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ABSTRACT
Modulating gene dose is an effective way to alter protein levels and modify phenotypes to understand
gene function. In addition, combining gene-dose alleles with chemical perturbation can provide insight
into drug—gene interactions. Here, we present a strategy that combines diverse loss-of-function alleles to
systematically modulate gene dose in Saccharomyces cerevisiae. The generated gene dosage allele set expands

the genetic toolkit for uncovering novel phenotypes.

LTERING gene dose is a well-established means to
perturb and thereby infer gene function. In yeast,
different alleles that manifest different gene doses such
as homozygous deletions (LEE et al. 2005), heterozygous
deletions (GIAEVER et al. 2002), overexpression alleles
(Sorko et al. 2006), and other conditional alleles
(MNAIMNEH et al. 2004; BEN-AROYA et al. 2008) have
been used toward this end. Altering gene dose alone is
not, however, always sufficient to induce a detectable
phenotypic change. For example, ~64% of homozygous
yeast deletion strains and 97% of heterozygote yeast
deletion strains manifest wild-type fitness in optimal
growth conditions (WINZELER et al. 1999; GIAEVER et al.
2002; DEUTSCHBAUER et al. 2005), suggesting that
additional perturbations may be required to uncover a
phenotype. This limitation can be circumvented by
combining gene-dose alleles with chemical perturba-
tion. A recent study reported that nearly all gene
deletions can exhibit a condition-dependent growth
phenotype (HILLENMEYER et al. 2008), supporting the
hypothesis that chemical perturbation combined with
genetic lesions can be a generally useful approach.

To combine gene dose and compound dose to identify
gene function one requires a set of well-annotated
compounds with known mechanisms of action. Unfortu-
nately, the protein targets of many compounds are still, in
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large part, unknown and compound selection remains a
challenge. Although several yeast genomics-based strate-
gies have been developed to identify drug targets
(STURGEON et al. 2006), each has certain limitations.
For example, haploinsufficiency profiling (HIP) repre-
sents an assay with the potential to reveal drug targets
(GIAEVER et al. 1999, 2002, 2004; BAETZ et al. 2004; Lum
et al. 2004; DoOOSTZADEH et al. 2007) but it can fail to
identify drug targets if the reduction in gene dose is
insufficient. A new pooled assay uses a collection of
Decreased Abundance by mRNA Perturbation (DAmP)
loss-of-function alleles to identify drug targets (YAN et al.
2008). “DAmPing” involves disrupting the 3’-untrans-
lated region immediately downstream of a gene’s stop
codon, resulting in the destabilization of the gene’s
mRNA and decreasing the amount of protein. In
practice, protein abundance is decreased to ~5-50% of
wild-type levels (SCHULDINER et al. 2005). The DAmP
assay can be more sensitive than the HIP assay and has
identified several drug targets that were missed by the
HIP assay. The DAmP assay is not without limitations.
First, only 87.1% of yeast essential genes are represented
as DAmP alleles, and the remaining 13% of essential
genes are probably inviable as DAmP alleles. Second, of
the 958 viable DAmP alleles, 17% manifest fitness defects
in rich media, potentially complicating competitive
growth assays. Interestingly, when we analyzed DAmP-
inviable and DAmP-sick strains and compared them to
haploinsufficient heterozygous strains, we found that
47.6% (59/124) of slow-growing heterozygous strains
were also slow growing as DAmP strains, suggesting that
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F1GURE 1.—Drug sensitivity of gene-dose
strains. Each column represents a different
drug concentration with concentration in-
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different gene-dose strain with the strain
genotype indicated at the right. (A)
Growth curve of different DFRI gene-dose
strains. Each strain was grown in YPD me-
dium with or without methotrexate. (B)
Growth curve of different RNR2 gene-dose
strains. Each strain was grown in YPD me-
dium with or without hydroxyurea. (C)
Growth curve of different IPPI gene-dose
strains. Each strain was grown in YPD me-
dium with or without NaF. (D) Growth
curve of different ALG7 gene-dose strains.
Each strain was grown in YPD medium with
or without tunicamycin. Strains and geno-
types are listed in Table S1. The diploid pa-
rental wild-type strain is BY4743. All DAmP
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and heterozygous strains were created as
described (GIAEVER el al. 2002; SCHULDINER
et al. 2005). Primers used to create gene-
dose strains are listed in Table S2. Each
primer contains 40 bases of homology to
its target gene and 18 bases of homology
to the KanMX4 or NatMX4 cassette. To cre-
ate double DAmP strains, two haploid
DAmP strains were created, one with the
3'-UTR disrupted using a KanMX4 cassette
in strain BY4741 and the other with a
NatMX4 cassette in strain BY4742. Haploid
DAmP strains were mated and diploids se-

gene dosage

lected on YPD medium containing 250 mg/liter of G418 (AgriBio, no. 3000) and 100 mg/liter of nourseothricin (Werner Bio-
agents). The hemizygous DAmP strains (D/— allele) were constructed by inserting the NatMX4 cassette immediately after the stop
codon of the gene of interest in a heterozygous strain and were selected on YPD medium containing 250 mg/liter of G418 and 100
mg/liter of nourseothricin.

haploinsufficiency and “DAmP insufficiency” share
mechanistic similarities.

We reasoned that, by combining heterozygous alleles
with DAmP alleles, we could produce cells or “allele
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sets” that span a wide range of gene doses and thereby
improve the sensitivity of genome-based assays. Toward
this end, we developed a strategy to systematically
adjust gene dose in yeast. As a proof-of-principle, we
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FIGURE 2.—mRNA expression level in gene-
dose strains. The mRNA expression level of each
gene was determined by quantitative RT-PCR.
Histograms represent the expression level of
each gene in the gene-dosage strain relative to
that of the wild-type strain. Each sample was as-
sayed in triplicate. The bar in each histogram
represents the standard deviation. The ALG7
D/— strain was not viable; therefore only four
strains are shown in the ALG7 gene-dose allele
set. To measure RNA level, exponentially grow-
ing yeast cells were collected and RNA was ex-
tracted using the RNeasy mini kit (QIAGEN,
Valencia, CA; no. 74104). Ten micrograms of to-
tal RNA from each strain were treated with turbo
DNase (Ambion, no. AM1907) to remove resid-
ual genomic DNA. cDNA was reverse transcribed
according to manufacturer’s instructions (Invi-
trogen, Carlsbad, CA). Quantitative real-time
PCR was performed using SYBR green chemistry
(Applied Biosystems, Foster City, CA; no.

4367660) for 40 cycles at an annealing temperature of 60°. The primers used are listed in Table S2. Each sample was assayed
in triplicate. mRNA expression levels were normalized relative to the endogenous gene ACTI. PCR efficiency was corrected using
the LinRegPCR protocol (RAMAKERS et al. 2003). The expression level of each strain relative to the wild-type control was then
calculated according to the 2 — AACt method (LIvAk and SCHMITTGEN 2001).
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TABLE 1

Compounds and their putative protein targets

Drugs/compounds Target
Methotrexate DFR1
NaF IPP1
Hydroxyurea RNR2
Tunicamycin ALG7

created four alleles for several well-characterized es-
sential genes in which gene dose was modulated from
(on average) 5 to 100% that of wild type. These strains
showed gene-dose-dependent, drug-sensitive pheno-
types and experiments with these allele sets using
reference compounds show that modulating gene
dose, when combined with compound titrations, pro-
vides a highly sensitive means to dissect drug—gene
interactions.

These gene-dose allele sets comprise five diploid
strains (wild type and four mutants), each with a different
gene dose: (1) a wild-type diploid strain (WT), (2) a
diploid DAmP strain (D/+) that contains one wild-type
allele and one DAmP allele, (3) a heterozygous diploid
strain (—/+) that contains only one wild-type allele, (4) a
diploid double DAmP strain (D/D) that contains two
DAmP alleles, and (5) a hemizygous DAmP strain (—/D)
that only contains a single DAmP allele. The gene doses
of these five strains are predicted to be 1, 0.525-0.75, 0.5,
0.05-0.5, and 0.025-0.25, respectively. These gene doses
are based on the following assumptions: (1) heterozy-
gous alleles will be, on average, 50% of the WT gene dose,
and a typical DAmP allele will produce 5-50% of wild-
type protein levels (SCHULDINER et al. 2005). The actual
gene dose for any one strain will, of course, deviate from
these ideal expectations. We created four gene-dose
alleles for the following genes: DI'R1, ALG7, RNR2, and
IPP1. Of 20 possible strains (Table S1), we were able to
create 19 and failed to create the alg7 —/D strain, most
likely due to the fact that this allele produces too little
protein for viability. Indeed the alg7 D/D strain is quite
sick, suggesting that this strain produces the minimum
amount of gene product required to sustain viability
(Figure 1D). All strains were confirmed by PCR with
primers flanking the stop codon of each gene and
primers flanking the antibiotic gene junction region
(Figure S1).

To verify the level of gene dose in each strain, we
measured the mRNA levels for each strain using quanti-
tative reverse transcriptase PCR (QRT-PCR). As shown in
Figure 2, the wild-type strain had a full complement of
RNA per locus (by definition WT = 100% of WT levels)
and each allele in the gene-dose allele set had a decreasing
amount of mRNA. Levels follow this trend: the WT strain
> D/ + strain > the heterozygous —/+ strain > the D/D
strain > — /D strain. To test if these gene-dose sets can be
useful for assessing drug sensitivity, we treated each allele
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F1cure 3.—Morphological comparison of gene-dosage re-
sponse to drug-dosage response: morphology of the wild-type
strain treated with different concentrations of methotrexate
in YPD medium (left column) and morphology of different
DFRI gene-dose strains grown in 250 pM of methotrexate
(right column). Cells were grown in YPD with or without
methotrexate at 30° for 2 days. Cells were then harvested
and observed live with a Zeiss Axiovert 200 microscope using
a 63X objective. Images were collected using bright field illu-
mination, using an Axiocam HR.

set strain with a compound known to inhibit the protein
product encoded by the altered locus (Table 1). In each
case, strains were more sensitive to drug as a function of
gene dose (Figure 1).

A significant limitation of the current chemical genet-
ics approach is that compounds are often expensive and
can be limited in availability. In addition, small molecules
can interact with multiple protein targets, which can
confound determination of the protein function. To ask
if our gene-dose alleles could address some of these lim-
itations, we combined different DFRI gene-dose alleles
with 250 um methotrexate, a drug that targets DFRI.
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Methotrexate treatment resulted in a phenotype charac-
terized by enlarged and elongated cells, apparently a
result of a defect in cytokinesis. Interestingly, as the gene
dose of DIFRI was lowered, this phenomenon became
more pronounced (Figure 3). Although similar morpho-
logical changes were observed when wild-type cells were
treated with methotrexate, they required very high doses
(>500 pm) of compound. In addition, the elongated
cells in the drug-treated DFRI —/D strain are more
pronounced than those seen in methotrexate-treated
wild-type cells, even for WT cells treated by 2 mm of meth-
otrexate. Higher methotrexate doses were lethal for WT
yeast cells due to nonspecific toxicity. These results sug-
gest that (1) lowering gene dose either through genetic
or chemical perturbation can cause a similar phenotype,
(2) gene-dose alleles permit a greater dynamic range
within which one can observe a morphological defect,
and (3) gene-dose alleles can complement gene—drug
interaction studies by amplifying drug-induced pheno-
types and can simplify the determination of the appro-
priate gene dose and drug concentration to amplify the
phenotype of interest.

We thank Peter Zandstra for the use of the ABI 7700 RT-PCR
machine. This work was supported by grants from the National
Genome Research Institute to G.G. and C.N. and from the Canadian

Institutes of Health Research to G.G. (MOPS no. 81340) and C.N.
(MOPS no. 84305).
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FIGURE S1.—Confirmation of gene-dose strains by PCR. The DFRI gene-dose alleles were used to illustrate the
confirmation of gene-dose alleles. (A) Schematic diagram of primers used to confirm gene dosage alleles. Two pairs
of primers were used to confirm gene dose strains. One pair spans the right junction of the mutation module
(junction primer) represented by black short arrows in the figure. A second pair of primers flanks the stop codon of
DFRI (cassette primer) represented by red short arrows. Using this pair of primers, the deletion modules cannot
produce a product because the homologous region of one of the primers was deleted. The other modules can
produce a PCR product but the size of PCR product varies depending on modules. The size of PCR products for
the wild type allele, DAmP —Kan and DAmP-Nat allele are 207, 1676 and 1326 base pair respectively. (B) Agarose
gel analysis of confirmation PCR of DFRI gene-dose strains. The strain names were listed in the top of each lane.
When using the junction primer pair (left side), the D/+, D/D, -/D and -/+ strain produced a 650 base pair PCR
product whereas the wild type strain will not generate a PCR product. When using the cassette primer (right side),
the -/D produced a 1326 bp band. The wild type and -/+ strain produced a 207 bp band. The D/+ strain
produced two bands, 1326 bp and 207 bp. The D/D strain produced two bands, 1326 bp and 1676 bp. To verify
the genotype of each strain, genomic DNA was prepared using the YeaStar genomic DNA kit (Zymo research,
cat# D2002) and used as template in PCR. Two pairs of primers were used to confirm each strain (Table S2).
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TABLE S1

Strains used in this study

3 SI

Name Genotype Source

BY4741 MATa hisSAT leu2A0 ura3A0 met1 A0 Boone lab

BY4742 MATo his3A1 leu2A0 ura3A0 lys2A0 Boone lab

BY4743 his3A1/his3A1, leu2A0/1eu2A0, ura3A0/ura3A0,met15A0/+, lys2A0/+ This study

dfrl1 D/+ his3A1/his3A 1, leu2N0/leu2 A0, ura3A0/ura3A0,met1 SAO/+, lys2A0/+, dfrl- This study
DAmP::natMX4/+

dfrl -/+ his3A1/his3A 1, leu2A0/leu2 A0, ura3A0/ura3A0,met1 SAO/+, lys2A0/+, This study
dfrIAO::natMX4/+

dfr1 D/D his3A1/his3A 1, leu2N0/leu2 A0, ura3A0/ura3A0,met1 SAO/+, lys2A0/+, dfrl- This study
DAmP::natMX4/dfr 1-DAmP::kanM X4

dfrl -/D his3A1/his3A 1, leu2N0/leu2 A0, ura3A0/ura3A0,met1 SAO/+, lys2A0/+, dfrl- This study
DAmP::natMX4/-

mr2 D/+ his3A1/his3A 1, leu2A0/leu2 N0, ura3A0/ura3A0,met1 SA0/+, lys2A0/+, mr2- This study
DAmP::natMX4/+

mr2 -/ + his3A1/his3A 1L leu2A0/leu2 A0, ura3A0/ura3A0,met1 SAO/+, lys2A0/+, This study
rr2A0::natMX4/~+

mr2 D/D his3A1/his3A 1, leu2A0/leu2 A0, ura3A0/ura3A0,met1 SA0/+, lys2A0/+, mr2- This study
DAmP::natMX4/rnr2-DAmP::kanM X4

mr2 -/ + his3A1/his3A 1, leu2A0/leu2 N0, ura3A0/ura3A0,met1 SA0/+, lys2A0/+, mr2- This study
DAmP::natMX4/-

ippl D/+ his3A1/his3A 1, leu2A0/leu2 A0, ura3A0/ura3A0,met1 SAO/+, lys2A0/+, wppl- This study
DAmP::natMX4/+

wpl -/+ his3A1/his3A1, lew2 A0/ leu2A0, ura3A0/ura3A0,metl1 SA0/+, This study
bs2M0/+,ipp IAO::natMX4/+

ippl D/D his3A1/his3A 1, leu2A0/leu2 A0, ura3A0/ura3A0,met1 SAO/+, lys2A0/+, wppl- This study
DAmP::natMX4/ipp1-DAmP::kanM X4

ippl -/D his3A1/his3A 1, leu2A0/leu2 A0, ura3A0/ura3A0,met1 SAO/+, lys2A0/+, wppl- This study
DAmP::kanMX4/-

alg7 D/+ his3A1/his3A 1, leu2A0/leu2 A0, ura3A0/ura3A0,met1 SA0/+, lys2A0/+, alg7- This study
DAmP::natMX4/+

alg7 -/+ his3A1/his3A 1, leu2A0/leu2 A0, ura3A0/ura3A0,met1 SAO/+, lys2A0/+, This study
alg7AO::natMX4/+

alg7 -/D his3A1/his3A 1, leu2A0/leu2 N0, ura3A0/ura3A0,met1 SA0/+, lys2A0/+, alg7- This study

DAmP::natMX4/alg7-DAmP::kanM X4
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TABLE S2

Primers used in this study

Gene name

Sequence (5°-3’)

Comments

DFRI

DFRI

DFRI

DFRI

DFRI

DFRI

IPPI1

IPPI1

IPPI1

IPPI1

IPPI1

IPPI1

RNR2

RNR2

RNR2

RNR2

RNR2

RNR2

ALG7

AGGTTATTGCTTCGAATTCACTCTATACAATCGT
AAATGACGTACGCTGCAGGTCGAC
CTATTTAACATATTAAAAAAAATATACGGGCGGA
GAGGTTATCGATGAATTCGAGCTCG
TGATAATAAGAGAAATTGAAGAGCGCAACGAACT
ACGAGCCGTACGCTGCAGGTCGAC
AGGTTATTGCTTCGAATTCACTCTATACAATCGT
AAATGAACATGGAGGCCCAGAATACCC
CTATTTAACATATTAAAAAAAATATACGGGCGGA
GAGGTTCAGTATAGCGACCAGCATTCAC
TGATAATAAGAGAAATTGAAGAGCGCAACGAACT
ACGAGCACATGGAGGCCCAGAATACCC
GTCTATTGACAAGTGGTTCTTCATCTCCGGTTCT
GTTTAACGTACGCTGCAGGTCGAC
CGCATACGTGGTAGGTGTCTCATTTTCAATTCAA
AATATTATCGATGAATTCGAGCTCG
TAGGTCTATAGAACAGGATATCCCGCCGCGCAAT
TTACTACGTACGCTGCAGGTCGAC
GTCTATTGACAAGTGGTTCTTCATCTCCGGTTCT
GTTTAAACATGGAGGCCCAGAATACCC
CGCATACGTGGTAGGTGTCTCATTTTCAATTCAA
AATATTCAGTATAGCGACCAGCATTCAC
TAGGTCTATAGAACAGGATATCCCGCCGCGCAAT
TTACTAACATGGAGGCCCAGAATACCC
GCAAGAAGCCGGTGCTTTCACCTTCAACGAAGAC
TTTTAACGTACGCTGCAGGTCGAC
TGAAGAGACTGCGTAAAAAGAAATATATAGAGAG
ATACTCATCGATGAATTCGAGCTCG
GAATCCAAACTTAATACACGTATTTATTTGTCCA
ATTACCCGTACGCTGCAGGTCGAC
GCAAGAAGCCGGTGCTTTCACCTTCAACGAAGAC
TTTTAAACATGGAGGCCCAGAATACCC
TGAAGAGACTGCGTAAAAAGAAATATATAGAGAG
ATACTCCAGTATAGCGACCAGCATTCAC
GAATCCAAACTTAATACACGTATTTATTTGTCCA
ATTACCACATGGAGGCCCAGAATACCC
TATAGGCGCTATCATCTTTGGCCACGACAACCTA
TGGACAGTACGTTGACGTACGCTGCAGGTCGAC

Forward primer used to create dfi/-DAmP::kanMX4
allele

Reverse primer used to create dfrl-DAmP::kanMX4
or dfrlIAO::kanMX4 allele

Forward primer used to create dfr/A0::kanMX4
allele

Forward primer used to create dfr/-DAmP::natMX4
allele

Reverse primer used to create dfrl-DAmP::natMX4
or dfrIAO::natM X4 allele

Forward primer used to create dfr/A0::natMX4
allele

Forward primer used to create ippl-DAmP::kanMX4
allele

Reverse primer used to create ippl-DAmP::kanMX4
or ipplA0::kanMX4 allele

Forward primer used to create ipplA0::kanMX4
allele

Forward primer used to create ippl-DAmP::natMX4
allele

Reverse primer used to create ippl-DAmP::natMX4
or ippIAO::natM X4 allele

Forward primer used to create ipplA0::natMX4
allele

Forward primer used to create mr2-DAmP::kanMX4
allele

Reverse primer used to create mr2-DAmP::kanMX4
or mr2A0::kanMX4 allele

Forward primer used to create mmr2A0::kanMX4
allele

Forward primer used to create mmr2-DAmP::natMX4
allele

Reverse primer used to create rnr2-DAmP::natMX4
or mr2A0::natMX4 allele

Forward primer used to create rmr2A0::natMX4
allele

Forward primer used to create alg7-DAmP::kanMX4
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TGCGTCATAAAAGTACAAAGTAACTACCAATACA
TAATCTATCGATGAATTCGAGCTCG
AGTAGAGCAAGGCGGAGAACGGTAACAAAAAGTA
GACTATCGTACGCTGCAGGTCGAC
TATCATCTTTGGCCACGACAACCTATGGACAGTA
CGTTGAACATGGAGGCCCAGAATACCC
TGCGTCATAAAAGTACAAAGTAACTACCAATACA
TAATCTCAGTATAGCGACCAGCATTCAC
AGTAGAGCAAGGCGGAGAACGGTAACAAAAAGTA
GACTATACATGGAGGCCCAGAATACCC
AAAGGAAATCACCGCTTTGG
AGATGGACCACTTTCGTCGT
GCAACTCCTGCAATGGACACT
AACCTTTTTCTTCCAGCGAGT
TCTCCGGTGAAGCTAAGAACA
TTGGAGTAGGTTGGGGTGTC
GCCTCCATTTTCTGGTTGAA
TTTCAACAATGGCTGGGTCT
CTCCATTTGATTGACCTGGAA
AAGCCAAAATTCCAATGCAG
TGGAGGTCACCAACGTCAAC
GTTTGACGGCATACCTTGCT
CGAAGTTAAGTGCGCAGAAA
CCAGAACAAAGCAAACAGCA
TTTTCGCCTCGACATCATCT
TGAGATTGCCTTTGCTGTTG
TTTTAATCAAATGTTAGCGTGATTT
CCGGTTATCTTGACCTCGGTA
ACGCTACTCGCTGGAAGAAA
TACTGCAGGTGAGGCTGAAA
TGGTTCTTCATCTCCGGTTC
GGCCTTGTAGGAGGCAAGAT
TGCATTGGAATTTTGGCTTT
ACGAAGTAAAGGGCTGGACA
GTCGAAAACCCCTTCGATTT
GCGAAAGCCCACATAAAGAG

58I

Reverse primer used to create alg7-DAmP::kanMX4
or alg7A0::kanM X4 allele

Forward primer used to create alg7A0::kanMX4
allele

Forward primer used to create alg7-DAmP::natMX4
allele

Reverse primer used to create alg7-DAmP::nathMX4
or alg7A0::natMX4 allele

Forward primer used to create alg7A0::nathM X4
allele

Forward primer used in RT-PCR
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