozygosity of a regula-
tory gene may produce an array of phenotypes, the characteristics
of which might indicate the underlying pathway'®. In addition,
natural heterozygotes existing in human populations may exhibit
induced haploinsufficiency due to environmental changes or con-
ditions. This would result in counterintuitive inheritancy patterns
because a null or low-functioning gene would segregate as a reces-
sive allele for gene function but as a dominant allele for haploin-
sufficiency under stressed conditions. Furthermore, a common
‘toxin’ in the environment, or even a natural product in a food
supply, may induce haploinsufficiences. The induced haploinsuf-
ficiencies described here may help elucidate mechanisms underly-
ing heterozygous disease phenotypes'”!® as well as observed
variable drug toxicities in human populations.
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Methods

Reagents. Unless otherwise specified, all reagents were from Sigma. Flu-
conazole was the gift of . DeRisi.

Yeast strains. The yeast strain S288¢, a wild-type isolate, was used as the
parent for mutant construction in the individual growth study as well as in
the 12-strain pool experiment. A derivative of $288c, BY4743, was used as
the parent in the 233-strain pool experiment (http://sequence-www.stan-
ford.edu/group/yeast_deletion_project/deletions3.html). Culture media and
conditions were as described?.

Individual growth rate analysis. Growth rates of heterozygous deletion
strains were measured and compared with the growth rate of wild type at
varying drug concentrations. Cells were diluted from an overnight cul-
ture to an O.D.g4o of ~0.01 (~2.210° cells/ml) and allowed to grow until
the O.D.gy reached ~0.05 (~10° cells/ml; t=0), ensuring that the cells
were in logarithmic phase. Drug was then added and growth rate was
measured as the optical density of cells (O.D.g) as a function of time (h)
in rich medium!® (YPD).

Pooled growth studies. Equal numbers of cells (~5%10°) of each heterozy-
gote strain were pooled and grown in a culture (100 ml) in the presence
and absence of drug (starting O.D.(,~0.05). The doubling time in the
absence of tunicamycin was ~1.5 h, and in the presence of tunicamycin
~3.0 h. Aliquots of ~2.2x107 (~1 O.D.¢() of cells were sampled over time.
When the pooled culture reached ~3x10° cells (or an O.D.qy, of ~1.3 in
100 ml) the cultures were diluted back to 0.05 O.D.gy, (representing
~5%103 cells of each strain) as needed to maintain logarithmic growth.
Because the time course of these experiments is within 15 generations of
the pooled culture, the possibility of second-site supressor mutations
overtaking the culture is minimal. Both the 12-strain pool and the 233-
strain pool were performed twice, each time yielding similar results. In
addition, any strain appearing deficient in these experiments was verified
by growth in individual cultures.

Construction of heterozygous deletion strains. Construction of strains used
in the 12-strain pool was as described®. An explanation of the construction of
deletion strains used in the 233-strain study is available (http://sequence-
www.stanford.edu/group/yeast_deletion_project/deletions3.html). A note
of caution regarding strain genotypes: it is possible, although rare, that some
small fraction of these deletion strains carry second-site mutations resulting
from transformation.

Hybridization. Analysis was as described®.

Data analysis. Analysis of oligonucleotide array fluorescent signal data
consisted of two steps: (i) normalization of data to achieve equality of
background and maximal signals on each array; and (ii) analysis of the
decrease (or increase) of signal intensity for each tag sequence over time.
Equalization of signal strength relied on a consensus score based on the
fact that for most oligonucleotide array sites, the signal strength did not
vary between time points. The slope of a linear regression of the log of the
above-background signals from each individual molecular bar code as a
function of time identified strains that were either increasing or decreas-
ing in abundance over time.
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