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Genome instability via RNA:DNA hybrid-mediated R loops has been observed in mutants involved in various
aspects of transcription and RNA processing. The prevalence of this mechanism among essential chromosome
instability (CIN) genes remains unclear. In a secondary screen for increased Rad52 foci in CIN mutants,
representing ~25% of essential genes, we identified seven essential subunits of the mRNA cleavage and
polyadenylation (mCP) machinery. Genome-wide analysis of fragile sites by chromatin immunoprecipitation
(ChIP) and microarray (ChIP–chip) of phosphorylated H2A in these mutants supported a transcription-dependent
mechanism of DNA damage characteristic of R loops. In parallel, we directly detected increased RNA:DNA hybrid
formation in mCP mutants and demonstrated that CIN is suppressed by expression of the R-loop-degrading
enzyme RNaseH. To investigate the conservation of CIN in mCP mutants, we focused on FIP1L1, the human
ortholog of yeast FIP1, a conserved mCP component that is part of an oncogenic fusion in eosinophilic leukemia.
We found that truncation fusions of yeast FIP1 analogous to those in cancer cause loss of function and that siRNA
knockdown of FIP1L1 in human cells increases DNA damage and chromosome breakage. Our findings illuminate
how mCP maintains genome integrity by suppressing R-loop formation and suggest that this function may be
relevant to certain human cancers.
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Genome instability is seen in most human cancers in the
form of either increased mutation rate (microsatellite in-
stability [MIN]) or increased chromosome instability (CIN)
(Cahill et al. 1999; Schvartzman et al. 2010; Loeb 2011).
The maintenance of genome integrity may play the role
of a tumor suppressor that prevents the accumulation of
mutations that ultimately drive uncontrolled cell pro-
liferation (Schvartzman et al. 2010; Loeb 2011). Since CIN
can be thought of as an early event in the oncogenic
process, understanding the molecular basis of this phe-
notype has implications for cancer therapy, detection, and
classification. CIN describes the phenomenon in which
daughter cells inherit different complements of genetic
material; i.e., loss or gain of whole chromosomes or chro-
mosomal fragments. The result of CIN, when not lethal,
can be aneuploidy or polyploidy, which have been linked
to tumor formation (Fujiwara et al. 2005). Alterations in

diverse cellular pathways can lead to CIN and tumor pre-
disposition, especially disruption of normal DNA repair
(e.g., BRCA1, ATM, BLM, and ATAD5) or mitotic func-
tions (e.g., BUB1 and CENP-A) (Jackson and Bartek 2009;
Schvartzman et al. 2010; Bell et al. 2011). Despite con-
siderable effort, the spectrum of mutations that cause CIN
in tumors is only partly known. Even as next-generation
sequencing technology rapidly expands the known reper-
toire of somatic variants in tumors, ascribing functions to
these variants remains a daunting task.
In the model eukaryote Baker’s yeast (Saccharomyces

cerevisiae), genome-wide screens have culminated in an
extensive compilation of nearly 700 CIN genes across an
array of cellular processes (Stirling et al. 2011). This list is
a valuable resource for the study of candidate CIN genes
in humans and also reveals many cellular components for
which the mechanism of genome instability is obscure
(Smith et al. 2004; Kanellis et al. 2007; Yuen et al. 2007;
Andersen et al. 2008; Stirling et al. 2011). A widely rec-
ognizedmechanism leading toCIN is excessiveDNAdam-
age or defective DNA repair (Jackson and Bartek 2009).
DNA damage occurs primarily due to the perils of normal
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DNA replication, where it tends to occur at fragile sites
marked by H2A phosphorylation in yeast or H2AX phos-
phorylation in mammalian cells (i.e., mapped recently in
Szilard et al. 2010). However, DNA damage can also occur
as a result of a host of environmental factors, mutations,
and intracellular stresses. This damage is repaired effec-
tively by an extensive DNA repair machinery (Jackson and
Bartek 2009). Many diverse pathways seem to converge on
DNA damage, and it may be that a significant number of
CINmutations act through inappropriate DNA damage or
repair (Alvaro et al. 2007; Jackson and Bartek 2009).
Onemore recently appreciated group of CIN genes—as-

sociated with increases in DNA damage, mutation, and
hyperrecombination—are subsets of genes involved in
transcription and RNA processing. Mutations in topo-
isomerase I, Sen1/SENATAXIN, THO/TREX, Sin3, and
the SR protein-splicing factor ASF/SF2 have each been
linked to genome instability via a common mechanism
(Li and Manley 2005; Gomez-Gonzalez et al. 2009;
El Hage et al. 2010; Mischo et al. 2011; Wahba et al.
2011). These mutants induce the formation of persistent,
transcription-associated RNA:DNA hybrids that form
R loops. The R-loop structures expose damage-prone
ssDNA on the nonsense strand and may act as a block
for replication fork progression, consistent with observa-
tions that mammalian transcription-associated recombina-
tion requires DNA replication and that R-loop-mediated
genome instability in Escherichia coli is caused by
replication fork collisions (Prado and Aguilera 2005;
Gottipati et al. 2008; Gomez-Gonzalez et al. 2009; Gan
et al. 2011). At present, the extent of cellular processes that
contribute to R-loop-based genome instability is unclear.
To identify CIN processes that increase cellular de-

mands on the DNA repair/recombination machinery, we
performed a visual screen for Rad52-marked recombina-
tion centers in mutants of 305 essential CIN genes. This
represents direct tests of mutants in >25% of essential
genes. Remarkably, of 44 strains with increased Rad52
foci, we identified seven subunits of the mRNA cleavage
and polyadenylation (mCP) machinery. These mCP pro-
teins have been implicated in transcription elongation and
termination and mRNA export due to their role in RNA
processing (Brodsky and Silver 2000; Luna et al. 2005; Tous
et al. 2011). Chromatin immunoprecipitation (ChIP) and
microarray (ChIP–chip) using phosphorylation of H2A as
a marker of DNA damage revealed fragile site differences
between mCP mutants and wild type that map to a set of
transcribed ORFs linked to replication origins, supporting
a transcription-dependent mechanism for DNA damage.
We directly detected RNA:DNA hybrids in mCPmutants
and found that expression of RNaseH, which degrades
RNA:DNAhybrids, rescues the chromosome transmission
defect phenotype of these mutants. Finally, we showed
thatmutations of themCP component FIP1, analogous to
those seen in cancer, cause genome instability and that
siRNA knockdown of the human ortholog FIP1L1 causes
DNA damage and chromatid breaks in the colorectal
cancer cell line HCT116. Together, our findings support
a mechanism for CIN in mCP mutants involving tran-
scription-coupled R-loop formation and suggest that this

mechanism may be operating when human mCP genes
are mutated in cancer.

Results

Rad52 foci screening of essential CIN genes

Rad52p is essential for homologous recombination and
organizes into repair centers in response to double-strand
breaks (DSBs) and other recombination events (Lisby et al.
2001; Mortensen et al. 2009). Increases in Rad52p foci can
therefore indicate a number of genome-destabilizing con-
ditions, including increased DSBs, inefficient resolution
of recombination intermediates, or hyperrecombination
(Alvaro et al. 2007). To determine which CIN mutants
cause increased or prolonged engagement of the homolo-
gous recombination machinery, we introduced a RAD52-
YFP fusion under the control of its native promoter by
synthetic genetic array (SGA) (Tong et al. 2004). The re-
sultant strains expressing a mutant CIN gene and RAD52-
YFP were screened visually for increased levels of Rad52
foci (see the Materials and Methods). We screened 360
alleles of 305 essential CIN genes, including 306 ts
(temperature-sensitive) and 54 DAmP alleles (Stirling
et al. 2011). Similar to previous studies, we retested
mutants in which $15% of cells had Rad52 foci in the
primary screen (Alvaro et al. 2007). Triplicate retesting
produced a list of 46 alleles in 44 unique genes whose
mutation elicits an increased level of Rad52 foci (Fig.
1A). Eighteen additional mutants had increased but vari-
able levels of Rad52 foci that did not meet our threshold
across replicates (Supplemental Table S1). The largest
functional group of mutants with increased Rad52 foci
affected DNA replication, consistent with the S-phase
function of Rad52 and its role in repairing damage caused
by collapsed replication forks (Lisby et al. 2001). Interest-
ingly, mutations in multiple genes involved in the pro-
teasome, Smc5/6 complex, early secretion, transcription,
andmRNA processing all caused increased rates of Rad52
foci (Fig. 1). These data stress the value of screening
essential gene mutant collections, since a systematic
screen of nonessential gene deletions uncovered a non-
overlapping set of biological processes (Alvaro et al. 2007).
Published genetic interactions exist between rad52D

and 12 of 44 genes identified in our screen (i.e., BioGrid/
DRYGIN databases). The presence of Rad52 foci in a
mutant may indicate the dependence of that mutant on
RAD52 function (Alvaro et al. 2007). To further this hy-
pothesis, we directly tested selectedmutants from different
biological pathways for genetic interactions with rad52D.
For pol31-ts, sld7-ts, rpn5-1, orc6-ts, and rna15-58 there
were clear growth defects in the absence of RAD52 (Fig.
1B). For ssl1T242I and pcf11-2, a growth defect was ap-
parent when a low level of hydroxyurea (HU) was present,
whereas nse3-ts and sec12-4 did not show obvious growth
defects in this assay (Fig. 1B).
Overall, our screen indicates that a large proportion of

essential CIN genes (i.e., 14%; 44 of 306 genes) exhibit
significant levels of mutant-induced Rad52 foci and thus
that disruption of unexpected cellular pathways create

Stirling et al.

164 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


a requirement for homology-directed DNA repair. Of
particular interest was the identification of seven mCP
genes in the Rad52 foci screen (Fig. 1A). The mCP
machinery is essential for processing nascent RNAs to
free polyadenylated species (Gross and Moore 2001).
Interestingly, unlike the majority of mutants identified
in the screen, which arrested as large-budded G2/M cells,
most mCP mutants exhibited Rad52 foci at all cell cycle
stages, including G1. By comparison with those Rad52
foci-forming mutants involved in DNA replication, the
role of mCP genes in genome integrity is not well charac-
terized, and we decided to characterize it further.

Fragile sites in mCP mutants differ in transcribed
ORFs and near replication origins

Phosphorylation of H2A-Ser129 is a mark of DNA dam-
age analogous to human g-H2AXmodification in response
to DNA damage and is critical for DSB repair (Downs
et al. 2000). Recent analysis of sites of H2A-S129 phos-
phorylation in the yeast genome revealed a set of fragile
loci or ‘‘g sites’’ using ChIP–chip (Szilard et al. 2010). It is
known that h2a-S129A mutants accumulate Rad52 foci
and that both Rad52 andH2A phosphorylation contribute
to efficient DNA repair (Downs et al. 2000; Mortensen
et al. 2009; Szilard et al. 2010). We reasoned that mapping
differences in fragile sites between wild type and mCP
mutants could suggest a mechanism for CIN in the
mutants. We performed g-H2A ChIP–chip on the two
mCP alleles with the highest levels of Rad52 foci: pcf11-2
and clp1-ts. We applied double-T7-amplified anti-phospho-
Ser129-H2A chromatin immunoprecipitates from log phase
wild-type, mCP mutant, or h2a-S129A control cells to a
high-density tilingmicroarray containing 3.2million probes

with an average 5-base-pair (bp) resolution and 20-bp overlap
between probes (Schulze et al. 2009). Normalizing our
data to the h2a-S129A control produced a profile of yeast
g sites (Fig. 2A; see also Supplemental Table S2 for cor-
relations; Supplemental Table S3 for all ChIP–chip peak
coordinates).
Overall, our wild-type ChIP–chip profiles confirmed

the findings of Szilard et al. (2010); for example, identify-
ing g sites enriched in subtelomeric regions, replication
origins, long terminal repeats, repressed ORFs, MAT, and
near rDNA and centromeres (Fig. 2A; Supplemental Figs.
S1, S2; Supplemental Material). Initial examination of the
mutant data revealed similar g-site peak profiles in rep-
licates of clp1-ts, pcf11-2, and wild-type strains (Fig. 2A;
Supplemental Table S2). For example, Figure 2B shows
similar mutant and wild-type g sites associated with a re-
pressed gene, HXT10, and a replication origin in the in-
dicated 50-kb segment of chromosome VI. To highlight
regions of the mutant-specific g-H2A signal, which could
be linked tomutant-inducedDNAdamage, we normalized
the mutant profiles to that of the wild type (Fig. 2C). This
analysis revealed reproducible and widespread differences
in g sites adjacent to replication origins (e.g., ARS603.5 in
Fig. 2C).
To quantify the observed connection between mCP

mutant g-site enhancement and autonomous replicating
sequence (ARS)-linked sites, we scanned a 2-kb window
on either side of all ARSs for enriched regions $500 bp in
length. This analysis found significantly more sites than
would be expected at random for both clp1-ts and pcf11-2
mutants (i.e., P = 0.99997) (Fig. 3A compares the observed
values with the predicted number of peaks if ARS start
coordinates were randomized). Sixty-four ARSsmet these
stringent criteria for three of four mutant replicates (i.e.,

Figure 1. A screen for DNA damage foci in essential
CIN genes. (A) Percentage of cells with Rad52 foci. Bars
are color-coded to denote cell cycle arrest as large-
budded cells (black), foci formation only in budded cells
(dark gray), or foci formation at all stages (light gray).
Multimember biological groups are labeled above. (B)
Genetic interactions between foci-generating mutants
and rad52D. Equal ODs of the indicated strains were
serially diluted and spotted on YPD 6 5 mM HU at
30°C.
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the sites are found at least once in both clp1-ts and pcf11-2
and are found in two replicates of either clp1-ts or pcf11-2)
(Fig. 3A; Supplemental Table S4). Very few ARSs were
themselves enriched in the mCP-specific g sites; instead,
the peaks appeared in ORFs in close proximity to the ARS.

The peaks of 60 of the 64 ARS-linked sites could be as-
signed to single genes. Sixty-five percent of these genes
were oriented toward the ARS, similar to the genome-wide
frequency of ORF–ARS collision (60%). Notably, ARS-
linked g-H2A-enriched ORFs oriented in such a colliding

Figure 2. High-resolution mapping of yeast g sites. (A) Overview of g sites for Chromosome VI (ChrVI), indicating chromosomal
features. (Purple box) ARS; (gray box) ORF. For A and B, the colored traces represent duplicates of wild type (red and black) and one
replicate each of clp1-ts (green) and pcf11-2 (blue). In A, large subtelomeric g-site regions are noted with black bars, seven enriched ARS
are noted with vertical dotted lines, and three examples of repressed genes (less than one mRNA per hour) are noted with dotted lines
connecting to red boxes to define the gene boundaries. For a detailed comparison with published g sites, see the Supplemental Material.
(B) Representative pcf11-2 and clp1-ts g-site profiles for a 50-kB segment of ChrVI from the third row in A. Enriched g sites at HXT10,
which is repressed in glucose, and ARS605 are indicated. (C) Replicates of pcf11-2 (black, green) and clp1-ts (blue, red) g-site profiles
normalized to wild type to identify regions of enhanced signal common to both mutants. The same 50-kB region of ChrVI from B is
shown after normalization to the wild-type g-site profile. Common differences are marked with a black bar.
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fashion had a higher average transcriptional frequency
than the complete set of colliding ORF–ARS pairs, while
this trend was not seen for noncolliding ORF–ARS pairs
(Fig. 3A, right panel; Supplemental Table S4). These ob-
servations are consistent with a mechanism contingent
on R-loop formation, since they implicate the collision of
transcription and DNA replication as a source of DNA
damage in mCP mutants.
In addition to the ARS-linked g sites, there wasmutant-

specific g-H2A enrichment at a set of 918 ORFs through-
out the genome. When we examined the transcriptional
frequency of these 918 ORFs, we found significantly fewer
of the lowest transcription category (i.e., less than one
mRNA per hour) compared with all ORFs (Fig. 3B;
Holstege et al. 1998). This represents a dramatic shift from
the wild-type g sites, which strongly enriched repressed
or weakly transcribed genes and underrepresented higher
transcriptional categories (Fig. 3B; Szilard et al. 2010). If
we map the relative position of g-site differences within
the 918 ORFs, there is a slight bias toward the 39 end of
the gene for both pcf11 and clp1-ts mutants compared
with enriched ORFs in the global g-site profile of wild-
type cells (Supplemental Fig. S3). Moreover, examining
the 55 genes whose 39 untranslated region (UTR) contains
a g site in both clp1-ts and pcf11-2 profiles (i.e., three of
four replicates covered by >50%of a 500-bpwindow down-
stream) reveals that the associated genes tend to have
higher transcriptional frequencies (Supplemental Fig. S3).
Together, these data suggest that at least some transcrip-
tion occurs at ORFs specifically enriched for g-H2A in
mCP mutants and that damage may be biased to the site
of mCP function at 39 ends. One potential reason that the
bias is not more pronounced is that various 39 end pro-
cessing factors, including the mCP, also affect transcription

elongation and could be causing damage within genes as
well as downstream (Tous et al. 2011).
If DNA damage in pcf11-2 and clp1-ts mutants occurs

at transcribed ORFs, it is plausible that reducing tran-
scription could mitigate the increase in Rad52 foci. To test
this hypothesis, we treated cells with 6-azauracil (6AU),
an inhibitor of transcription elongation, and scored the
presence of Rad52 foci. Wild-type cells showed an in-
crease in Rad52 foci when treated with 6AU (Fig. 3C).
Remarkably, both clp1-ts and pcf11-2 strains showed a
significant decrease in Rad52 foci when treated with 6AU
(Fig. 3C). This effect was not seen in the strong hits srm1-ts
or cdc24-11, which both retained high levels of Rad52 foci
in 6AU (Fig. 3C). We conclude from this experiment that
at least some of the DNA damage in mCP mutants is oc-
curring within transcribed regions.

CIN in mCP mutants occurs via R loops

Our data show that mutants in the mCP pathway ac-
cumulateRad52 foci, andourChIP–chipdata suggest a con-
nection between DNA replication and the role of mCP in
transcription. It is known that transcription can act as
a replication fork barrier (Deshpande and Newlon 1996;
Takeuchi et al. 2003) and that mutations in mCP com-
ponents can cause transcription defects (Birse et al. 1998;
Prado and Aguilera 2005). To investigate the connection
of these phenotypes to CIN, we first confirmed reported
mCP phenotypes in three standard CIN assays, investigat-
ing primarily chromosome loss (chromosome transmis-
sion fidelity [Ctf]), loss of heterozygosity (BiMater [BiM]),
and rearrangement/gene conversion (a-like faker [ALF]).
Mutants in CFT2, CLP1, FIP1, PCF11, and RNA15 had
a robust Ctf phenotype and aweakALF phenotype;RNA15,

Figure 3. clp1-ts and pcf11-2 mutant g sites link DNA
damage to transcription. (A) Linkage of mutant-spe-
cific peaks to replication origins. (Left panel) Peaks
within 2 kb of replication origins were identified in the
mutant-WT difference profiles and compared with
predicted values generated by Monte Carlo simulation
of randomized ARS positions. (*) P < 0.0001. The right

panel shows the relative orientation, with respect to
ARS, of ORFs encompassed by ARS-linked g-site dif-
ferences across three of four mutant replicates (pointed
end indicates the direction of transcription). The aver-
age transcriptional frequency of ARS-colliding ORFs in
g sites was significantly higher than for all ARS-
colliding ORFs across the entire genome (P < 0.05). (B)
Transcriptional frequency of ORFs with an enhanced
g-H2A signal in wild-type cells and mCP mutant
normalized to wild-type samples. The distribution of
transcription frequencies (Holstege et al. 1998) is
shown for all ORFs (gray bars), ORFs covered at least
25% by a wild-type g site (black bars), and ORFs
covered at least 10% by a g-site difference in clp1-ts
and pcf11-2 ChIP–chip profiles. (C) Effect of the tran-
scription inhibitor 6-azauracil on Rad52 foci formation
in wild-type and mutant strains. Asterisks in B indicate

significant deviations from all ORFs within a transcription frequency category (hypergeometric test), and asterisks in C indicate
significant differences in Rad52 foci levels; Student’s t-test, (*) P < 0.05; (**) P < 0.005.
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CLP1, and PCF11 mutants also had a detectable BiM
phenotype (Supplemental Table S5). Each mCP mutant
was hypersensitive to the genotoxic agents HU, cisplatin,
bleomycin, andUV (Fig. 4A; data not shown). These agents
may synergize with the DNA damage that occurs in mCP
mutants; for example, failed transcription termination in
mCP mutants could act as a block to replication forks,
thereby sensitizing cells to replication inhibitors like HU
or cisplatin (Birse et al. 1998; Prado and Aguilera 2005).
Indeed, HU and certain mCP mutations both increase re-
combination rates; thus, the effectsmay be additive (Luna
et al. 2005).
Our data and the literature support the notion that

transcriptional defects underlie genome instability inmCP
mutants. One commonway bywhich this occurs is through
formation of transcription-coupled RNA:DNA hybrids
called R loops. The identification of pcf11-2 and clp1-ts
g-site differences in ARS-proximal genes, combined with
the suppression of Rad52 foci by 6AU, makes this an es-
pecially attractive model (Fig. 3). Consistent with this ex-
planation of our CIN data, we found that known R-loop-
forming mutations in the helicase SEN1 and the THO
componentsMFT1 and THP2 lead to strong CTF and ALF
phenotypes (Supplemental Table S5). To test the R-loop
hypothesis formCPmutants,we expressed a recombinant
RNaseH enzyme that specifically degrades RNA:DNA
hybrids. Analysis of Ctf in pcf11, clp1, fip1, and rna15mu-
tant strains showed a remarkable suppression by RNaseH,
which should reduce R loops, supporting a direct role for
R loops in genome instability (Fig. 4B). Suppression of Ctf
by RNaseHwas not seen inCtf control strains representing

other biological pathways (i.e., rpf1-1 or scc2-4 in Fig. 4B;
quantified in Supplemental Fig. S4). Thus, RNaseH sup-
pression of Ctf is highly specific to mCP mutants.
S. cerevisiae encodes at least two RNaseH enzymes

encoded by RNH1 and RNH201. Deletion of both RNaseH
genes, which increases the frequency of R loops (see
below), caused synthetic growth defects at a semipermis-
sive temperature (32°C) in CFT2, CLP1, PCF11, or RNA15
mutants (Fig. 4C). While we did not identify a growth
defect associated with RNaseH deletion in fip1-ts, the
triple-mutant strains did show enhanced sensitivity to
low concentrations of bleomycin (Supplemental Fig. S5).
These data indicate that mCP mutants require RNaseH
activity under certain conditions to promote viability, con-
sistent with a detrimental accumulation of RNA:DNA
hybrids.
To confirm that the mCPmutants accumulate R loops,

we transiently grew cells at the nonpermissive tempera-
ture of 37°C and harvested them for chromosome spreads.
We performed immunofluorescent detection of RNA:DNA
hybrids using the S9.6 monoclonal antibody in chromo-
some spreads of wild type; mCP mutants; known or pre-
dicted R-loop-forming mutants, including rnh1Drnh201D
doublemutants; and a panel of Rad52 foci-forming strains
from other biological pathways (Fig. 4D). For each allele
of the mCP machinery tested, we observed an increased
number of chromosome spreads with RNA:DNA hybrid
staining. The rnh1Drnh201D double mutant also showed
high levels of RNA:DNA hybrids, confirming that the role
of endogenous RNaseH is actively suppressing R-loop for-
mation (Fig. 4D). Indeed, the rnh1Drnh201D strain exhibits

Figure 4. Transcription-coupled R loops are the likely
cause of CIN in mCP mutants. (A) Tenfold serial
dilution spot assays of mCP mutant strains on indicated
medium. ctf4D is included as a sensitive control strain.
(Right) An additional YPD control is included for
cisplatin sensitivity because these plates have a different
pH. (B) Plate images of Ctf phenotypes for selected mCP
mutants and a control Ctf mutant expressing an empty
vector or human RNaseH1. Significantly fewer colonies
with red sectors (P < 0.05) are seen when RNaseH1 is
expressed in mCP but not control Ctf mutants (see
Supplemental Fig. S4). (C) Growth curves of mCP
mutants with and without the yeast RNaseH genes
RNH1 and RNH201 (rnhDD). (D) Immunofluorescence
of RNA:DNA hybrids in chromosome spreads. Repre-
sentative spreads from wild-type and pcf11-ts10 cells
([blue] DNA; [red] RNA:DNA hybrid) (left panel) and
quantification of the immunofluorescence data for the
indicated mutants (right panel) are shown. ‘‘R-loop-
positive controls’’ indicates strains known or predicted
to form R loops, and ‘‘Rad52 foci-positive controls’’
indicates strains that form Rad52 foci (Fig. 1) but are not
predicted to form R loops. Significant differences from
wild type (P < 0.05) are indicated by an asterisk.
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a strong CIN phenotype (Supplemental Table S5). As pre-
dicted, mutants in the THO subunits MFT1 and THP2
and in SEN1 caused RNA:DNA hybrids (Fig. 4D; Gomez-
Gonzalez et al. 2009; Mischo et al. 2011). Deletion of the
transcription termination factor RTT103 also increased
RNA:DNA hybrids (Fig. 4D). Among the panel of Rad52
foci-forming control strains, only srm1-ts showed an in-
crease in RNA:DNA hybrids (Fig. 4D). SRM1 plays a role
in nucleocytoplasmic transport of mRNAs, which could
account for the accumulation of RNA:DNA hybrids in
srm1-ts mutants. As an antibody specificity control, we
show that pretreatment of chromosome spreads with re-
combinant RNaseH in vitro significantly reduces the
R-loop signal (Supplemental Fig. S6). Together, these data
suggest that mCP mutants are similar to THO and SEN1
mutants in that the mechanism of genome instability re-
quires the accumulation of RNA:DNA hybrids.

Comparative analysis of mCP mutants
with known R-loop-forming mutants

Known R-loop-forming mutants (e.g., THO complex and
SEN1) work in parallel with mCP in the continuum of
transcription termination and mRNA processing and ex-
port. SincemCPmutantshavedefects in transcription elon-
gation and termination and mRNA processing and export,
we wanted to address their similarity to known R-loop-
forming mutants to probe the mechanism by which mCP
mutant-induced R loops cause genome instability (Brodsky
and Silver 2000; Luna et al. 2005; Tous et al. 2011). Mu-
tants in THO and the SEN1 helicase exhibit CIN pheno-
types and RNA:DNA hybrid formation in our cytological
assay (Fig. 4D; Supplemental Table S5). Moreover, repre-
sentative alleles in mCP (i.e., fip1-ts, clp1-ts, rna15-58,
and alleles of pcf11) exhibit synthetic growth defects or
lethality with deletion of the THO subunit THP2 or the
termination factor RTT103 or with the sen1-1 ts allele, as
assessed by tetrads and growth curve analysis (Supple-
mental Fig. S7). This analysis confirms that the cellular
defects caused by our mCP mutants are buffered by the
action of THO and SEN1 and vice versa.
Another phenotype common to R-loop-forming muta-

tions is hyperrecombination, and a weak phenotype has
been reported for certain components of mCP (Chavez
et al. 2000; Luna et al. 2005;Mischo et al. 2011). To clarify
these observations, we subjected the mCP mutants to a
well-characterized direct repeat recombination assay (Prado
et al. 1997). At 30°C, the mCP mutants clp1-ts, rna15-58,
and pcf11-ts10 exhibited significant hyperrecombination
(Supplemental Fig. S7). In this assay, mutations in SEN1
or the THO complex lead to strong hyperrecombination
phenotypes; however, the introduction of a transcription
terminator after the first homology segment blocks hyper-
recombination in THO mutants but stimulates recombi-
nation in the sen1-1 allele (Mischo et al. 2011; Supple-
mental Fig. S7). Thus, while THO and SEN1 mutants
both induce R loops, this reporter systemmechanistically
differentiates RNA packaging defects (i.e., THOmutants)
from SEN1 helicase defects. Unlike sen1-1, hyperrecom-
bination in mCP mutants is not increased by the tran-

scription terminator, but rather is generally reduced (Sup-
plemental Fig. S7). Thus, mCP mutants behave like THO
mutants, consistent with the known interdependence of
THO and mCP function in mRNA processing and export
(Luna et al. 2005).

Truncation fusion of yeast FIP1 causes
genome instability

Our data suggest that themCPmachinery prevents genome
instability by suppressing the formation of RNA:DNA
hybrids in a manner at least partially similar to the THO
complex. The human ortholog of the mCP gene FIP1,
FIP1L1, comprises the N-terminal moiety of a fusion
protein with PDGFRa, which plays a causative role in
10%–20% of hypereosinophilic syndrome/eosinophilic
leukemia (Cools et al. 2003; Gotlib and Cools 2008).
These oncogenic fusion proteins truncate the C termi-
nus of FIP1L1 and liberate the tyrosine kinase domain of
PDGFRa, which becomes dysregulated.While the PDGFRa
moiety is responsible for the proliferative phenotype, the
impact of the truncation on FIP1L1 function is not clear
(Stover et al. 2006). However, the fusion is under the con-
trol of the FIP1L1 promoter, and in vitro colony-forming
assays indicate that FIP1L1 does have an effect on the
fitness of transformed cells (Buitenhuis et al. 2007; Gotlib
and Cools 2008). Thus, the role of FIP1L1 may be im-
portant to the etiology of this leukemia.
To model the putative effects of FIP1 truncation fu-

sions, we fused a commonly used globular domain (GFP)
to two orthologous breakpoints in the yeast FIP1 gene.
The fusions Fip11-213-GFP and Fip11-279-GFP correspond
to human exons 7 and 9, respectively, in the most closely
related human FIP1L1 isoform, isoform 4 (Fig. 5A, left
panel). Tetrad dissection of heterozygous diploids revealed
that each truncation fusion affected fitness; Fip11-213-GFP
did not support viability, whereas Fip11-279-GFP produced
small colonies (Fig. 5A, right panel). A control in which
GFP was fused to the C terminus of full-length FIP1 did
not appear to affect fitness. Since the Fip11-279-GFP con-
struct was viable, we focused our subsequent character-
ization on this allele. Similar to the fip1-ts allele, we
found that Fip11-279-GFP caused a Ctf phenotype not seen
in the FIP1-GFP control (Figs. 4B, 5B). In addition, the
truncation fusion protein increased formation of Rad52
foci and RNA:DNA hybrids, although in this case, the
full-length FIP1-GFP also increased focus and hybrid
formation above wild-type levels (Fig. 5C,D). This indi-
cates that perturbations of FIP1 function, even those that
do not grossly affect fitness, can induce R-loop-mediated
DNA damage and supports the idea that human FIP1L1,
in the context of a PDGFRa fusion, may be only partly
functional. Our data also predict that more severe trun-
cations would further inactivate FIP1L1.

Human FIP1L1 may be required for genome stability

Our examination of CIN phenotypes in yeast is ultimately
directed at predicting human genome integrity pathways
(Yuen et al. 2007; Barber et al. 2008; Stirling et al. 2011).
Therefore, an important confirmation of our data is a
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cross-species validation of the CIN phenotype. Partial
reduction of yeast FIP1 activity by a ts allele or truncation
fusion leads to Rad52 foci and CIN in yeast cells (Figs. 1,
5; Supplemental Table S5). Thus, we predicted that re-
duction of human FIP1L1 function would also lead to ge-
nome instability in human cells.
We transiently reduced the protein levels of FIP1L1 in

the near-diploid colorectal cell line HCT116 by trans-
fection with pooled or, as a specificity control, individual
siRNAs (Fig. 6A). We directly assessed chromosome in-
tegrity in cells with reduced FIP1L1 by analysis of mitotic
metaphase chromosome spreads. When cells were treated
with FIP1L1 siRNA,we reproducibly observed a significant
increase in the appearance of chromosome breaks and chro-
mosome fragments as compared with cells treated with
a GAPDH control siRNA (P < 0.05) (Fig. 6A,B). The
aberrant chromosomal structures resemble the damage
seen in chromosome spreads from bleomycin-treated cells
(data not shown). Consistently, high-content analysis of
viability suggested that FIP1L1 siRNA treatmentwas toxic
to cells (data not shown). In yeast, the CIN phenotype of
fip1-ts is related to DNA damage (Figs. 1, 4). Therefore,
reduction of FIP1L1 should also lead to DNA damage. In
support of this, we found that FIP1L1 siRNA treatment
increases the number of 53BP1-mCherry foci (Fig. 6C,D).
53BP1 foci mark sites of DNA damage and H2AX phos-
phorylation and have recently been shown to increase in
human cells depleted for THO (Dominguez-Sanchez et al.
2011). These data support the hypothesis that, at least for
FIP1L1, the essential roles of yeast mCP genes in sup-
pressing DNA damage and genome instability are con-
served to human cells.

Discussion

Rad52 foci screening of essential CIN genes

Focused secondary screens are a powerful way to define
specific functions within primary functional genomic data
(e.g., Doheny et al. 1993; Michaelis et al. 1997; Carroll
et al. 2009; Stirling et al. 2011). By direct screening of more
than one-quarter of essential genes, we linked 44 essential

CIN mutants to increased Rad52 foci formation, includ-
ing seven mCP factors with an unappreciated role in
genome integrity (Fig. 1). Rad52 foci indicate organization
of the homologous recombinationmachinery into a repair
center in response to DNA damage (Lisby et al. 2001). Our
genetic data support the idea that increased Rad52 foci
often indicate a requirement for Rad52 function (Fig. 1B;
Alvaro et al. 2007).
Aside from the mCP mutants that were the focus of

follow-up studies, the Rad52 foci screen identified mu-
tants with diverse functions. The highest levels of foci
were seen in srm1-ts and cdc24-11 alleles (Fig. 1). SRM1
strongly interacts with nucleosomes, and mutants cause
gross chromosomal defects, although we also found evi-
dence that srm1-ts may cause RNA:DNA hybrids, poten-
tially due to its role in RNA export (Fig. 4; Koerber et al.
2009). CDC24 encodes a guanine–nucleotide exchange
factor for the small GTPase Cdc42, and while the mech-
anism of cdc24-11 induced Rad52 foci is unknown, a re-
cent high-content screen identified foci of the DNA dam-
age marker Ddc2-GFP in alleles of CDC24 (Li et al. 2011).
Mutations affecting DNA replication were the class that
most frequently exhibited enhanced Rad52 foci and usu-
ally arrested as large-budded G2/M cells (Fig. 1). DNA
replication mutants were not significantly identified in
the Rad52 foci screen of nonessential genes because so
many of the components are essential. The same is true of
essential transcription/mRNAprocessing, and proteasome
subunits that were not identified in the literature (Alvaro
et al. 2007). Conversely, Alvaro et al. (2007) identified
DNA repair, mitotic checkpoint, and other genes not
found in our survey of essential CIN mutants. Screening
of both essential and nonessential gene mutants there-
fore provided complementary, nonoverlapping data sets.

Profiling fragile site changes in Rad52 foci-forming
mRNA processing mutants

By comparing fragile sites in wild-type and mCP mutant
yeast, we formulated a putative mechanism involving
transcription-coupled R loops, which we confirmed by
direct tests (Figs. 2–4). The robustness of the wild-type

Figure 5. Truncation fusion of FIP1 causes genome
instability and DNA damage. (A) Tetrad dissection of
truncation fusions of FIP1 at two orthologous sites
to breakpoints seen in human FIP1L1-PDGFRa-driven
eosinophilic leukemia. (Left) The sites of truncation
fusion are indicated in the schematic. (Right) Fusion-
bearing His+ colonies are circled. (B) Ctf assay of full-
length FIP1-GFP and FIP11-279-GFP. (C) Rad52-YFP foci
measurements from FIP1 mutant strains. (D) Quantifi-
cation of RNA:DNA hybrid formation in FIP1 mutant
strains.
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g-site profiles to perturbations by different mutants was
somewhat surprising but similar to findings in strains
lacking RRM3, a helicase that facilitates replisome pro-
cessivity (Szilard et al. 2010). Despite the similarities in
wild-type and mutant g sites, we were able to extract
meaningful differences within transcribed ORFs adjacent
to ARSs and with a slight bias toward the 39 end of the
ORF (Figs. 2, 3; Supplemental Fig. S3). These observations
are consistent with the function of mCP in transcription
termination and 39 end processing of pre-mRNAs and sug-
gest that DNA damage may occur near the site of mCP
function. Given the role of mCP in transcription, we were
surprised that we did not recover the most highly tran-
scribed genes; indeed, this category was underrepresented
(Fig. 3B). It is possible that highly transcribed genes may
have mechanisms in place to protect the genome from
the deleterious effects of high transcription. This idea has
been supported by work in mammalian cells showing that
highly expressed genes orient codirectionally with repli-
cation origins (Huvet et al. 2007; Tuduri et al. 2009). Based
on the success of our approach, we predict that mapping
changes in fragile sites (e.g., with ChIP–chip of g-H2A or
another DNA repair protein) in other CIN mutant back-
grounds could be an informative method to suggest basic
mechanisms.

Mechanism of genome instability in mCP mutants

R loops underlie genome instability in a growing number
of transcription and RNA processing mutants, including
SPT2, TOP1, SEN1, the THO complex, and ASF/SF2 (Li
and Manley 2005; Sikdar et al. 2008; Gomez-Gonzalez
et al. 2009; Tuduri et al. 2009; El Hage et al. 2010; Mischo
et al. 2011; Wahba et al. 2011). R loops have been linked
to various genome instability phenotypes, including

hyperrecombination, replication defects, DNA damage,
and chromosome loss. Our Rad52 screening and ChIP–
chip studies suggested a mechanism for genome instability
in mCP mutants that involves DNA damage induced by
the formation of transcription-coupled R loops (Figs. 1–3).
The fact that Rad52-foci are suppressed by reducing tran-
scription with 6AU (Fig. 3D) shows that recombination is
linked to transcription in the mCP mutants. We confirm
the R-loop mechanism by rescuing Ctf with RNaseH,
immunofluorescent detection of RNA:DNA hybrids, and
demonstrating genetic interactions of mCP mutants with
endogenous RNaseH mutants and known R-loop-forming
THO/SEN1 mutants (Fig. 4; Supplemental Fig. S7).
mCPmutants have reported defects in transcription ter-

mination, elongation, and mRNA export (Birse et al. 1998;
Brodsky and Silver 2000; Tous et al. 2011). More recently,
mRNA 39 end processing has been shown to directly in-
fluence transcription reinitiation (Mapendano et al. 2010).
Therefore, several potential molecular mechanisms could
explain the R-loop formation underlying genome insta-
bility inmCPmutants. Importantly, by comparing hyper-
recombination phenotypes with mutants in THO and
SEN1, we found that mCP mutants behave similarly to
THO mutants (Supplemental Fig. S7). This is consistent
with the established strong interdependence of THO and
mRNA 39 end processing factors (Luna et al. 2005). It is
known that THO occupancy at gene 39 ends is decreased
by ;50% when mCP genes are mutated, and mCP oc-
cupancy at gene 39 ends is significantly increased in THO
mutants (Luna et al. 2005, Rougemaille et al. 2008). Thus,
mCP acts upstream of THO in the biogenesis of mRNA
export complexes, but THO is required to disassemblemCP
machinery at 39 ends. Therefore, our data best support a
mechanism where mCP mutants facilitate RNA:DNA
hybrid formation by reducing THO recruitment and/or

Figure 6. Loss of human FIP1L1 function causes CIN.
(A, left panel) Chromatid breaks/fragments in mitotic
chromosome spreads from siRNA- or bleomycin-
treated cells (bleomycin value is shown on the right
axis). The average value of replicate experiments is
shown (error bars, SEM; [*] P < 0.05). (Right panel)
Western blot of FIP1L1 in siRNA-treated HCT116 cells
by single (FIP1L1) or pooled (FIP1L1 and GAPDH
control) siRNAs. a-Tubulin was blotted as a loading
control. (B) Representative chromosome spread indi-
cating DNA breaks and fragments (white arrowheads
in inset) associated with FIP1L1 siRNA. (C) 53BP1-
mCherry foci per nucleus in bleomycin and GAPDH or
FIP1L1 siRNA-treated cells ([*] mean foci/nucleus is
significantly different, P < 0.001). Values from a repre-
sentative of three data sets are shown. (D) Represen-
tative images of 53BP1-mCherry used to generate data
in C.
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increasing the time that transcripts are present at gene 39
ends due to inefficient termination.
While the molecular mechanism of R-loop formation

and propagation is complex even for better-characterized
mutants in THO and SEN1,we can alsomake a statement
globally about the impact of R-loop-induced DNA dam-
age in mCPmutants. Our ChIP–chip data show that mCP
mutant-induced DNA damage occurs within transcribed
genes and that the damaged 39UTRs tend to be associated
with higher transcriptional frequencies (Fig. 3; Supplemen-
tal Fig. S3). More importantly, transcribed genes colliding
with adjacent replicationorigins are enriched inDNAdam-
age in mCP mutants, supporting a model in which col-
lision with DNA replication is a major source of DNA
damage in mCP mutants (Fig. 3; Supplemental Table S4).
This is consistent with literature showing that collision
of R loops with the replisome is commonly associated
with genome instability (Prado and Aguilera 2005; Sikdar
et al. 2008; Tuduri et al. 2009; Gan et al. 2011). In con-
trast, the fact that mCP mutants can increase Rad52 foci
in G1 cells suggests that DNA replication is not strictly
required to elicit foci, although it may play a major role
(Fig. 1). It may be that mCP mutants cause lesions re-
quiring Rad52 in more than one way, and it will be inter-
esting in future studies to determine the relative contri-
butions of transcription and replication to genome stability
in these mutants. One confounding factor for the inter-
pretation of these mechanisms is that we are studying a
set of partial loss-of-functionmutations in essential genes
whose protein products form a multifunctional and dy-
namic protein complex. Therefore, despite their pheno-
typic overlap, there are certain to be gene and allele-
specific effects within the mCP mutants described here
that modulate the phenotypes observed.

Conservation of a CIN phenotype in the human
cancer gene FIP1L1

Our data suggest that truncation fusion of human FIP1L1
in eosinophilic leukemia may cause a loss of FIP1L1 func-
tion based on homology with yeast (Fig. 5). By demon-
strating that reduced FIP1L1 levels lead to increased DNA
damage foci and chromosome breaks inmitosis (Fig. 6), we
suggest a role for FIP1L1 in genome integrity that is con-
served from yeast to humans. These data raise the pos-
sibility that genome stability in cancers with FIP1L1
truncation fusion proteins may be impacted by the partial
loss of FIP1L1 function. FIP1L1 is dispensable for activa-
tion of the PDGFRa kinase activity, and therefore it has
been proposed that some aspect of its promoter or the pres-
ence of an adjacent fragile site is responsible for the fre-
quent observation of FIP1L1-PDGFRa gene fusions (Stover
et al. 2006). Recent confirmation of FIP1L1-RARA gene
fusions in acute promyelocytic leukemia shows that on-
cogenic translocation with FIP1L1 is not limited or spe-
cific to PDGFRa (Menezes et al. 2011). In addition, FIP1L1-
PDGFRa fusions have been found in patients presenting
with acute myeloid leukemia, which may have progressed
from eosinophilic leukemia, and T-cell non-Hodgkins lym-
phoma, both of which are sometimes associated with an-

euploidy (Metzgeroth et al. 2007). Translocation may im-
pact the function of another mCP component, human
CLP1, which is associated with an oncogenic transloca-
tion inmixed-lineage leukemia (MLL) (Tanabe et al. 1996;
Cools et al. 2003). We speculate that one outcome of in-
terrupting FIP1L1 or CLP1 could be to destabilize the ge-
nome of these leukemias and, when left untreated, in com-
bination with the proliferative phenotype, facilitate further
evolution of the cancer genome. It is worth noting that
heterozygousmutation of other CIN genes has been shown
to increase tumor incidence in mouse models (e.g., Bub1,
Aurora kinase, and CENP-E) (for review, see Schvartzman
et al. 2010).
A genome-wide compilation of yeast CIN genes iden-

tified dozens of transcription and RNA processing-related
CIN mutants whose R-loop status is unknown (Stirling
et al. 2011). We predict that other CIN mutants in these
pathways also induce R-loop formation. Interestingly, a
high-throughput study of g-H2AX DNA damage foci in
mammalian cells identified many RNA processing genes,
suggesting that this pathway is generally important for
genome integrity (Paulsen et al. 2009). Moreover, these
investigators found that overexpression of RNaseH could
suppress g-H2AX foci in some instances, supporting the
R-loop model for diverse RNA processing pathways
(Paulsen et al. 2009). The prevalence of R-loop-mediated
CIN in cancer is unclear, although it is tempting to spec-
ulate that it could occur in cancers where the orthologs of
known R-loop-forming mutants are disrupted (e.g., TOP1
or FIP1) (Cools et al. 2003; Iwase et al. 2003).

Materials and methods

Yeast strains and plasmids

Yeast strains were grown in YPD or synthetic complete medium
lacking the appropriate amino acid where nutritional selection
was required. Serial dilution assays and growth curve analysis
were performed as described (McLellan et al. 2009; Stirling et al.
2011). Supplemental Table S6 contains a list of yeast strains and
plasmids.

Rad52-YFP foci screening and CIN assays

Rad52-YFP fusions were made by direct transformation and in-
troduced into the relevant strains by SGA (Tong et al. 2004). Log
phase cultures expressing Rad52-YFP were shifted for 3.5 h from
25°C to 37°C and then prepared for microscopy as described
(Carroll et al. 2009). Both DIC and fluorescence images were col-
lected with Metamorph (Molecular Devices) and analyzed using
ImageJ (http://rsbweb.nih.gov/ij/index.html). In Figure 3, cells
growing at 25°Cwere pretreated with 100 mg/mL 6AU for 20min
before shifting for 3.5 h to 37°C and were imaged as for untreated
cells. For each putative hit, the experiment was triplicated and
$100 cells were counted per replicate. Budding indices were de-
rived from these images. CIN assays were performed exactly as
described (Spencer et al. 1990; Yuen et al. 2007).

ChIP–chip

ChIP–chip experiments were performed as described (Schulze
et al. 2009) using a ChIP-grade anti-phospho-Ser129 H2A (ab15083,
Abcam), except ts alleles were inactivated by shifting for 3 h to
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37°C before cross-linking. Data analysis and plotting of enriched
features were performed using custom R, MatLab, and python
scripts essentially as described (Schulze et al. 2009; Takahashi
et al. 2011). All profiles were generated in duplicate, except the
h2a-S129A control. The enrichment threshold was 2.5-fold for
all analyses. Features were considered enriched if 25% of the
feature length (base pair) met the enrichment threshold when
normalized to h2a-s129A and if 10% of the feature met the en-
richment criteria for mutants normalized to wild type.

ChIP–chip statistical analysis

To determine whether the data recovered more of a particular
feature than would be predicted at random, a Monte Carlo sim-
ulation on the relevant data set was run using randomly gen-
erated start positions for a particular set of features (e.g., ARSs),
while maintaining the total number of features within a chro-
mosome (Schulze et al. 2009). Five-hundred simulations were
run for each feature to generate a mean and standard deviation.
These values were compared with the observed score using the
cumulative normal distribution, which calculated the probabil-
ity of seeing a lower score if a value was selected at random
(http://www.stattrek.com). Transcriptional frequency categories
and Rad52 foci counts were compared with controls using a
Student’s t-test (http://www.graphpad.com). Overall transcrip-
tional frequencies for smaller samples were compared using the
Mann-Whitney test. Significance levels are indicated in the text
or figure legends.

Yeast chromosome spreads

Chromosome spreads were done essentially as described, except
that cellswere shifted for 4–6 h to 37°Cbefore lysis (Hartman et al.
2000; Wahba et al. 2011). The S9.6 antibody (Hu et al. 2006) was
used at 1 mg/mL in blocking buffer (13 PBS with 5% BSA, 0.2%
skim milk powder) and detected with Cy3-conjugated goat anti-
mouse antibody (JacksonLaboratories, #115-165-003). For RNaseH
treatments, each spread was incubated with 2 U of RNaseH
(Roche) in blocking buffer for 15 min prior to antibody treatment.

Mammalian tissue culture

The HCT116 cell line was cultured under standard conditions as
previously described (Barber et al. 2008). siRNAs were obtained
from Dharmacon and applied according to the manufacturer’s
instructions. Mitotic chromosome spreads were performed es-
sentially as described (Barber et al. 2008). Briefly, actively growing
cells were treated with 0.1 mg/mL colcemid for at least 90 min
before washing, trypsinization, and addition of hypotonic (0.075
M KCl) for 5 min at room temperature. Cells were fixed in 3:1
methanol:glacial acetic acid, centrifuged (800 rpm for 5 min) and
fixed again before mounting on clean slides, DAPI staining, and
visualizing. 53BP1 foci were detected in paraformaldehyde-fixed
HCT116 cells constitutively expressing 53BP1-mCherry. Foci
were scored inMetamorph from three sets of images derived from
two independent siRNA transfections.
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