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ABSTRACT

Loss of heterozygosity (LOH) can be a driving force in the evolution of mitotic/somatic diploid cells,
and cellular changes that increase the rate of LOH have been proposed to facilitate this process. In the
yeast Saccharomyces cerevisiae, spontaneous LOH occurs by a number of mechanisms including
chromosome loss and reciprocal and nonreciprocal recombination. We performed a screen in diploid
yeast to identify mutants with increased rates of LOH using the collection of homozygous deletion alleles
of nonessential genes. Increased LOH was quantified at three loci (MET15, SAM2, and MAT) on three
different chromosomes, and the LOH events were analyzed as to whether they were reciprocal or
nonreciprocal in nature. Nonreciprocal LOH was further characterized as chromosome loss or
truncation, a local mutational event (gene conversion or point mutation), or break-induced replication
(BIR). The 61 mutants identified could be divided into several groups, including ones that had locus-
specific effects. Mutations in genes involved in DNA replication and chromatin assembly led to LOH
predominantly via reciprocal recombination. In contrast, nonreciprocal LOH events with increased
chromosome loss largely resulted from mutations in genes implicated in kinetochore function, sister
chromatid cohesion, or relatively late steps of DNA recombination. Mutants of genes normally involved in
early steps of DNA damage repair and signaling produced nonreciprocal LOH without an increased
proportion of chromosome loss. Altogether, this study defines a genetic landscape for the basis of
increased LOH and the processes by which it occurs.

ETEROZYGOUS alleles were first used in the early
20th century to examine mutation frequencies in
somatic cells of diploid organisms such as maize and
Drosophila (EMERsON 1929; DEMEREC 1932). In the
ensuing decades, these ideas were refined and hetero-
zygosity was also used to discover and monitor mitotic
recombination and chromosome segregation in somatic
cells (STERN 1936; PONTECORVO et al. 1954; ROPER
and PrRITCHARD 1955).

The inactivation of a functional allele at a heterozy-
gous locus took on new meaning in studies of cancer, as
the concept of tumor suppressor genes and their
significance emerged (reviewed in BROowN 1997). These
ideas are encapsulated by a study in the 1980s of patients
who had a predisposition to retinoblastoma (CAVENEE
et al. 1983). Patients who were heterozygous at the Rb
locus, with one wild-type allele and one nonfunctional
allele, had a high incidence of tumors that had lost the
wild-type allele of Rb in somatic cells. There are several
mechanisms by which the normal allele of Rb could
become nonfunctional, but two pathways predomi-
nated to inactivate the wild-type allele: loss of part or
all of the chromosome (a hemizygous state) or a

' Corresponding author: Fred Hutchinson Cancer Research Center, 1100
Fairview Ave. N., P.O. Box 19024, Seattle, WA 98109.
E-mail: dgottsch@fhcrc.org

Genetics 179: 1179-1195 (July 2008)

recombination event that replaced the wild-type allele
with the mutant allele from the homologous chromo-
some (a homozygous state) (reviewed in CARR and
GoTTsCHLING 2008). These genetic changes became
known as loss of heterozygosity (LOH) events. Other
events that can inactivate a wild-type tumor suppressor
gene such as point mutations, small deletions, or
epigenetic changes can mimic LOH phenotypically,
but are not loss of heterozygosity in the true sense.

Cancer is generally considered an age-associated
disease that is driven by somatic genetic changes
(DEpiNHO 2000). By middle age it is thought that a
sufficient number of changes accumulate to initiate
carcinogenesis (KNubpsonN 2001). However, on the basis
of rates of spontaneous mutation observed in human
cells, the steady accumulation of mutations does not
account for the number of genetic changes that are
present in most tumors (LENGAUER et al. 1998; BIELAS
et al. 2006). This led to the hypothesis that one of the
early steps in cancer progression is a genetic change
leading to a higher than normal rate of mutation,
creating a “mutator phenotype” that increases the
likelihood of subsequent genetic events (Loes 1991;
LoEsB et al. 2003). Colon cancer provides an example
that supports this hypothesis; common mutations found
in colon cancer cells increase genome instability (GRADY
2004).
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The budding vyeast, Saccharomyces cerevisiae, has
provided more details about spontaneous LOH than
has been possible in other organisms (EsposiTo and
BruscH1 1993; AcUNA ef al. 1994; HIRAORA et al. 2000;
McMURRAY and GoTTSCHLING 2003; BARBERA and
PeETES 2006). In yeast, there are methods to identify
the cell division in which an LOH event occurs and to
determine the types of genomic changes that occurred
in each cell. While most spontaneous LOH in diploid
yeast occurs primarily through mitotic recombination
(AcuNA et al. 1994), all the same types of LOH found in
tumors are also observed in yeast. In addition, an LOH
event in yeast can be easily classified as either reciprocal
(LOH occurs in both cells) or nonreciprocal (one cell
undergoes LOH while the other remains heterozygous)
(reviewed in CARR and GOTTSCHLING 2008). This has
facilitated a better mechanistic understanding of LOH
events.

Studies in S. cerevisiae have also served as a rich
resource for defining the genetic basis of virtually
all processes involved in genome maintenance and
integrity (reviewed in PAQUES and HABER 1999; AyLoN
and Kuriec 2004; KrocH and SyMINGTON 2004;
SHRIVASTAV et al. 2008). However, defining the genetic
determinants that lead to increased spontaneous LOH
has been more limited. Most large-scale genetic screens
examine mutants for changes in viability when exposed
to DNA damaging agents or for synthetic genetic
interactions with other mutant genes known to be
involved in genome integrity (reviewed in CHANG et al.
2006). Other screens that specifically identified mutants
with increased genomic instability were also carried out
in haploid cells (e.g., HUANG et al. 2003). The informa-
tion gained in these haploid studies is unlikely to
provide an accurate prediction of mutations that will
increase LOH in diploid cells. Besides the obvious fact
that there is no homologous chromosome in haploid
cells, regulation of recombination and DNA repair
processes between haploid and diploid yeast cells is
different (FRANK-VAILLANT and MARCAND 2001; KEGEL
et al. 2001; Oor et al. 2001; VALENCIA et al. 2001). Thus,
haploid genetic analyses are likely to provide only a
portion of the genetic landscape that will be relevant to
LOH.

A recent screen that did specifically examine LOH,
focused on chromosome loss but did not characterize
recombination-based LOH in diploid cells (YUEN et al.
2007). Furthermore, in other studies where selected
mutants were analyzed for recombination-based LOH,
itwas mostly in cells where double-stranded breaks were
induced by expressing an endonuclease; spontaneous
LOH events have been examined in alimited number of
mutants (e.g., ESPOSITO et al. 1994; SIGNON et al. 2001;
AJIMA et al. 2002; DAIGAKU et al. 2004).

We are interested in identifying genes, that when
defective, can lead to a mutator phenotype specifically
for LOH. Ultimately, our goal is to develop a basic

understanding of how these defects lead to LOH. To
this end, we performed a genomewide screen for
deletion mutants with increased LOH at the METI15
locus in S. cerevisiae. We analyzed the resulting candidate
mutants both quantitatively and qualitatively for LOH
on three chromosomes. Here we describe how the
screen was performed and our findings.

MATERIALS AND METHODS

Growth media: Rich (YEP) and synthetic (YC) media for
growth of S. cerevisiae have been described previously (VAN
LEEUWEN and GOTTSCHLING 2002) and are available on the
lab Web site: http:/www.thcrc.org/science/labs/gottschling/
yeast/.

In synthetic media containing G418, clonNAT, and/or
hygromycin, monosodium glutamate (MSG) was used as the
nitrogen source instead of ammonium sulfate (TONG et al.
2001).

LOH screen: The homozygous diploid yeast deletion strains
(GIAEVER et al. 2002) were screened for increased frequency of
LOH at MET15. Two hundred microliters YEPD medium was
inoculated with 2-ul deletion strains using a 96-pin replicator
(VP Scientific). Strains were incubated at 30° for 3 days and
then 2 pl of culture was pinned onto solid media containing
0.7 mg/ml lead nitrate (MCMURRAY and GOTTSCHLING 2003)
in omni trays (Nalge Nunc, NY) in triplicate and incubated at
30° until color developed. Each deletion strain was then
scored for black sectors within the outgrowth. Strains with at
least two black sectors on all three replicates were rescreened
in the same manner. Deletion strains that exhibited atleast two
black sectors on each plate during this second round were
subjected to further analysis.

Plasmid construction: pDAl was constructed by cleaving
pRG356 (gift from R. Gardner) with BamHI and Bgll to
remove the SANI gene and place GFP expression under
control of the TDH3 promoter. pDA2 was made by inserting
the Py 3-GFPfragment from pDAl immediately upstream of
HIS3in pUCY9-HIS3 (GOTTSCHLING el al. 1990). The Pypyy3-GIP
fragment was PCR amplified from pDA1 using primers 3tdh3-
gfp and 5tdh3gfp-2 (see supplemental Table S1 for all primer
sequences). Both pUC9-HIS3 and the Pyyppy3-GFP fragment
were digested with Sall and ligated together.

Multiple heterozygous markers strain construction: The
multiple heterozygous markers (MHM) strain background was
created in a series of eight steps, and all the relevant genotypes
for the strains can be found in supplemental Table S2.
UCC7530 was created by transforming the TRPI gene into
the met15A0 locus of BY4705 using primers metl5RS3 and
metl5RS5 (supplemental Table S1) and template pRS304
(Sikorskl and HIETER 1989). UCC7531 was created by
replacing the SAM2 gene with ADE2 in UCC7530. The ADE2
gene was amplified from pRS302 (Sikorskr and HIETER 1989)
using primers sam2kob and sam2ko3 (supplemental Table
S1). UCC7532 was created by inserting the NatMX cassette into
anoncoding region (1,515,634-1,515,738) on the right arm of
chromosome IV in UCC7531. The NatMX cassette was ampli-
fied from pRS40Nat [gift from Fred van Leeuwen: KAN
replaced with NAT in pRS400 (BRACHMANN et al. 1998)] using
primers MarthaN/H2L and MarthaN/H2R (supplemental
Table S1).

UCC780 was made by replacing the SAM2 gene with URA3
in UCC762, using pRS306 as a template with sam2ko5 and
sam2ko3 as PCR primers (supplemental Table S1). UCC762
was made by transforming a MET15PCR product into BY4705a
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(DuBo1s et al. 2002) to restore the wild-type allele. UCC780
and UCC762 were gifts from M. McMurray. UCC7534 was
created by inserting the HphMX cassette into a noncoding
region (1,515,634-1,515,738) on the right arm of chromo-
some IV in UCC780. The HphMX cassette was amplified from
plasmid pRS40HYG (gift from Fred van Leeuwen: KAN
replaced with HYG in pRS400) using primers MarthaN/H2L
and MarthaN/H2R.

UCC7532 and UCC7534 were mated to create diploid
UCC7536. UCC7537 was created by replacing one copy of
HIS4 with the HIS3, PrppsGEP cassette from plasmid pDA2,
using primers Martha His4R and Martha His4L (supplemental
Table S1), at the HIS4 locus of UCC7536. UCC7542 was
created by replacing one copy of LEU3 with the LEU2 gene,
amplified from pRS305 using primers MarthalLeu3R and
MarthaLeu3L (supplemental Table S1), in UCC7537.

UCC7542 was sporulated to produce UCC7540 and
UCC7541. All strain construction was verified by PCR and
Southern blot analysis. UCC7540 and UCC7541 were mated to
create the isogenic wild-type MHM strain, UCC7800.

Multiple heterozygous markers deletion mutant strain
construction: Diploid MHM deletion mutants were created
in a series of three steps. Individual haploid deletion mutants
of each mating type were made, and then the haploids were
mated to create a diploid strain that is heterozygous for the
LOH markers and homozygous for the respective deletion
alleles.

UCC7540 and UCC7541 are the parents of these deletion
mutants. Individual haploid mutants (supplemental Table S3)
were created by integrating PCR fragments containing the
KanMX deletion allele into the target locus of both UCC7540
and UCC7541. The KanMX cassette along with 200-300 bp of
homology was amplified from the corresponding yeast knock-
out collection strains (JOHNSTON et al. 2002) using primers
“YFG”A and “YFG”D described in supplemental Table S4 and
a multiwell transformation protocol (http:/www-sequence.
stanford.edu/group/yeast_deletion_project/transprot.html).
Deletions were verified by PCR analysis using primers YFGA
and YFGB (supplemental Table S4).

Half-sector assay: The following assay was performed on
each diploid MHM deletion strain, listed in supplemental
Table S3, to calculate the rate of LOH. MHM deletion mutant
strains were grown on selective media plates [YC(msg) —trp
—his —met —ade —ura —leu +ClonNAT +hygromycin] to
maintain heterozygosity. Four colonies from each deletion
mutant were analyzed. Two colonies each, from two indepen-
dent mutant strain isolates were picked and resuspended in
PBS at ~3000 cells/ml. For color detection, 0.5 ml was plated
on large plates (150 mm X 15 mm) of lead nitrate media and
incubated at 30° for 3-10 days. The rate of LOH, per cell
division, was determined by obtaining the frequency of half-
sectored colonies, either red/white or black/white among
total colonies, excluding those colonies that were completely
colored (McMURRAY and GOTTSCHLING 2003): rate of LOH =
halfsectored colonies =+ [all colonies — (2 X fully colored
colonies)]. (Fully colored colonies are no longer heterozygous
and therefore cannot undergo further LOH. Fully colored
colonies account for approximately one-half of the homozy-
gous colonies in the population, so the total number of
homozygous colonies was estimated by doubling the number
of fully colored colonies.)

The LOH rates of all four colonies for each MHM mutant
were analyzed by chi-square contingency-table analysis (Prism
software) to determine whether the rates were not different
from one another with 95% confidence. Isolates that appeared
to be different from the others were excluded. In some cases,
plating was repeated or a third mutant isolate was tested. The
final data for each deletion was pooled to determine the rate of

LOH at each locus. Fisher’s exact test (Prism software) was
used to determine the probability (Pvalue) that the rate of
LOH was different between each mutantand the isogenic wild-
type strain, UCC7800.

Phenotypic analysis of half-sectored colonies: Cells from
each portion of a half-sectored colony were picked and plated
onto color detection media to isolate individual colonies.
Single colonies representing each half of the original half-
sectored colony were then patched onto rich YEPD media and
subsequently replicated onto selective media for phenotypic
analysis. These data were used to determine whether events
were reciprocal or nonreciprocal and whether LOH events
were local or occurred over >50 kbp. In some cases, cells from
analyzed patches were also used to create genomic DNA for
quantitative Southern analysis.

Phenotypic analysis of LOH at the MAT locus: This assay
was adapted from the quantitative mating assay (SPRAGUE
1991) and performed on diploid wild-type and deletion
mutants. Heterozygous deletion mutants were grown on
selective media to maintain heterozygosity. Two isolated
colonies of each mutant were suspended in YC —his liquid
media and incubated overnight at 30°. The PT-1 (MATa ilvl
canl) (DORER et al. 1995) (gift from F. Cross) mating tester
strain was grown in liquid YEPD overnight at 30°. Cells (2 X
10°) of the diploid MHM deletion mutant and 1 X 10° PT-1
cells were mixed and collected on a filter (Osmonics MAGNA
nylon 1.2 pm 47 mm, material no.1213797). Filters were
transferred (cell side up) to YEPD plates and incubated for
4 hrat 30° to allow cells to mate. Mutant cells that have lost the
MATa locus become competent to mate with the MATa PT-1
cells. Cells from the filter were then resuspended in PBS,
plated at several dilutions onto Ymin, which selects for
deletion mutants that mated with PT-1 cells, and Ymin +His
+Lys, which is permissive for growth of deletion mutants but
not PT-1 cells, and incubated at 30° until colonies were large
enough to count. Total colonies on both types of media were
counted to determine the frequency of LOH at MAT. Colonies
on Ymin plates were then analyzed for GFP expression using a
GFP colony illuminator to determine the frequency of
chromosome loss at MAT (CroNIN and HampTOoN 1999).
The frequencies of both LOH and chromosome loss at the
MAT locus were compared with wild-type frequencies using a
Mann-Whitney test (Prism). Median frequencies were de-
termined and displayed in Figure 8.

Quantitative Southern analysis: By analyzing both halves of
a half-sectored colony, the copy number of genes from LOH
events was examined. In diploid cells, the NDCI gene must be
maintained in precisely two copies for cell viability, which
allows it to be used as a reference for copy number in
quantitative Southern blotting (CHIAL et al. 1999). In addition
to NDC1, probes were made for both opposing heterozygous
markers on the right arm, as well as a gene on the left arm
(chromosome XII: MET15, TRPI1, and ISA1; chromosome IV:
ADE2, URA3, and SHR3). Analysis of band intensity gives
accurate information regarding copy number and allowed us
to distinguish between BIR, chromosome loss/nondisjunc-
tion, and truncation.

Quantitative Southern analysis was performed on DNA
samples from 24 deletion mutants for chromosome XII and
23 deletion mutants for chromosome IV. For each mutant,
both halves of at least 8 half-sectored colonies were examined
for each chromosome. Genomic DNA was prepared using
standard techniques (ADAMS et al. 1998).

For chromosome XII analysis, DNA from nonreciprocal
half-sectored colonies was digested using EcoRI and Xmnl.
Probes for TRP1, MET15, ISA1, and NDCI were made by PCR
with genomic DNA as a template and using the following
oligos: trplshortprobefwd, trplshortproberev, metl5short-
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probefwd, metlbshortproberev, isalprobefwd, isalproberev,
ndclprobefwd, and ndclproberev (supplemental Table S1).
Similarly, chromosome IV was analyzed using EcoRI and Sspl
digests, and probes for URA3, ADE2, SHR3, and NDCI were
made with the following oligos: ura3shortprobefwd, ura3-
shortproberev,  ade2shortprobefwd, ade2shortprobereyv,
shr3shortprobefwd, shr3shortproberev, ndclprobefwd, and
ndclproberev (supplemental Table SI).

DNA samples were separated on 1% agarose gels and
transferred to a nylon membrane (Osmonics MAGNA) using
standard techniques. Probes were made using 10 rounds of
PCR in buffer [68 mm Tris pH 8.5, 16mm (NHy) 9SOy, 2.5 mm
MgAcy, 0.01% Triton X-100, 5% glycerol, 0.2 mm dNTPs] with
[a-**P]dCTP (Perkin Elmer, 3000 Ci/mmol), using gel-isolated
PCR product as template. Probes were combined and then
hybridized to the blots using standard techniques. Multiple
exposures of the blot were scanned using a Typhoon phos-
phoimager and analyzed with Image Quant software (GE
Healthcare Life Sciences).

RESULTS AND DISCUSSION

A genetic screen for increased loss of heterozygosity:
To identify loss-of-function mutations that would in-
crease the incidence of LOH, a diploid set of strains with
homozygous deletions of each nonessential gene was
screened for mutants that produced increased levels of
LOH at the MET1I5 locus. This collection of strains is
heterozygous at the METI5 locus (MET15/met15A)
(GIAEVER ef al. 2002). Loss of Metl5 function in yeast
colonies is easily detected. When placed on media
containing Pb*?, cells lacking functional Met15 produce
colonies that are black, whereas cells that are heterozy-
gous or homozygous wild type for MET15 yield colonies
that are creamy white in appearance (Figure 1A) (CosT
and BOEKE 1996). We took advantage of this phenotype
in screening the set of homozygous deletion strains. If
MET15/met15A cells carry a deletion allele that results in
elevated rates of LOH compared to wild type, then
met15A/met15A cells are expected to arise at a higher
frequency as cells form a colony. When grown on Pb**
containing media, such mutant hyper-LOH cells will
produce many more black sectors in a colony compared
to wild-type cells.

We screened the collection of ~4800 nonessential
homozygous deletion mutants for increased sectoring. A
cell suspension of each strain was applied in triplicate

F1Gure 1.—Loss of MET15 function serves as a
robust assay for LOH. (A) In the presence of Pb™
ion, colonies formed by cells with a functional
copy of METI5 appear normal cream colored,
while cells lacking a functional METI5 allele
are black. LOH events in heterozygous cells
(MET15/met15A) that become homozygous
(met15/met15), result in a black colony. (B) A por-
tion of a 96-well plate from the LOH screen is
shown. Liquid cultures of METI5/met15A dele-
tion mutants were applied in a 96-well format
on Pb**containing agar medium. Upon growth
and color development, LOH events at MET15
appeared as black sectors.

onto plates of Pb**containing media in 96-well format
and grown to detect colored sectors. Out of the entire
collection, 132 deletion mutants were judged to have
higher rates of sectoring on all three plates (see MATERIALS
AND METHODS and Figure 1B) and were selected for
further analysis.

A strain for monitoring LOH on three chromo-
somes: To verify that the candidate mutants did indeed
have elevated rates of LOH, and to characterize them
further, a diploid strain with MHM was created (Figure
2). In the MHM strain, three chromosomes are each
marked at two loci to permit quantitative and qualitative
analysis of LOH (Figure 2).

Spontaneous LOH in diploid yeast occurs primarily
through mitotic recombination which is initiated by
DNA damage along the chromosome and is often
accompanied by LOH at all centromere-distal loci
(PaQuEs and HABER 1999; AGUILERA et al. 2000). Pre-
vious work in our lab confirmed that most spontaneous
LOH on chromosomes IV and XII occurs by recombi-
nation and that distal markers are more likely to
undergo spontaneous LOH than centromere-linked
loci (MCMURRAY and GOTTSCHLING 2003). To maxi-
mize the chance of observing LOH events we marked
distal loci on the two longest chromosome arms in S.
cerevisiae. 'The MET15 locus on the right arm of
chromosome XII and the SAM2locus on the right arm
of chromosome IV are =1.5 Mb and ~1 Mb from their
respective centromeres (CHERRY e al. 1997). The
relatively high rates of LOH at these loci permitted
use of half-sector analysis to assess rates of LOH in each
of the mutants (McMURRAY and GOTTSCHLING 2003).
In addition, markers distal to these two loci were
inserted, so that LOH events that occurred at MET15
or SAM2 could be assessed as to whether they were local
(i.e., point mutation, short gene conversion, and gene
deletion) or part of a larger change to the chromosome
(i.e., recombination, truncation, and chromosome loss)
(Figure 3). One copy of MET15 at its endogenous locus
on the right arm of chromosome XII was replaced with
TRP1 (METI5/metlbA:: TRPI). For a distal marker,
LEU3, which lies ~300 kb from METI15, was used. By
inserting the LEU2 gene at the LEU3 locus on one
homolog, selection for heterozygosity can be main-
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FiGure 2.—The multiple heterozygous
markers (MHM) strain enables quantitative and
qualitative study of LOH on three chromosomes.
All chromosomes are shown with the left arm up.
Chromosomes III, IV, and XII were each marked
with two pairs of selectable heterozygous

i ISA1

o markers. One locus (on the right arm of each

chromosome) is marked for quantitative mea-
surement of LOH and a second locus is marked
to facilitate qualitative analysis of the LOH
events. (A) The naturally heterozygous MAT lo-
cus on the right arm of chromosome III was used
for quantitative measurement of LOH. To enable
detection of chromosome loss, one homolog of
chromosome III was marked with HIS3 and GIFP
at the HIS4 locus on the left arm. (B) Chromo-

mel15A::
TRP1

LEU3

some IV contains heterozygous markers on the right arm only. The ADE2 marker, at the SAM2 locus of one homolog, was used
for quantitative measurement of LOH. The URA3 marker inserted at the SAM2locus of the homologous chromosome was used to
distinguish between reciprocal and nonreciprocal events. HphMX and NatMX are located distal to SAM2 in a noncoding region.
These markers were used to distinguish between single and multilocus LOH events. (C) MET15, on the right arm of chromosome
XII, was used for quantitative measurement of LOH. The opposite homolog is marked with TRPI to distinguish between recip-
rocal and nonreciprocal LOH. The LEU3 locus contains the LEU2 marker on one homolog to distinguish between single and

multilocus LOH events.

tained in this strain where the normal locus of LEU2 was
deleted on both homologs. Cells that are heterozygous
(LEU3/leu3A:: LEU2) grow normally in the absence of
leucine. Chromosome IV was arranged similarly, using
the color marker ADE2 at the SAM2 locus with URA3 in
opposition (sam2A::ADE2/sam2A:: URA3). Drug resis-
tance genes (HphMX and NatMX) were inserted on
opposite homologs into a noncoding region 61 kb distal
to the SAM2locus (GOLDSTEIN and McCUSKER 1999).

Chromosome III was marked to monitor LOH and to
identify events that resulted from chromosome loss. In a
normal diploid S. cerevisiae cell the mating type locus,
which is ~85 kbp from the centromere on the right arm
of chromosome III, is heterozygous (MATa/MATw).
Such a diploid cell cannot mate with haploid a or a-cells.
However, if an LOH event occurs at the MAT locus, it is
easily detected, because the diploid cell gains the ability
to mate with an appropriate haploid cell. On the left
arm of chromosome III, heterozogosity was created by
replacing the HIS4 gene with HIS3 and GIP on one
homolog (HIS4/his4A :: HIS3, PrppsGFP). In the MHM
strain, LOH is detected when diploids mate as a-cells.
When there is concomitant loss of GFP expression it
indicates that LOH is due to loss of the entire chromo-
some. In total, this strain allows for an independent test
of whether LOH at METI5 has increased, detection of
LOH on three different chromosomes, and distinction
between different mechanisms of LOH.

In the primary screen to identify mutants with in-
creased LOH, colonies with multiple colored sectors
were used to screen for candidates. The amount of
hypersectoring within a colony provided a semiquanti-
tative level of LOH produced in a mutant strain. With
the MHM strain, we can use colony color changes to
calculate a rate of LOH at the MET15 or SAM2 locus,
using halfssectored colony analysis (JoHNsTON 1971;

ZIMMERMANN 1973). A halfsectored colony is assumed
to represent each daughter cell produced from the first
division of a cell that was plated onto solid medium. As
the cells continue to divide to form a colony, each half
represents the fate of the early daughter cells. Canon-
ically, an LOH event is thought to initiate in the Gy
phase of the progenitor cell and the phenotypic out-
come of the process is manifested in the two daughter
cells (outlined in Figure 3). This is certainly true when
LOH occurs via reciprocal recombination. However, for
nonreciprocal events, a half-sector colony could also
arise as the result of a process that occurred after the
first cell division in the G; phase of one of the resulting
daughter cells but not in the other (WILDENBERG 1970).
This alternative explanation for producing a half-sector
means that if all LOH events occurred in G; of one
daughter cell rather than in Gs of the progenitor cell,
then an extra cell division must be considered in
calculating the rate. Regardless of this potential caveat,
a twofold or greater increase in the number of half-
sectored colonies indicates there is a change in the
normal maintenance of genome integrity.

Rate of LOH at METI5 on chromosome XII: To
determine whether the deletion mutations identified in
the primary screen did indeed cause increased LOH at
MET15, each mutant allele was introduced as a homo-
zygous mutation into the MHM strain and the rate of
LOH at the METI15 locus was determined by half-sector
analysis (described in MATERIALS AND METHODS). Of the
132 deletion mutants identified in the primary screen,
114 homozygous deletion strains were successfully
created in the MHM strain background (supplemental
Table S5). Of these, 61 had a statistically significant
increase (P = 0.01) of twofold or more in the rate of
LOH at METI5 compared to wild-type cells (Figure 4
and supplemental Table S6).



1184 M. P. Andersen et al.

Rate of LOH at SAM2 on chromosome IV: The 61
deletion mutants with confirmed hyper-LOH at the
MET15 locus were examined in the MHM strain for
LOH at the SAM2locus (sam2A ::ADE2/sam2A :: URA3)
on chromosome IV. Half-sector analysis was also used at
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SAM?2, this time taking advantage of the ADE2 pheno-
type; colonies are white when the gene is present, but
red when functional ADE2 is absent. Using the same
criteria as described above, 38 of the 61 METI15 hyper-
LOH deletion mutants also had a SAM2 hyper-LOH
phenotype (Figure 4 and supplemental Table S6).

Identification of reciprocal and nonreciprocal LOH
events on chromosomes IV and XII: The MHM strain
was designed to distinguish between several types of
LOH. Recombination via crossing over results in a
reciprocal exchange, while other mechanisms of LOH
result in a nonreciprocal exchange (Figure 3). When
LOH occurs by crossing over, the result is two cells that
are both homozygous at the affected locus, but the cells
are distinguished in that they are homozygous for the
opposing alleles (Figure 3A). By contrast, a nonrecip-
rocal LOH event produces one cell that retains hetero-
zygosity while the other cell becomes homozygous
(Figure 3B).

Further phenotypic analysis of half-sectored colonies
permitted us to determine whether an LOH event
occurred by a reciprocal or nonreciprocal mechanism.
The heterozygosity created at the METI5 locus on
chromosome XII is MET15/metI15A :: TRPI. When both
halves of a black/white half-sectored colony were
analyzed, the black half was Met™ and Trp™, as expected
(Figure 3). The white half of the colony was either Met*
and Trp~, indicating that LOH was reciprocal (Figure
3A), or Met" and Trp*, indicating LOH was nonrecip-
rocal (see Figure 3B). Consistent with previous studies
(McMurraYy and GoTTscHLING 2003), 73% of LOH
events at MET15 were reciprocal in the wild-type MHM
strain, suggesting that most DNA lesions are repaired by
amechanism thatincludes a crossover event. The hyper-
LOH mutants ranged from 0 to 88% reciprocal LOH at
the METI15locus (Figure 5 and supplemental Table S6).
In 55% of the mutants, the fraction of reciprocal events
was significantly decreased relative to wild type (P =
0.01), suggesting that in these mutants an alternative
mechanism of LOH was favored.

F1Gure 3.—Distinguishing between types of chromosome
XII LOH events in the MHM strain. Phenotypes were deter-
mined for both halves of halfssectored colonies. Analysis of
the TRPI marker in the white half of the colony was used
to determine whether METI5 LOH events were reciprocal
(A) or nonreciprocal (B). The dark half of the colony was al-
ways Met™ and Trp*. (A) Following a reciprocal LOH event
(due to a crossover), the white half of the colony is Trp~.
(B) The white half of the colony resulting from a nonrecipro-
cal LOH event is Trp*. Analysis of distal markers, by growth
phenotype on media lacking leucine, was used to distinguish
between local LOH events (local gene conversion) and multi-
locus LOH events (BIR, nondisjunction or chromosome trun-
cation). The black half of a colony resulting from a local gene
conversion LOH event is Leu”, whereas in any other nonre-
ciprocal LOH it is Leu™. [Note: in the absence of leucine, a
leu3A allele yields slow growth (+/—) while leu2A does not
grow (—).]
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FiGure 4.—Deletion al-
leles can have locus-specific
effects on LOH. Each circu-
lar node corresponds to a
mutant with increased LOH
at MET15. Connecting lines
are drawn between nodes
(deletion mutants) and loci
(MET15, SAM2, and MAT)
indicating which deletion
mutants have increased
LOH at these loci. For the
METI15 and SAM2 loci, the
criteria for increased LOH
was a twofold or greater in-
crease in the rate of LOH
relative to wild type and
P=0.01 (Fisher’s exact test).
The criteria for increased
LOH at the MAT locus was
a twofold or greater increase
in the frequency of LOH
relative to wild type and
P = 0.05 (Mann-Whitney
test). Nodes are shaded to
represent the level of in-
creased LOH as indicated.
Where appropriate, nodes
are divided into multiple
parts to indicate different
levels of increased LOH
for each locus.

cal. When the white half was Ade* and Ura™, the event
was reciprocal, and when it was Ade* and Ura® the
event was nonreciprocal LOH. At SAM2, 36% of LOH
events were reciprocal in the wild-type strain (Figure 6
and supplemental Table S6). In contrast to METI5,
most of the LOH at SAM2 normally occurs by a

FIGure 5.—Deletion al-
leles can affect the propor-
tion of reciprocal LOH
events at the METI5 locus.
The percentages of recipro-
cal LOH events at METI5
in mutants with at least a
fivefold increase in LOH
at METI5 are shown. Phe-
notypic analysis was used
to determine whether LOH
events were reciprocal or
nonreciprocal as described
in Figure 3.
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nonreciprocal mechanism. The hyper-LOH mutants
ranged from 0 to 88% reciprocal recombination at
SAM2. Due to the relatively low rate of LOH at SAM2
(compared to MET15), it was difficult to determine for
most of the mutants whether they differed signifi-
cantly in the amount of reciprocal recombination
compared to wild type. At best, we could assign only
eight mutants as being different from wild type at
SAM2 (P = 0.05).

Most LOH events on chromosomes IV and XII affect
large regions of the chromosome in wild-type and
mutant strains: The markers distal to MET15 (leu3A::
LEU2/LEU3) and SAM2 (NatMX and HphMX) made it
possible to distinguish between local events, such as
point mutation, gene conversion or local deletion, and
long distance LOH events, such as BIR, chromosome
loss, or truncation. For instance, if the distal markers
remained heterozygous when markers at SAM2 were
homozygous, then it suggested a local LOH event had
occurred at SAM2. For chromosome XII, few of the
observed LOH events appeared to be local. In wild-type
cells a single local event was observed out of 96 events
analyzed, and in only three mutants (radI8A, rit109A,
and Askn7) did the number of local events elevate to
account for ~6% of total LOH events. At the SAM2locus
no local LOH events were observed in wild-type cells
and only two local LOH events were seen in the mutants,
accounting for =5% of LOH in elgIA and gim5A. Thus
the mutants identified in this screen primarily have
increased rates of LOH that affect large stretches of
the chromosome arm, rather than causing increased
LOH by point mutation, small deletion, or local gene
conversion.

rad6é
gim5

M. P. Andersen et al.

FIGURE 6.—Deletion al-
leles can affect the propor-
tion of reciprocal LOH
events at the SAM2 locus.
The percentages of recipro-
cal LOH events at SAM2 in
mutants with at least a five-
fold increase in LOH at
SAM2 are shown. The anal-
ysis was carried out in the
same manner as for Figure
5 and is outlined in supple-
mental Figure 1.
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LOH on chromosome III: The markers on chromo-
some IV and XII facilitated the analysis of LOH events
that occurred via recombination, however they did not
lend themselves to identifying LOH events that occur by
chromosome loss, typically as a result of nondisjunction.
Neither chromosome IV nor XII appears to be able to be
lost and produce a stable monosomic chromosome in a
diploid cell (ALVARO et al. 2006). By contrast, one copy
of chromosome III can readily be lost from a diploid cell
and yield a stable cell line with a monosomic III (LiraAs
el al. 1978; WAGHMARE and BruscHr 2005). As noted
above, the MHM strain is heterozygous on the right arm
of chromosome III at the MAT (MATa/ MATwa) locus
and on the left arm at HIS4 (HIS4/his4A:: HIS3
PTDH3GFP) (Figure 2A)

A quantitative mating assay was used to measure the
frequency of LOH at the MAT locus (SPRAGUE 1991).
MHM cells that were capable of mating were examined
for GFP expression. Colonies that retained GFP expres-
sion arose from cells that had undergone LOH, but had
not lost the MATa-containing chromosome III, while
colonies without GFP expression arose from cells that
had apparently lost the entire MATa chromosome
(Figure 7). Of the 61 deletion mutants with hyper-
LOH at MET15, 35 had afrequency of LOH at MAT that
was statistically different from and at least twofold
greater than the wild-type strain (Figure 4 and supple-
mental Table S6). When tested for GFP expression, 28 of
those mutants (80%) had increased frequencies of
chromosome III loss relative to wild type (P = 0.05, fold
increase =2). This indicates that chromosome non-
disjunction contributes to the increased MAT LOH in
these mutants (Figure 8 and supplemental Table S6).
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FIGURE 7.—The LOH and chromosome loss assay for
chromosome III. Heterozygous markers on both arms of chro-
mosome III were used to distinguish between loss of a chromo-
some III homolog and other types of LOH. A quantitative
mating assay was used to measure LOH at the MAT locus on
the right arm. Diploid cells that lose the MATa allele, an
LOH event, are able to mate with a MA7Ta haploid tester strain.
Those cells that can mate are screened for GFP expression.
When the entire chromosome is lost in the LOH event at
MAT, colonies do not express GFP. When LOH affects only
the right arm of the chromosome, such as in a recombination
event, colonies are GFP™*.

The majority of nonreciprocal LOH events on
chromosomes IV and XII appear to be due to BIR:
Essentially all of the nonreciprocal LOH events on
chromosomes IVand XII extended over large regions of
the chromosome (data not shown), indicating that
LOH may have occurred by BIR, truncation, or chro-
mosome nondisjunction. We explored which of these
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pathways led to LOH in 23 mutants that proceeded
predominantly (>60%) by nonreciprocal LOH on
chromosome XII, were significantly elevated for LOH
on both chromosome IV and XII, and had an increased
LOH rate of atleast 10-fold relative to wild type on either
chromosome.

Quantitative Southern blot analysis was used to
distinguish between the possible nonreciprocal LOH
mechanisms (Figure 3B). The copy number of each of
the marker alleles used on chromosomes IVand XII and
a wild-type gene on the left arm of each chromosome
was determined. By analyzing both halves of a half-
sectored colony in this way, it was possible to establish
the ultimate fate of chromosomes following an LOH
event. Examining both halves of the colony was partic-
ularly informative in identifying nondisjunction events.
Because chromosome IV and XII are not stably main-
tained as monosomes and undergo endoreduplication,
it was not possible to distinguish between chromosome
loss and BIR in a colony half that demonstrated non-
reciprocal LOH (ALVARO et al. 2006) . However, if cells in
the other half of the colony, which do not display LOH
in a nonreciprocal event, are trisomic with an extra copy
of the homolog that is lost from the LOH cell, then it
indicates that chromosome nondisjunction occurred. If
these cells contain a normal complement of two
chromosomes, then the event likely occurred by BIR.
Truncations are easily distinguished from BIR and
chromosome loss. Following truncation, there is only
one copy of the marker that underwent LOH (in BIR
there are two copies), while the gene on the other arm
of the chromosome is maintained at two copies (there is
only one copy following chromosome loss).

For most mutants, BIR was the sole mechanism of
nonreciprocal LOH on chromosome IV and XII, just as
it was in the wild-type cells (supplemental Table S7). A
fraction of the LOH events in five mutants (hemlIA,

FiGURE 8.—Deletion alleles differen-
tially affect the type of LOH event that
occurs at the MAT locus. Mutants with
at least a fourfold increase in the fre-
quency of LOH at the MAT locus are
shown. The median frequency of LOH
at MAT is represented by the total
height of the bars (both open and
solid). The solid portion of the bar rep-
resents the median frequency of LOH
due to chromosome III loss. Phenotypic
analysis used to determine LOH and
loss events is outlined in Figure 7.
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rps9bA, rit109A, shplA, and six8A) appeared to have
chromosome loss/nondisjunction with endoreduplica-
tion (supplemental Table S7). Only two mutants, asfIA
and rad51A, produced chromosome truncations, and
these were observed only on chromosome IV (supple-
mental Table S7). Interestingly, just over half of the
mutants displayed some fraction of complex rear-
rangements that were not easily interpreted as BIR,
truncation, or chromosome loss (supplemental Table
S7). These were likely the result of multiple genomic
rearrangements that occurred during culture growth
in this collection of strains with relatively unstable
genomes.

Classifying mutants with increased LOH: By taking
advantage of the MET15/met15A heterozygosity in the
collection of diploid nonessential gene deletion mutant
strains, we successfully performed a genomewide screen
for mutants that increase the frequency of LOH events.
By further characterizing LOH events on three different
chromosomes, we have developed a genetic context for
understanding how LOH can occur, and in the process
have found that some mutations yield chromosome-
specific LOH events.

We carried out phenotypic characterization on all of
the mutants and organized them into groups with
similar properties. On the basis of the robustness of
the various assays performed and the statistical signifi-
cance associated with the data, we were most confident
using the values corresponding to changes in amounts
of LOH atall three loci, the reciprocal character of LOH
on chromosome XII, and the fraction of chromosome
loss involved in LOH at chromosome III, as criteria for
classifying the mutants. While there are a number of
ways to define the groups, we present several groupings
that we found particularly noteworthy.

The first classification includes mutants that had an
exceptional increase in LOH predominantly at one of
the three marked loci (summarized in Figure 4). A
number of mutants had a greater effect at either the
METI15 or SAM2 locus, while at the MAT locus there
was a rather modest bias with a single allele (rmrIA).
Such biases may be explained if the mutant gene product
normally has a primary function of maintaining genome
integrity at a locus (or loci) that resides in proximity to
the affected marker. With regard to MET15, there is an
obvious candidate locus—the rDNA array.

Deletion mutants that predominantly affect LOH on
chromosome XII: The rDNA array consists of 100-200
copies of 2 9.1-kb tandem repeat of ribosomal RNA genes
(PETES and BOTSTEIN 1977) on the right arm of chro-
mosome XII. The repetitive nature of the rDNA makes
it inherently prone to recombination, however, mecha-
nisms are in place that normally prevent this recombina-
tion (BURKHALTER and SoGo 2004; KoBAYASHI ¢t al. 2004;
HuaNG et al. 2006; Jonzuxka et al. 2006; L1 et al. 2006).
It is easy to imagine that mutations that affect recom-
bination at the rDNA array may result in increased

LOH at distal loci on chromosome XII, including
MET1I5, but would not have an effect upon loci on
other chromosomes.

One of the well-established means of reducing rDNA
recombination is via Sir2-dependent silencing. When
SIR2 is deleted, there is a 20-fold increase in LOH at
METI15 (McMuURRrAY and GoTTSCHLING 2003). About a
quarter of the mutants with a MET15LOH bias showed a
modest elevation of LOH (5- to 11-fold): rpa34A, rpal4,
rifIA, vif2A, nptIA, and msiIA. Each of these mutants
had been previously shown to either reduce recruitment
of Sir2 to the rDNA or reduce Sir2 enzymatic activity
(SMITH et al. 1999; Buck et al. 2002; SANDMEIER et al.
2002).

The Lrs4 and Csm1 proteins act additively with Sir2 in
rDNA silencing (SMITH et al. 1999) and suppression of
rDNA recombination (Huanc and Moazep 2006).
They appear to prevent unequal sister chromatid re-
combination by helping load cohesins onto the rDNA
and maintain sister chromatids in proximity. In Irs4A,
esmIA, or sir2A strains, unequal exchange increases by
20- to 30-fold, while in lrs4A sir2A or csmIA sir2A strains
the increase was ~50-fold (HuanG and MoazeDp 2006).
We found that Irs4A and csmIA strains had extremely
high rates of MET15LOH (272-fold and 117-fold above
wild type, respectively), with modest or no increase in
LOH at SAM2 and MAT (Figure 4 and supplemental
Table S6). It seems likely that the enormous increase in
recombination between homologous chromosomes in
these mutants is facilitated by the loss of cohesion
between sister chromatids—in essence permitting the
homologs to find each other more readily for recombi-
nation. Interestingly, in our analysis fopIA strains had a
very similar phenotypic profile to &s#A and csmIA
strains, with a 115-fold increase in MET15 LOH relative
to wild type. Like Lrs4 and Csm1, Topl (topoisomerase
I) is required for suppression of rDNA recombination
(CHRISTMAN et al. 1988) and rDNA silencing (SMITH
et al. 1999). While Topl acts throughout the genome, it
is highly enriched in the nucleolus where the rDNA
resides (EDWARDS et al. 2000). The nucleolar enrich-
ment of Topl is mediated in part by interactions with
Tof2 (PArk and STERNGLANZ 1999) and Fobl, both of
which are localized to the rDNA and are required for
Lrs4- and Csm1-mediated rDNA silencing (HUANG et al.
2006). Taken together these data suggest that Topl
mediates suppression of rDNA recombination in a
similar manner as Lrs4 and Csm1.

Another possible explanation for a bias of LOH at
METI5 is that a locus on chromosome XII, such as the
rDNA array, is exquisitely sensitive to perturbations in
general genome maintenance. Indeed a subgroup of
mutants with high rates of MET5-biased LOH (dunlIA,
cerd, pop2A, adkIA, and glyIA) have no obvious rDNA-
specific interactions. However, they share the common
property of regulating nucleotide pools. Ribonucleo-
tide reductase (RNR) activity, which converts ribonu-



LOH in S. cerevisiae 1189

cleotides into deoxyribonucleotides, is upregulated
during replication stress. Full induction of RNR activity
requires Dunl, and in a parallel pathway, Pop2 and
Ccr4 (components of the Ccr4-Not complex) (HuaNG
et al. 1998; ZuAao and RoTHSTEIN 2002; MULDER et al.
2005; WOOLSTENCROFT et al. 2006). In addition, there
are several links between glycine metabolism and de
novo purine biosynthesis (SUBRAMANIAN et al. 2005;
CHRISTENSEN and MACKENzIE 2006). Consistent with
this, glyIA mutants are HU sensitive and have reduced
dNTP pools (HARTMAN 2007). Finally, Adkl is impor-
tantin the last few steps of dATP biosynthesis; it catalyzes
the conversion of AMP to ADP and dAMP to dADP
(REBORA et al. 2001; KANEHISA et al. 2007). Thus, the
adkIA mutation is also likely to alter deoxynucleotide
pools of the cell. We suggest that the five genes identified
in this subgroup indicate that yeast cells maintain deoxy-
nucleotide pools very close to the threshold necessary for
ensuring complete genome integrity. We speculate that
perturbations in nucleotide levels result in increased
LOH at MET15 because some aspect of rDNA structure
makes it more sensitive to deoxynucleotide levels than the
rest of the genome. Consistent with the rDNA array being
a genomic locus that could be particularly sensitive to
replication stress, it was recently shown that cells can
proceed into anaphase with unreplicated rDNA and
without activating the DNA damage checkpoint response
(TORRES-ROSELL et al. 2007).

While there are several aspects of the rDNA that may
make it “special,” the DNA replication fork barrier in
each rDNA repeat is known to be a hotspot for re-
combination, apparently by generating transient dou-
ble-strand breaks (DSBs) (KoBavasHi and HoriucHI
1996; BURKHALTER and Soco 2004; KOBAYASHI et al.
2004). The fork-barrier activity and enhanced recombi-
nation are dependent upon DNA binding by the Fobl
protein; in the absence of Fobl, there is no increased
level of recombination in sir2 cells. Hence it will be
interesting to determine if the preferential increase in
MET15 LOH for the other mutant genes identified in
our screen are dependent upon Fobl or some other
aspect of the rDNA array.

Deletion mutants that predominantly affect LOH on
chromosome IV: While increased LOH at MET15 was
the primary criteria for identifying mutants in this
screen, there were a few mutants in which a preferential
increase in LOH was observed on chromosome IV. The
two with the greatest differential effect (>7:1 ratio
compared to that of chromosome III or XII) were
nup84A and nupl33A with 142- and 87-fold increases in
SAM2 LOH compared to wild type.

Nup84 and Nupl33 are components of the nuclear
pore that biochemically copurify (Coox et al. 2007). As
such, mutants of these genes have a pleiotropic effect on
the cell, including defects in DSB repair (LOEILLET et al.
2005). It is possible that the observed preference may
reflect that SAM2is closest to the telomere of the three

loci that were screened for LOH. DSBs at telomere-
proximal loci are repaired less efficiently in haploid cells
than more internal DSBs in a nup84A or nupl33A
mutant, although the reason for this observation is
unclear (THERIZOLS et al. 2006). It has recently been
reported that the increased DNA damage sensitivity
seen in these mutants is linked to mislocalization of the
SUMO-protease Ulpl (L1 and HocHSTRASSER 2003;
PALANCADE et al. 2007). While the substrates regulated
by Ulpl are numerous and not completely identified,
several of the mutants identified in our screen with a
modest 2:1 to 3:1 greater fold increase of LOH at SAM2
relative to MAT or METI15, have gene products that are
sumoylated (elgIA and wssIA) or have increased activity
when their substrate is sumoylated (six8A; activity of the
E3 ubiquitin ligase complex, Hex3-SIx8, is enhanced
when its substrates are sumoylated) (HANNICH et al. 2005;
XIE et al. 2007). Ultimately, identifying the relevant
substrates and how they preferentially affect chromo-
some IV LOH may help identify a discrete locus on IV
that sensitizes it to this set of mutants.

Mutants of the homologous recombination proteins
Rad51 and Rad54 also had a bias toward increased LOH
at SAM2 of 4:1 or 6:1 compared to METI5 or MAT.
Again, it is not clear why these mutants would display
such a chromosome preference, but it is likely that they
manifest their effect differently than do the nuclear
pore mutants. For instance, itis unlikely that the nuclear
pore mutants are simply preventing Rad51 or Radb54
from entering the nucleus. The rad5IA and rad54A
strains have a very high level of chromosome III loss
compared to the nup84A and nupl33A strains (supple-
mental Table S6), and both rad5IA and rad54A are
synthetically lethal with members of the Nup84 complex
(LOEILLET et al. 2005).

Deletion mutations of genes involved in DNA
replication and chromatin assembly produce predom-
inantly reciprocal LOH at METI5: The phenotypic
characterization of half sectors permitted us to de-
termine whether LOH events were reciprocal or non-
reciprocal in nature. Mutants with moderate to high
LOH at METI5 that was predominantly reciprocal
(>60%) are enriched for deletions of genes involved
in DNA replication and/or replication-associated chro-
matin assembly. Seven of the 11 mutants fall into these
categories (Figure 9): two subunits of DNA polymerases
(POL32and DPB3), two subunits of chromatin assembly
factor I (MSII and RLF2), a replication helicase
(RRM3), a subunit of an alternative replication factor
C complex (ELGI), and DNA topoisomerase 1 (TOPI)
(THRASH et al. 1985; ARAKI et al. 1991; KAUFMAN et al.
1997; GERIK et al. 1998; IVESSA et al. 2002; KANELLIS el al.
2003). An additional member of this group is RAD6, an
ubiquitin-conjugating enzyme that has both PCNA (a
replication protein) and histone H2B as substrates
(RoBzYK et al. 2000; HOEGE et al. 2002). In wild-type
cells, 73% of METI5 LOH events are reciprocal.
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FIGURE 9.—Deletion alleles of genes involved in common
processes lead to similar types of increased LOH. A schematic
classification of mutants is shown. Mutants were categorized
by whether they had increased LOH that occurred predomi-
nantly via reciprocal or nonreciprocal processes at the MET15
locus. Mutants with predominantly nonreciprocal MET15
LOH were then classified on the basis of proportions of chro-
mosome III loss. The gene names boxed together participate
in a common biochemical process or exist in a biochemically
defined complex, as explained in the text.

Because the proportion of reciprocal LOH events is
similar to wild type in this group of mutants, we suggest
that the normal mechanisms for repair of DNA damage
are able to handle the increased amount of damage
created by these replication defects. Given that some of
these mutants have >100-fold increase in LOH, it seems
that the DNA repair machinery is very robust and
capable of fixing a large load of damage. A corollary
of this idea is that most LOH arises in S. cerevisiae as the
result of DNA replication defects that sporadically occur
under normal conditions.

Mutants with primarily nonreciprocal LOH at
MET1I5 and a low proportion of chromosome III loss:
Another interesting group of mutants are those in
which LOH occurred predominantly by nonreciprocal
processes (<40% reciprocal) at METI15. The fact that
LOH is predominantly nonreciprocal in these mutants
suggests that an alternative mechanism/process of
handling DNA lesions is occurring, compared to wild-
type cells. We speculate that many or all of these mutants
have the same DNA damage initiating events as in wild-
type cells, but that repair is altered.

The mutants with predominantly nonreciprocal LOH
at MET15 can be divided into two general groups: those
in which LOH on chromosome III is similar to what
occurs in wild-type cells (33% chromosome loss) and
those in which it occurs predominantly via chromosome
loss (Figure 9). (Only mutants with at least a fivefold
increase in LOH at MET15 and threefold at both SAM2
and MATwill be discussed.)

The mutants belonging to the first of these two groups
include rad50A, xrs2A, wssIA, mmsIA, asfIA, rit109A,
sicIA, and nup133A (the nup84A allele was just below the
minimum criteria at MAT). Within this group, the roles
of Radb0 and Xrs2 in DNA repair are probably best
understood (KrRoGH and SymINGTON 2004). These
proteins, along with Mrell, are critical in early steps of
normal DSB signaling and repair. As we show here, their
absence results in a large increase of LOH, which
indicates that they are critical in the normal process of
eliminating endogenous damage and leads to an alter-
native pathway of repair that largely involves BIR. [At the
SAMZ2 locus, which occurs predominantly via nonrecip-
rocal LOH (~36% reciprocal) in wild-type cells, the
mutants were not significantly different than wild
type—i.e., they remained predominantly nonreciprocal.]

Interestingly, we also find that the partner proteins,
Hex3 and SIx8 have an even smaller proportion of
chromosome III loss (10%) than wild-type cells (33%).
These proteins are reported to modulate the sumoyla-
tion of Rfal, Rfa2, Radb2, and Radb9, all of which are
involved in DNA repair (ZHANG et al. 2006). Our results
are consistent with a recent suggestion that Hex3 and
SIx8 normally prevent endogenous DNA lesions from
proceeding down another “alternative” pathway of
DNA repair that is distinct from the one uncovered by
rad50A and xrs2A mutants (ZHANG et al. 2006).

Mutants with primarily nonreciprocal LOH at
MET1I5 and a high proportion of chromosome III loss:
The last group of mutants worth noting had high levels
of nonreciprocal LOH at METI5 along with a high
proportion of chromosome III loss (shpIA, declA,
ctf19A, mem2IA, rad51A, and rad54A) (Figure 9). Pre-
vious characterizations of some members provide an
explanation for the increased chromosome loss we
observed. For instance, Mcm21 and Ctf19 are compo-
nents of the kinetochore subcomplex COMA, and Dccl
is required for sister chromatid cohesion (MAYER et al.
2001; DeE Wurr et al. 2003). Disruption of either
kinetochore structure or sister chromatid cohesion
results in elevated levels of chromosome nondisjunction
and we observe that there is indeed a very high in-
cidence of chromosome III loss in these mutants. The
rad5IA and rad54A mutants share the same phenotypic
profile in our assays, consistent with previous studies in
which these mutants have parallel phenotypes in most
other recombination and DNA damage assays (KroGH
and SYMINGTON 2004; HEYER et al. 2006). Radb1 and
Radb4 play critical roles at multiple steps in normal
homologous recombination. Given the high rate of
chromosome loss in rad5IA and rad54A mutants, we
speculate that the alternative pathway(s) of recombina-
tion used in their absence may occasionally generate
recombination intermediates that are unresolved dur-
ing mitosis, which in turn leads to chromosome non-
disjunction, as one of the homologous chromosome
pair is pulled to the wrong spindle pole.
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The analysis of this set of mutants also suggests that
the LOH rates at MET15 and SAM2 for this group may
be higher than what we report here. Most LOH on
chromosome III occurred via chromosome loss in this
group, but nearly all the nonreciprocal LOH events on
chromosome IV and XII appeared to occur via BIR, as
indicated by quantitative Southern blot analysis (sup-
plemental Table S7). As noted above, chromosome IV
and XII are probably not stably maintained as mono-
somes and must undergo endoreduplication (ALVARO
et al. 2006). Therefore we speculate that nondisjunction
of chromosome IV and XII may have indeed occurred
fairly often in these mutants, but if endoreduplication
did not follow in a timely manner, the resulting mono-
somic cell would not have proliferated to produce a half-
sectored colony.

Comparison of the LOH screen with other large-
scale screens for genome instability: Several genetic
screens have used the same set of deletion mutants that
we used in the present study, to identify single alleles
with increased genomic instability. One screen identi-
fied 33 genes with increased rates of mutation in the
CANI gene in haploid cells (HuaNG et al. 2003). Of
these, six overlapped with alleles identified in our study
(supplemental Table S6). In a second study, mutants
with an increase of gross chromosomal rearrangements
(GCRs) were screened for by selecting for loss of two
adjacent genes on the left arm of chromosome XV in
haploid cells (KANELLIS et al. 2007). Of the 21 identified
in this screen, 4 overlapped with our findings (supple-
mental Table S6). A third screen isolated chromosome
instability (CIN) mutants using three different assays,
one of which monitored increased LOH in diploid cells
with a bias toward identifying chromosome loss events
(YUEN et al. 2007). Of the 130 high-confidence deletion
mutants identified, 28 overlapped with the mutants we
reported with increased LOH (supplemental Table S6).
If we consider genes that encode subunits of a known
protein complex (see below), then an additional 12
mutants from this earlier study can be included as
identifying the same functional complexes that we
identified in our LOH study. Even with this consider-
ation, over half of the mutant alleles we identified were
not detected in the other screens (supplemental Table
S6 and data not shown). This difference reflects how the
spectrum of alleles identified in a genome instability
screen is dependent upon the nature of the screen.

One of the important strengths of the data set we
present here is that every deletion allele was recreated in
the MHM strain. The independent transformants of
each mutant provides a high level of confidence that
each allele does indeed impart the phenotypes we
report. It eliminated reporting “false positives” that
are known to occur as a result of selection during growth
(aneuploidy, second site mutations, etc.) or in handling
of the arrays (cross-contamination or other systematic
errors) (see YUEN ¢t al. 2007). With this in mind, we have

confidence in the identification of the yjl038cA allele,
which has not been previously characterized as impor-
tantin genome integrity screens. Interestingly, Y/LO38C,
which we have named LOH1, has sequence similarity to
the adjacent gene, TRCIS8; the irc18A allele was recently
identified to have increased levels of Rad52-damage-
repair foci (ALVARO et al. 2007). We suggest that this pair
of genes normally plays a role in maintaining genome
integrity.

In contrast, we find it difficult to make a simple
mechanistic link to increased LOH with the deletion
mutants of /CE2, a gene important in cortical endoplas-
mic reticulum inheritance, or FEN2, a gene reported to
encode a plasma membrane symporter (StoLz and
SAUER 1999; ESTRADA DE MARTIN et al. 2005). While
these alleles may uncover new connections between
these processes and nuclear genome integrity, we
consider that the ice2A and fen2A alleles may be having
their effect by altering the regulation of adjacent genes:
ICE2 is immediately 5" to YIL091C, which encodes a
putative helicase, and FEN2is immediately 5’ to RIMI, a
single-stranded DNA binding protein implicated in
mitochondrial genome maintenance (L1 et al. 1998;
SACCHAROMYCES GENOME DATABASE ProjecT 2008).
Similarly, we wonder whether the YGL250W/RMRI gene
product is directly involved in genome integrity; it has
sequence similarity only to other fungi and the deletion
allele was recently identified as having reduced meiotic
recombination (JORDAN et al. 2007). It is positioned
between the 5" ends of two meiosis-specific genes, HFM1/
MER3, which encodes a DNA helicase, and ZIP2, which is
important in synaptonemal complex formation during
meiosis (CHUA and ROEDER 1998; Narkacawa et al.
2001). We speculate that the rmrIA allele may result in
misregulation of either or both of these adjacent genes
and inappropriately stimulate recombination in mitotic
cells.

We identified 61 deletion mutant alleles in our
screen, and in many cases these mutants corresponded
to more than one component of characterized bio-
chemical complexes or processes. Examples of such
partners that had a significant effect on LOH are: Hex3
and SIx8; Ctf19 and Mcm21; Mmsl, Asfl, and Rtt109;
Nup84 and Nupl33; Ccr4 and Pop2; Rpal4 and Rpa34;
RIf2 and Msil; Csm1 and Lrs4; Rad51 and Rad54; Rad50
and Xrs2 (CLEVER et al. 1997; KAUFMAN et al. 1997; Usut
et al. 1998; BAI et al. 1999; ALLEN et al. 2001 ; MCAINSH
et al. 2003; SHPARKOVSKI et al. 2003; HUANG et al. 2006;
YANG et al. 2006; CoLLINS et al. 2007). We found that
each set of these partners had very similar phenotypic
profiles in the quantitative and qualitative sets of assays
performed in this study. As such, these profiles provide a
refined biological context for information amassed in
large-scale genetic interaction maps of genes involved in
various aspects of chromosome biology (PAN et al. 2006;
CoLLINs et al. 2007). For instance, the genetic interac-
tion maps were based primarily on growth phenotypes.
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In the future, we can utilize the MHM strain to examine
whether mutants of genes clustered together in the
interaction maps also produce similar LOH pheno-
types, and we can determine how deeply within a
hierarchical cluster the similar phenotypes are ob-
served. Such an analysis offers the opportunity to better
understand mechanisms of action in LOH events.

In comparing the list of genes identified in our LOH
screen to other genetic and biochemical character-
izations of protein complexes in S. cerevisiae, we find
that some of the expected partners of known complexes
are missing. For instance, while Rad50 and Xrs2 were
identified in our screen, the other member of the MRX
complex, Mrell, was not (Usur et al. 1998). When
mrel 1A alleles were introduced in the MHM strain, they
indeed behaved very similarly to the rad50A and xrs2A
alleles in each of the LOH assays (supplemental Table
S6), consistent with an earlier finding that mrel IA
strains have increased levels of BIR and chromosome
loss (KR1SHNA ¢t al. 2007). To understand why the
mrel IA was missed in the primary screen, we examined
the MET15 locus in the deletion collection and discov-
ered that in our version, the locus was no longer
heterozygous (MET15/met15A), but was homozygous
METI15/MET15 in the mrel IA strain (data not shown).
We speculate that in the initial screen some mutants
with high levels of genomic instability may have pro-
duced cells that had lost heterozygosity at MET15. The
METI5/METI5 homozygous strains were the likely
result of selective pressures created during the propa-
gation of the strain collection. Other mutants that are
missing from our analysis are those that are mating
defective; the two haploid deletion mutant strains used
to create each diploid homozygous deletion mutant in
the collection must be mating competent. Hence the
sir2A /sir2A mutant strain, which is known to have high
levels of LOH at METI5, is missing from the strain
collection because sir2A strains are sterile (MCMURRAY
and GoTTsCHLING 2003). While it is difficult to assess
how many potential mutants were missed because of
these limitations, we estimate that the discovery of
possible mutants for increased METI5 LOH in the
deletion collection was >50%. This estimate is based on
the number of partner proteins in complexes we did
identify and compared to the total number of partner
proteins currently known to be a part of these com-
plexes (data not shown).

Conclusions: The screen and characterization of
deletion mutants carried out in this study provide a
genetic landscape of possible defects that can drive
increased rates of LOH and the means by which they
occur in S. cerevisiae. As such, it gives us a set of potential
pathways/processes that may become defective in a
“diseased” state. We proposed in earlier studies that
molecules involved in genome maintenance become
defective over time—i.e., as cells aged (MCMURRAY and
GoTtTscHLING 2004). The results presented here pro-

vide a set of gene products and processes that can be
examined in testing this hypothesis.

Finally, the genetic landscape of distinct pathways to
increased LOH identified in this study is consistent with
the idea that multiple DNA damage repair pathways
compete for the same damaged substrates. By compro-
mising one or more of the repair pathways, the in-
creased LOH is manifested. Given that the balance
between various repair pathways differs between species
and cell types, it seems likely that certain cells will be
much more prone to LOH (SHRIVASTAV et al. 2008).
Our study serves as a starting point for exploring such a
possibility.
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