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A Saccharomyces cerevisiae RNase H2 Interaction Network Functions
To Suppress Genome Instability

Stephanie Allen-Soltero,a,b,c* Sandra L. Martinez,a Christopher D. Putnam,a,b Richard D. Kolodnera,b,c,d,e

Ludwig Institute for Cancer Research,a Departments of Medicineb and Cellular and Molecular Medicine,c Moores-UCSD Cancer Center,d and Institute of Genomic
Medicine,e University of California School of Medicine, San Diego, La Jolla, California, USA

Errors during DNA replication are one likely cause of gross chromosomal rearrangements (GCRs). Here, we analyze the role of
RNase H2, which functions to process Okazaki fragments, degrade transcription intermediates, and repair misincorporated ri-
bonucleotides, in preventing genome instability. The results demonstrate that rnh203 mutations result in a weak mutator phe-
notype and cause growth defects and synergistic increases in GCR rates when combined with mutations affecting other DNA
metabolism pathways, including homologous recombination (HR), sister chromatid HR, resolution of branched HR intermedi-
ates, postreplication repair, sumoylation in response to DNA damage, and chromatin assembly. In some cases, a mutation in
RAD51 or TOP1 suppressed the increased GCR rates and/or the growth defects of rnh203� double mutants. This analysis sug-
gests that cells with RNase H2 defects have increased levels of DNA damage and depend on other pathways of DNA metabolism
to overcome the deleterious effects of this DNA damage.

DNA replication, homologous recombination (HR), and re-
pair are central pathways of DNA metabolism responsible for

duplicating and maintaining the integrity of the genome. Each
process relies on the coordination of many different proteins, and
in addition, the three processes interact intimately with each
other. Many DNA repair pathways, including multiple excision
repair and HR pathways, rely on DNA replication proteins for the
synthesis of new DNA. Similarly, normal DNA replication re-
quires processing of Okazaki fragments, which are the discontin-
uously synthesized products of lagging-strand DNA replication,
and this Okazaki fragment processing involves the action of what
are essentially DNA repair pathways.

Okazaki fragments consist of 7 to 14 nucleotides of RNA
primer covalently linked to the 5= end of 150 to 200 nucleotides
of DNA (1, 2). Several nucleases, including RNase H2, Rad27/
FEN1, and Dna2, have been implicated in the processing of the 5=
ends of Okazaki fragments (2–4). RNase H2 is an endonuclease
that degrades the RNA strand of RNA/DNA hybrids by cleaving
the 5= end of RNA phosphodiester bonds (5–8). RNase H2 is com-
prised of three subunits that are encoded by the genes RNH201
(formerly known as RNH35), RNH202, and RNH203 in Saccharo-
myces cerevisiae (9) and the genes RNASEH2A, RNASEH2B, and
RNASEH2C in humans (10). Initial studies found that sequential
actions of RNase H2 and FEN1, coupled to strand displacement
synthesis and followed by the action of DNA ligase, were sufficient
to complete Okazaki fragment processing (8, 11–13). In contrast,
more recent studies have indicated that the major in vitro mecha-
nism for RNA primer removal is flap processing by Rad27/FEN1
and Dna2 (14–16), with Exo1 apparently being able to substitute
for Rad27/FEN1 in S. cerevisiae (17, 18). Because RNase H2 is not
essential in S. cerevisiae (19), it is possible that RNase H2 plays
either a redundant or a stimulatory role in Okazaki fragment pro-
cessing, which could underlie the substantial growth defects
caused by combining mutations affecting RNase H2 with muta-
tions affecting Rad27/Fen1 (7, 20–23).

RNase H2 also links DNA replication and DNA repair through
ribonucleotide excision repair (RER), which removes the esti-
mated 10,000 ribonucleotides misincorporated into the S. cerevi-

siae genome DNA during replication (24–26). RNase H2, not
RNase H1, appears to be the major RNase used to initiate RER in
reconstituted reactions with S. cerevisiae proteins in vitro (26).
This is consistent with the expression of these genes, as only RNase
H2 has increased expression during S phase and G2/M (27). In
addition, RNase H1 is most active on RNA/DNA hybrids contain-
ing several consecutive ribonucleotides (28), which are predicted
to be rare due to the stochastic nature of ribonucleotide misincor-
poration (26), whereas RNase H2 shows prominent activity on
single ribonucleotides embedded within double-stranded DNA
(9). RER by RNase H2 is likely achieved in concert with other key
proteins, including Rad27/FEN1, Pol �, RFC, PCNA, and DNA
ligase, by flap cleavage mechanisms similar to those that occur
during the processing of Okazaki fragments and base excision
repair (14, 26, 29). In the absence of RNase H2, Top1 can nick
DNA at sites of ribonucleotide misincorporation (30, 31). Inter-
estingly, Top1-initiated RER appears to lead to the formation of
small deletions in short tandem repeats in DNA (30).

Defects in DNA repair mechanisms can lead to genome insta-
bility, including the accumulation of mutations and gross chro-
mosomal rearrangements (GCRs) (32). However, little is known
about the role of RNase H2 in suppressing genome instability.
This is despite the fact that replication-generated Okazaki frag-
ments, whose processing involves RNase H2, may be the largest
source of DNA damage in the cell (29). Consequently, the obser-
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vation that mutations in RAD27 and DNA2 cause increased ge-
nome instability, including GCRs, potentially as a result of de-
fects in Okazaki fragment processing (17, 33–39), suggests that
defects in RNase H2 also cause increased genome instability
due to defects in Okazaki fragment processing. Furthermore,
ribonucleotides are misincorporated at significant levels by
DNA polymerases during DNA replication (25). Since ribo-
nucleotides are more susceptible to spontaneous cleavage than
deoxyribonucleotides (40), loss of RER or the presence of ab-
errant RER due to Top1 (30) could lead to increased strand
breaks and, potentially, genome instability. In S. cerevisiae,
RNase H2 defects cause weak mutator and hyperrecombination
phenotypes (7, 41–45), and RNase H2 null mouse cells have in-
creased chromosomal rearrangements and a p53-dependent DNA
damage response (40, 46). Interestingly, defects in RNase H2, as
well as the Trex exonucleases, cause Aicardi-Goutieres syndrome,
a neuroautoimmune disease that may result from inflammatory
responses to aberrant DNA or RNA structures that accumulate as
the result of these defects (10, 47).

RNase H2 defects cause only weak genome instability phenotypes,
which is in contrast to the potential for substantially increased levels
of genome instability caused by high levels of misincorporated ribo-
nucleotides, errors in processing Okazaki fragments, and transcrip-
tion intermediates thought to persist or occur in cells with RNase
H2 defects (2–4, 7, 48, 49). Thus, we hypothesized that other DNA
metabolism pathways compensate for RNase H2 defects. To in-
vestigate this and to gain a better understanding of the role of
RNase H2 in genome maintenance, we conducted a targeted ge-
netic interaction analysis of RNase H2 in S. cerevisiae. The results
reported here indicate that defects in RNase H2 interact with de-
fects in multiple pathways, including HR, resolution of branched
HR intermediates, postreplication repair (PRR), stabilization and
processing of stalled replication forks, sumoylation in response to
DNA damage, and chromatin assembly. Furthermore, in a num-
ber of cases, the genes identified by these genetic interactions act to
prevent GCRs from occurring as a result of RNase H2 defects.
These results suggest that RNase H2 defects likely result in a higher
burden of aberrant DNA and RNA structures than previously ap-
preciated.

MATERIALS AND METHODS
S. cerevisiae strains. The general methods and media used, including
yeast extract-peptone-dextrose (YPD) and synthetic dropout media for
propagating S. cerevisiae strains, have been described previously (34, 50).
All strains used in this study were derivatives of S. cerevisiae strain S288c
(see Table S4 in the supplemental material) and were grown at 30°C.
Single mutant strains were made by deleting the gene of interest in
RDKY3615 (MAT� ura3-52 leu2�1 trp1�63 his3�200 lys2�Bgl hom3-10
ade2::hisG ade8 hxt13::URA3) and RDKY7239 (MAT� ura3-52 leu2�1
trp1�63 his3�200 lys2�Bgl hom3-10 ade2::hisG ade8 hxt13::URA3) by
HR-mediated integration of PCR-generated fragments according to stan-
dard methods. The single, double, and triple mutant strains used in the
experiments described below were obtained by mating appropriate mu-
tants and sporulating the resulting diploids. Freshly derived spore clones
were frozen and subsequently genotyped and tested in doubling time
experiments to ensure that the isolates of interest did not obtain growth
rate suppressor mutations.

Fluctuation analysis and rnh203� mutation spectra. The rates of
accumulation of Thr� revertants, Lys� revertants, Canr mutations, and
GCRs resulting in Canr–5-fluoroorotic acid resistance (5FOAr) mutations
were determined by fluctuation analysis using the method of the median

as previously described (50, 51). At least 14 independent cultures were
analyzed in each experiment.

Mutation spectrum data were collected by making patches from
individual colonies of RDKY7209 on YPD plates. Patches were replica
plated onto selective media containing canavanine lacking arginine to
select for Canr mutants. Canr mutants were allowed to grow at 30°C for
2 days, after which one Canr mutant per patch was restreaked on
selective media. Chromosomal DNA was isolated from each Canr mu-
tant and was then used as the template DNA for PCR amplification of
the CAN1 gene, followed by identification of the inactivating mutation
in the CAN1 gene essentially as has been previously described (50,
52–54). The CAN1 gene was amplified from each Canr mutant by using
by PCR with the primers CAN1FX (5=-GTTGGATCCAGTTTTTAATCT
GTCGTC-3=) and CAN1RX (5=-TTCGGTGTATGACTTATGAGGGTG-
3=). The primers used for sequencing the PCR product were CAN1G (5=-
CAGTGGAACTTTGTACGTCC-3=), CANSEQ3 (5=-TTCTGTCACGCA
GTCCTTGG-3=), and CANSEQ5 (5=-AACTAGTTGGTATCACTGCT-
3=). All DNA sequencing was performed by using an Applied Biosystems
3730XL DNA sequencer and standard chemistry. Sequence analysis was
performed using Sequencher 4.2.2 (Gene Codes, Ann Arbor, MI). The
rate of each type of mutation was obtained by multiplying the total Canr

mutation rate, determined by fluctuation analysis, of the rnh203� strain
by the proportion of each type of mutation found. The wild-type muta-
tion spectrum was previously published (43).

Growth analysis. For qualitative determination of growth rates, each
mutant strain was streaked onto a YPD plate from a frozen stock and
grown at 30°C for 2 to 3 days. Single colonies were then inoculated and
grown to log phase at 30°C in 10 ml of YPD. Serial dilutions of the cell
suspensions were then spotted onto a YPD plate, and the plates were
grown at 30°C for approximately 30 h, after which the sizes of the resulting
colonies were visualized. For quantitative measurements, cultures were
inoculated at an optical density at 600 nm (OD600) of 0.05 by diluting the
appropriate volume of an overnight culture into fresh YPD. Cultures were
grown with shaking at 30°C, and OD600 measurements were taken every
30 to 45 min until the cells reached saturation. Doubling times were then
calculated as previously described (55). The doubling times reported are
the average of at least three cultures each inoculated with an independent
single colony isolated by random spore analysis.

Budding index and quantitation of bud morphology. The budding
index, defined as the ratio of the number of individuals bearing buds to the
total cell number, was determined microscopically, with individual cells
bearing buds being counted as one cell (56). Cells were grown in YPD
medium to log phase, sonicated, and examined by light microscopy, and
the numbers of single cells, small-budded cells (bud smaller than one-
third of the mother cell), large-budded cells (bud equal to or larger than
one-third of the mother cell), and other cells (cells with protruded or
multiple buds) were recorded. Two to four hundred cells were counted
per experiment, and the experiments were generally performed indepen-
dently 3 times.

RESULTS
Strains deficient in RNase H2 display a weak mutator pheno-
type. Previous work indicated that strains with a deletion of genes
encoding subunits of the RNase H2 protein complex displayed a
weak mutator phenotype (42, 43, 45), which is consistent with a
defect in DNA repair. To further investigate this, we generated and
studied a set of isogenic mutant strains containing individual de-
letions of the genes encoding the subunits of the RNase H2 com-
plex (see Table S1 in the supplemental material). The rnh201�,
rnh202�, and rnh203� mutant strains were viable and had no
growth phenotypes. Fluctuation analysis demonstrated that the
rates of accumulating reversions of the lys2�Bgl frameshift allele,
Canr mutations, and GCRs in the RNase H2 mutant strains were
similar to the rates in the wild-type strain. However, there was a 3-
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to 4-fold increase in the rate of reversion of the hom3-10 frame-
shift allele, the most sensitive mutator assay used, in each of the
rnh201�, rnh202�, and rnh203� mutant strains compared to the
rate in the wild-type strain (see Table S1). Our results, in combi-
nation with the weak mutator phenotype caused by RNase H2
defects demonstrated in other studies (7, 30, 42, 45), support the
view that RNase H2 defects cause a weak mutator phenotype re-
sulting in an increase in mutation rates that is less than 1% of the
increased mutation rates seen in the absence of mismatch repair
(50).

To further characterize the rnh203� mutator phenotype, a
mutation spectrum analysis of the Canr mutations that occurred
in the rnh203� mutant was performed (see Table S2 in the sup-
plemental material). In the rnh203� mutant strain, we found a
3.5-fold increase in the frequency of AT-to-CG base substitutions
and a �4.5-fold increase in the frequency of double base deletions,
but only the increase in double base deletions was significant (P �
0.04, Fisher’s exact test). The increase in double base deletions was
consistent with the increased rate seen in the hom3-10 frameshift
reversion assay (see Table S1) and with the published TOP1-de-
pendent increase in double base deletions in an rnh201� mutant
(30). Taken together, these data support the idea that RNase H2
plays a small role in suppressing both frameshift and base substi-
tution mutations. We also observed a 4.4-fold decrease in the fre-
quency of large deletions in the rnh203� mutant (P � 0.03, Fish-
er’s exact test), suggesting that the cleavage of R-loops or
misincorporated stretches of RNA by RNase H2 (24, 26, 48, 49,
57) might result in double-strand breaks and contribute to the
formation of rare deletions.

Genetic interactions between RNase H2 defects and defects
in other DNA metabolism pathways. RNase H2 is involved in
multiple DNA metabolism pathways in which defects are known
to cause the accumulation of DNA damage. One hypothesis that
could explain the weak mutator and hyperrecombination pheno-
types caused by RNase H2 defects is that RNase H2 defects cause
DNA damage that is then compensated for by other DNA repair
pathways. We therefore performed a targeted screen for genetic
interactions between an rnh203� mutation and mutations affect-
ing DNA metabolism. We tested mutations causing defects in HR,
PRR, cleavage of branched DNAs, and processing of HR interme-
diates that are formed during DNA replication, checkpoints, and
chromatin assembly and modification proteins that function in
conjunction with DNA replication and DNA damage responses.
Haploid double mutant strains were generated by mating and spo-
rulation and then were used in spot tests to qualitatively compare
growth rates (Fig. 1; see also Fig. S1 and S2 in the supplemental
material). This screen identified 19 nonessential genes that con-
tribute to the survival or fitness of an rnh203� mutant, as well as
34 mutations that had no effect. Eight genetic interactions were
previously unreported (ASF1, ESC4/RTT107, MGS1, MPH1,
RAD5, RAD6, RAD53, and RFA1), and 11 interactions with mu-
tations in at least one gene encoding RNase H2 (6 with rnh203�)
were previously identified (ESC2, CTF4, MRE11, MUS81, RAD27,
RAD50, RAD51, RAD52, SGS1, TOP3, and XRS2) (20–24, 44, 58–
63). These genetic interactions, as well as the lack of genetic inter-
actions between an rnh203� mutation and mutations in other
genes, were confirmed by measuring the doubling times of differ-
ent double mutants and their respective single mutants (Fig. 2).

A

B

mus81Δasf1Δrad50Δ cac1Δ

Wild-type
rnh203Δ
mutXΔ
rnh203Δ mutXΔ
rnh203Δ mutXΔ
rnh203Δ mutXΔ

WeakModerateStrong None
mre11Δ, rad50Δ, xrs2Δ

sgs1Δ, top3Δ
rad52Δ
mph1Δ

esc2Δ

mgs1Δ

rad5Δ, rad6Δ

rad27Δ, rfa1-t33

rad53Δ

asf1Δ, esc4Δ

rad51Δ
mus81Δ

ctf4Δ

cac1Δ, cac2Δ, esc1Δ
hir1Δ, hir2Δ, hst2Δ

rad24Δ, rad17Δ, mec3Δ
mec1Δ, tel1Δ

chk1Δ, dun1Δ, rad9Δ

HR-related

Replication

PRR

Checkpoint

pol30-119, siz1Δ, srs2Δ
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exo1Δ, slx1Δ, slx4Δ
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Chromatin

NHEJ lig4Δ, yku70Δ
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FIG 1 Growth spot analysis for detection of RNase H2 genetic interactions. (A) Cultures were diluted to either 1 � 106 cells/ml or 1 � 105 cells/ml, and then 2-	l
amounts from 10-fold serial dilutions were spotted in each row. Strains were spotted onto each plate as follows: top row, wild type; second row, the rnh203� single
mutant; third row, the query single mutants (mutations identified at the bottom are represented at the right by mutX�); fourth through sixth rows, independent
isolates of the double mutants. (B) Summary of RNase H2 defect-dependent growth interactions observed when an RNase H2 defect was combined with each of
the 53 listed mutations. NHEJ, nonhomologous end joining.
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With the exception of the 8 new genetic interactions identified
here, our results agreed well with previously reported mutations
that do or do not interact with deletions of genes encoding RNase
H2 (44, 61, 64–71). In addition, other studies have indicated that
strains lacking RNH203 require DEP1, DNA2, MMS4 (encodes a
subunit of the Mus81-Mms4 complex), RMI1 (encodes a subunit
of the Sgs1-Rmi1-Top3 complex), RNH1, and SMC6 for normal
growth (20, 41, 44, 58, 72), although we did not investigate these
interactions in the present study.

RNase H2 defects cause alterations in the timing of cell cycle
transitions. We monitored the cell cycle distribution of log-phase
cells of the slow-growing rnh203� double mutants and the corre-
sponding single mutants to better characterize the growth defects.
The cell cycle distribution was followed using the budding index,
which uses the bud morphology of normal log-phase cells to iden-
tify cells in G1 phase (no bud), S phase (small bud), and G2/M
phase (large bud). We also counted cells with aberrant morphol-
ogy, which typically consist of cells with grossly elongated or mul-
tiple buds and have been observed in strains with alterations in the
timing of cell cycle transitions, DNA replication defects, and un-
coupling of replication defects from checkpoint responses (56, 64,
73, 74). We observed decreased proportions of G1- and S-phase
cells, along with an increased fraction of cells with aberrant mor-
phologies in strains where the rnh203� mutation was combined
with the asf1�, esc2�, mgs1�, mph1�, mre11�, rad50�, rad52�,

or xrs2� mutation (Fig. 3; see also Fig. S3 in the supplemental
material). These results suggest that these double mutants accu-
mulate replication-dependent DNA damage, consistent with
prior studies demonstrating that RNase H2 deficiency in mouse
cells causes cell cycle arrest mediated by p53-induced p21 expres-
sion (40, 46). In addition, a number of the rnh203� double mu-
tants with slow-growth phenotypes did not have substantially al-
tered cell cycle distributions or increased numbers of cells with
aberrant morphology relative to the corresponding single mutant,
including rnh203� ctf4�, rnh203� esc4�/rtt107�, rnh203� rad5�,
rnh203� rad6�, rnh203� rad27�, rnh203� rad51�, rnh203�
rad53�, rnh203� rfa1-t33, and rnh203� sgs1� double mutants
(Fig. 3; see also Fig. S4).

Defects in HR suppress the slow growth and aberrant mor-
phology phenotypes of a subset of rnh203� double mutants.
Defects in HR can suppress the slow-growth phenotypes that are
caused by HR-dependent formation of aberrant DNA structures
during DNA replication in some DNA helicase-defective mutants
(65, 69, 73, 75, 76). Previous work demonstrated that a rad51�
mutation suppressed the slow-growth phenotype of the rnh201�
sgs1�, rnh202� sgs1�, rnh203� sgs1�, and rnh202� mus81� dou-
ble mutants (61, 68). This suggests that HR-dependent aberrant
DNA structures may be formed in these double mutants. We
therefore introduced a rad51� mutation into a series of rnh203�
double mutant strains that had substantially increased doubling
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times, increased levels of cells with aberrant morphology, and in
most cases, synergistic increases in GCR rates compared to those
of the corresponding single mutants (Fig. 4).

We found that a rad51� mutation suppressed or partially sup-
pressed the slow growth and aberrant cell morphology pheno-
types of the rnh203� esc2� and rnh203� mph1� double mutants,
respectively. In addition, the slow-growth but not the aberrant
morphology phenotype of the rnh203� sgs1� double mutant was
suppressed by a rad51� mutation. These results suggest that the
slow-growth phenotype and, in some cases, the aberrant cell mor-
phology phenotype of the rnh203� esc2�, rnh203� mph1�, and
rnh203� sgs1� double mutants is caused by the accumulation of
HR-dependent DNA structures. This could be because RNase H2
normally prevents DNA damage that underlies the formation of
HR-dependent DNA structures or causes defects in the processing
of such structures, so they persist for longer times.

In contrast, the growth defect of the rnh203� asf1� double
mutant was enhanced by the rad51� mutation, whereas the aber-
rant cell morphology phenotype was not affected. These results
suggest that potential DNA damage accumulating in the rnh203�
asf1� double mutant is formed independently of Rad51 and is
likely repaired by Rad51-dependent HR.

RNase H2 double mutants have increased rates of accumu-
lating GCRs. Since the accumulation of DNA damage can lead to
genome instability, we analyzed a series of rnh203� double mu-
tants and their respective single mutants by utilizing an estab-
lished assay that measures the rate of accumulating GCRs, includ-
ing translocations, deletion of chromosome arms coupled to
healing by de novo telomere addition and end-to-end chromo-
some fusions, and other types of dicentric translocations (32, 51,
77). In many cases, combining a deletion of RNH203 with muta-
tions in genes of interest known to suppress GCRs had no effect on
the GCR rate (see Table S3 in the supplemental material); this was
true even though many of the double mutants analyzed had
growth defects and/or morphology defects. However, synergistic
increases in GCR rates were observed when the rnh203� mutation
was combined with defects in chromatin remodeling (78) (asf1�,
P � 0.1 [borderline significance]), HR and processing of HR in-
termediates (79–82) (mre11�, P � 0.001; mus81�, P � 0.001;
esc4�/rtt107�, P � 0.003; sgs1�, P 
 0.001; esc2�, P 
 0.001), and
PRR (83) (pol30-119 [eliminates the major ubiquitination/su-
moylation site on PCNA {84}], P 
 0.0001; rad6�, P � 0.036) (all
P values determined by Mann-Whitney test) (Table 1). Taken
together, these results suggest that RNase H2 defects cause DNA
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FIG 4 Defects in HR can suppress the slow growth phenotype and aberrant morphology phenotype of selected rnh203� double mutants. (A) Doubling times,
with error bars indicating the standard deviations, are presented for the indicated single, double, and triple mutant strains. (B) The budding index was measured
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are presented as histograms, with error bars indicating the standard deviations. (C) Summary of the budding index data for mutant strains and controls.
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damage whose repair requires processing by chromatin remodel-
ing, HR, and PRR to prevent the formation of GCRs.

Surprisingly, combining an rnh203� mutation with a cac1�
mutation reduced the increased GCR rate caused by the cac1�
mutation (P � 0.0003, Mann-Whitney test) (56) to a level that was
not different from that of either the rnh203� single mutant or a
wild-type strain (Table 1). Analysis of the rnh203� exo1� and
rnh203� tel1� double mutants showed a similar but weaker effect
(P � 0.047 and P � 0.028, respectively, Mann-Whitney test) (Ta-
ble 1). These results suggest that in some cases, the normal action
of RNase H2 might result in DNA damage that can lead to GCRs in
the presence of some genetic defects.

To further characterize the mutants with HR-dependent
growth and morphology defects, we analyzed the effect of a
rad51� mutation on the rate of accumulating GCRs in the
rnh203� asf1�, rnh203� esc2�, rnh203� mph1�, and rnh203�
sgs1� double mutant strains (Table 2), which also showed growth
and morphology defects. The synergistic increase in the GCR rate
seen in the rnh203� esc2� double mutant was reduced 22-fold
(P � 0.0004, Mann-Whitney test) by the rad51� mutation, even
though a rad51� mutation significantly increased the GCR rate of
the rnh203� single mutant and wild-type strains (Table 2). In
contrast, a rad51� mutation did not significantly reduce the GCR
rate of the rnh203� asf1� double mutants (P � 0.98, Mann-Whit-
ney test) and may have weakly reduced the GCR rate of the
rnh203� sgs1� double mutant (P � 0.1 [borderline significance],

Mann-Whitney test). The rad51� mutation did not affect the
GCR rate of the rnh203� mph1� double mutant, although it
should be noted that this double mutant did not show an in-
creased GCR rate compared to that of the single mutants. These
results suggest that in the absence of RNase H2 and either Esc2 or
possibly Sgs1, HR-dependent formation of aberrant DNA struc-
tures likely underlies the formation of GCRs, as well as the slow
growth and/or morphology defects observed. This observation
further supports a role of RNase H2 in DNA repair such that
RNase H2 defects either result in DNA damage that can underlie
the formation of HR-dependent DNA structures or cause defects
in the processing of such structures so that they persist for longer
times.

Deletion of TOP1 suppresses the increased GCR rate of the
rnh203� esc2� double mutant. Recent studies have shown that
some of the mutations, particularly two base deletions, that arise
in rnh201� mutants are due to DNA strand breaks generated by
topoisomerase 1 at the site of misincorporated ribonucleotides
(30). To determine whether topoisomerase 1-dependent DNA
strand breaks promote the increased GCRs seen in rnh203� dou-
ble mutants, we tested the effect of a top1� mutation on the GCR
rate of two of the double mutants, rnh203� esc2� and rnh203�
sgs1�, that had the largest synergistic increases in GCR rates com-
pared to the GCR rates of the respective single mutants. We found
that top1� mutation strongly suppressed the increased GCR rate
of the rnh203� esc2� double mutant (P � 0.001, Mann-Whitney

TABLE 1 Effects of an RNase H2 mutation on the rates of accumulating GCRsa

Genotype

RDKY no., GCR rate (with 95% CI) (fold increase relative to GCR rate of wild type)

Wild type rnh203� mutant

Wild type 7239, 3.6 (1.9–14.0) � 10�10 (1) 7209, 2.0 (0.0–8.9) � 10�10 (0.5)
asf1� 7211, 1.4 (0.1–2.4) � 10�8 (39) 7213, 4.1 (0.2–16.5) � 10�8 (114)
cac1� 7214, 3.9 (2.3–7.6) � 10�8 (108) 7216, 1.0 (0.6–7.6) � 10�9 (3)
esc2� 7248, 1.7 (1.0–2.7) � 10�8 (48) 7250, 2.1 (1.1–6.4) � 10�7 (592)
esc4� 7252, 1.3 (1.9–7.3) � 10�8 (36) 7254, 5.9 (2.4–14.1) � 10�8 (163)
exo1� 7256, 1.1 (0.3–2.9) � 10�8 (29) 7258, 3.4 (0.8–11.7) � 10�9 (9)
mre11� 7273, 4.3 (1.7–5.4) � 10�7 (1,194) 7275, 1.4 (0.5–2.0) � 10�6 (3,972)
mus81� 7294, 8.4 (4.5–16.0) � 10�9 (23) 7296, 2.5 (1.2–4.1) � 10�8 (69)
pol30-119 7316, 2.9 (1.1–6.7) � 10�9 (8) 7318, 7.0 (5.3–15.0) � 10�8 (147)
rad6� 7385, 2.3 (1.9–7.7) � 10�9 (6) 7386, 6.5 (2.4–53.0) � 10�9 (18)
sgs1� 7414, 6.9 (2.7–11.4) � 10�9 (19) 7416, 7.6 (6.2–11.7) � 10�8 (211)
tel1� 7434, 5.9 (2.0–11.1) � 10�9 (16) 7436, 8.0 (4.8–54.0) � 10�10 (2)
a All strains are isogenic to wild-type RDKY7239 (MAT� ura3-52 leu2�1 trp1�63 his3�200 lys2�Bgl hom3-10 ade2::hisG ade8 hxt13::URA3). 95% CI, 95% confidence interval.

TABLE 2 Effects of a rad51� mutation on the GCR rates of rnh203� mutantsa

Genotype

RDKY no., GCR rate (with 95% CI) (fold increase relative to GCR rate of wild type)

Wild type rnh203�

Wild type 7239, 3.6 (1.9–14.0) � 10�10 (1) 7209, 2.0 (0.0–8.9) � 10�10 (0.5)
rad51� 7344, 3.5 (1.5–7.9) � 10�9 (10) 7346, 3.7 (1.8–21.6) � 10�9 (10)
asf1� 7211, 1.4 (0.1–2.4) � 10�8 (39) 7213, 4.1 (0.2–16.5) � 10�8 (114)
asf1� rad51� 7501, 
1.9 (0.0–30.0) � 10�9 (5) 7503, 2.6 (1.1–7.9) � 10�8 (72)
esc2� 7248, 1.7 (1.0–2.7) � 10�8 (48) 7250, 2.1 (1.1–6.4) � 10�7 (592)
esc2� rad51� 7507, 1.9 (0.0–3.1) � 10�9 (5) 7509, 1.0 (0.0–3.3) � 10�8 (27)
mph1� 7286, 1.1 (0.6–5.6) � 10�9 (3) 7288, 
1.2 (0.0–2.8) � 10�9 (3)
mph1� rad51� 7511, 9.9 (0.0–44.3) � 10�10 (3) 7513, 2.3 (1.2–3.5) � 10�9 (6)
sgs1� 7414, 6.9 (2.7–11.4) � 10�9 (19) 7416, 7.6 (6.2–11.7) � 10�8 (211)
sgs1� rad51� 7515, 1.4 (0.3–2.0) � 10�8 (39) 7517, 2.3 (0.5–19.0) � 10�8 (64)
a All strains are isogenic to wild-type RDKY7239 (MAT� ura3-52 leu2�1 trp1�63 his3�200 lys2�Bgl hom3-10 ade2::hisG ade8 hxt13::URA3). 95% CI, 95% confidence interval.
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test) but did not suppress the GCR rate of the rnh203� sgs1�
double mutant (P � 0.24, Mann-Whitney test) (Table 3). The
top1� mutation had no effect on the growth rates of the rnh203�
esc2� and rnh203� sgs1� double mutants (Fig. 5A). Finally, the
top1� mutation completely suppressed the aberrant morphology
phenotype of the rnh203� esc2� double mutant but had no effect
on the aberrant morphology phenotype of the rnh203� sgs1�
double mutant (Fig. 5B and C). These results show that in some
but not all rnh203� double mutants, the action of topoisomerase
1 on misincorporated ribonucleotides likely underlies the in-
creased GCRs seen.

DISCUSSION

We surveyed a carefully selected group of DNA metabolism genes
for genetic interactions with the genes encoding RNase H2. We
found that RNase H2 defects alone caused a weak mutator pheno-
type, including a small increase in the rate of reversion of the
hom3-10 frameshift allele, an increase in AT-to-CG base substitu-
tions, and an increase in double base deletion mutations, consis-
tent with previous studies (7, 30, 42, 43, 45). We also found that,
although RNase H2 defects did not increase the rate of accumu-
lating GCRs, they did cause synergistic increases in GCR rates
when combined with 8 mutations affecting DNA metabolism and
a synthetic growth defect when combined with 19 mutations af-
fecting DNA metabolism (Table 4). Furthermore, RNase H2 de-
fects caused an increased percentage of cells with aberrant mor-
phology when combined with 8 of the 19 interacting mutations
(Table 4). In some of the cases tested, deletion of RAD51 or TOP1
suppressed some combination of the double mutant phenotypes
(Table 4). In aggregate, the results from our analysis suggest that
RNase H2 defects cause an accumulation of mutagenic damage in
DNA that is then repaired or compensated for by different DNA
metabolism pathways.

The rad51�-mediated suppression of the slow-growth pheno-
type of specific rnh203� double mutants indicates that the loss of
RNase H2 activity in these mutants causes increased DNA damage
during DNA replication, leading to the formation of aberrant
DNA structures (44, 55, 65, 75). Defects in HR, sister chromatid
HR and end resection (rad52�, mre11�, rad50�, xrs2�, esc2�,
smc6, and potentially, esc4�/rtt107� and ctf4�) (85–88), and res-
olution of branched HR intermediates (mus81�, top3�, sgs1�,
mms4�, and mph1�) (61, 69) all caused slow-growth interactions
with RNase H2 defects. The weak or no interaction observed be-
tween an rnh203� mutation and rad51� and rad59� mutations,
respectively, compared to the strong interaction with a rad52�
mutation suggest that the Rad51 and Rad59 HR subpathways are
redundant in the repair of the DNA damage caused by RNase H2

defects (89). The interactions between RNase H2 defects and de-
fects in the Rad5-dependent error-free branch of PRR (rad5�,
rad6�; lack of an interaction with bre1� [83, 90–92]), which in
vitro can regress stalled replication forks (93), is consistent with
the idea that aberrant DNA structures causing slow-growth phe-
notypes are generated by DNA replication of templates containing
single-strand breaks and other types of damage. Consistent with
this, a prior study demonstrated that rnh1� rnh201� double mu-
tant cells exhibit high levels of constitutive mono- and polyubiq-
uitylated PCNA, indicative of chronic PRR activation in the ab-
sence of RNase H activity (72). Interactions between an rnh203�
mutation and mutations in RAD27, DNA2, RNH1, and poten-
tially, MGS1 are consistent with either the production of rnh203�-
dependent strand breaks due to errors in Okazaki fragment
maturation or partial redundancy in pathways that process mis-
incorporated ribonucleotides and R-loops (2–4, 7, 48, 49, 57, 72).
The fact that an rnh203� mutation caused a growth defect when
combined with a RAD53 deletion but not with deletions of the
MEC1 or TEL1 genes encoding upstream checkpoint components
is consistent with known redundancies between the checkpoint
kinases (for a discussion, see reference 94). Similarly, the lack of
interactions with mutations affecting upstream signaling compo-
nents suggests that multiple checkpoint pathways may detect the
DNA damage that occurs as a result of RNase H2 defects.

Only a subset of the slow-growing rnh203� double mutants
accumulated cells with an aberrant morphology. The aberrant cell
morphology seen is consistent with protracted checkpoint activa-
tion or uncoupling of the morphology checkpoint from cell cycle
delay caused by DNA damage during DNA replication or defects
in DNA replication (56, 64, 73, 74). Mutations affecting HR, in-
cluding sister chromatid HR and processing of HR intermediates
(rad52�, mre11�, rad50�, xrs2�, esc2�, and mph1�) caused ab-
errant morphology when combined with the rnh203� mutation.
This observation suggests that HR and HR-related processes likely
convert the rnh203�-dependent DNA damage into products that
constitutively activate DNA damage signaling. In the case of the
asf1� rnh203� double mutant, it is possible that the failure to
appropriately recover from checkpoint activation (95, 96) results
in uncoupling of the morphology checkpoint and increased levels
of cells with aberrant morphology. The double mutants that have
slow-growth phenotypes but normal or largely normal morphol-
ogy might have increased but not persistent DNA damage, which
in some cases can result in increased GCR rates (sgs1�, esc4�).

Additionally, only some mutations causing a growth defect in
combination with the rnh203� mutation also resulted in a syner-
gistic increase in GCR rates. The observation that mre11�,
rad50�, and xrs2� mutations but not rad51� and rad52� muta-

TABLE 3 Effects of a top1� mutation on the GCR rates of rnh203� mutantsa

Genotype

RDKY no., GCR rate (with 95% CI) (fold increase relative to GCR rate of wild type)

Wild type rnh203�

Wild type 7239, 3.6 (1.9–14.0) � 10�10 (1) 7209, 2.0 (0.0–8.9) � 10�10 (0.5)
top1� 8143, 7.6 (1.6–56.6) � 10�10 (2) 8141, 5.6 (2.5–30.1) � 10�10 (3)
esc2� 7248, 1.7 (1.0–2.7) � 10�8 (48) 7250, 2.1 (1.1–6.4) � 10�7 (592)
esc2� top1� 8145, 1.1 (0.5–2.6) � 10�8 (30) 8147, 4.6 (0.0–21) � 10�9 (13)
sgs1� 7414, 6.9 (2.7–11.4) � 10�9 (19) 7416, 7.6 (6.2–11.7) � 10�8 (211)
sgs1� top1� 8149, 2.2 (0.7–29.6) � 10�8 (61) 8151, 8.3 (1.3–50.0) � 10�8 (230)
a All strains are isogenic to wild-type RDKY7239 (MAT� ura3-52 leu2�1 trp1�63 his3�200 lys2�Bgl hom3-10 ade2::hisG ade8 hxt13::URA3). 95% CI, 95% confidence interval.
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tions caused increased GCR rates when combined with an
rnh203� mutation could reflect the role of Mre11-Rad50-Xrs2
but not Rad51 or Rad52 in stabilizing and processing stalled rep-
lication forks (97, 98). Similarly, Sgs1, Esc2, Esc4/Rtt107, the
Mus81-Mms4 complex, and the sumoylation of PCNA, which is
blocked by the pol30-119 mutation, play roles in the processing of
stalled replication forks (69, 76, 80, 87). These observations sup-
port the idea that, while RNase H2 defects cause increased levels of

DNA damage that is repaired by a variety of pathways, defects in
processing of stalled replication forks are likely the primary source
of the increased GCRs seen in RNase H2 double mutants.

The rad51� mutation suppressed the growth defects of the
rnh203� esc2�, rnh203� sgs1�, and rnh203� mph1� double mu-
tants. This suppression is reminiscent of the ability of a rad51�
mutation to suppress growth defects caused by toxic HR interme-
diates that accumulate when mutations in the SGS1, RRM3, and
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FIG 5 Topoisomerase 1 defects can suppress the slow-growth phenotype and aberrant morphology phenotype of selected rnh203� double mutants. (A)
Doubling times, with error bars indicating the standard deviations, are presented for the indicated single, double, and triple mutant strains. (B) The budding
index was measured to determine the percentage of cells in each phase of the cell cycle and the percentage of cells with an aberrant morphology phenotype.
Representative examples are presented as histograms, with error bars indicating the standard deviations. (C) Summary of the budding index data for mutant
strains and controls.
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SRS2 genes are combined (65, 75). Consistent with the effect of the
rad51� mutation, Esc2 and Sgs1 act in parallel pathways that pre-
vent the accumulation of toxic Rad51-dependent HR intermedi-
ates (87, 99). Furthermore, Mph1 has been shown to act in a
redundant pathway that produces toxic HR intermediates during
DNA replication of esc2� mutants in the presence of methyl meth-
ane sulfonate (100). The effect of the rad51� mutation suggests
that defects in RNase H2 could increase the level of the DNA
damage that is processed by Esc2, Sgs1, and Mph1. However, the
rad51� mutation had differing effects on the increases in aberrant
cell morphology and GCR rates in the rnh203� esc2�, rnh203�
sgs1�, and rnh203� mph1� double mutants. In general, all of the
phenotypes of the rnh203� esc2� and rnh203� mph1� double
mutants were suppressed by the rad51� mutation, with the caveat
that the rnh203� mph1� double mutants did not have an in-
creased GCR rate in the GCR assay used here. In contrast, the
aberrant cell morphology and increased GCR rate of the rnh203�
sgs1� double mutant were not suppressed by the rad51� muta-
tion, which could reflect roles of Sgs1 in preventing the formation
of HR intermediates (101), as opposed to roles of Sgs1, Mph1, and
Esc2 in later processing steps (87, 99, 100).

The rnh203� asf1� double mutant differed substantially from
the rnh203� esc2�, rnh203� sgs1�, and rnh203� mph1� double
mutants. The rad51� mutation exacerbated the growth defect of
the rnh203� asf1� double mutant but did not increase the GCR

rate or the fraction of cells with aberrant morphology. These re-
sults, in combination with the effect of the rad51� mutation on
the growth rates of the rnh203� and asf1� single mutants, are
consistent with the possibility that defects in both RNH203 and
Asf1-dependent chromatin assembly (56) independently cause
DNA damage where the repair of asf1�-induced DNA damage but
not the repair of the rnh203�-dependent DNA damage is nor-
mally mediated by Rad51-dependent HR. This conclusion is con-
sistent with the effect of HR-defective mutations on the growth
defect of an rnh203� mus81� double mutant (44).

A critical question is what type of DNA damage caused by
RNase H2 defects leads to the slow growth, aberrant cell morphol-
ogy, and/or increased GCR phenotypes of the rnh203� double
mutants. One possibility is that defects in RNase H1 and H2 can
lead to the accumulation of transcriptional intermediates that lead
to double-strand breaks and genome instability, which can be sup-
pressed by overexpression of RNase H1 (49, 57, 102). However,
overexpression of RNase H1 did not suppress the increased ge-
nome instability caused by HR and repair defects (57), suggesting
that the accumulation of transcriptional intermediates cannot ac-
count for the results obtained here. RNase H2 defects can also lead
to a failure to remove misincorporated ribonucleotides from
DNA, resulting in dinucleotide instability induced by the cleavage
of misincorporated ribonucleotides by topoisomerase 1 (30). In
the case of the rnh203� esc2� double mutant, our results are con-

TABLE 4 Summary of observed genetic interactions with the rnh203� mutation

Mutation

Effect of interacting mutation ona:

Growth Aberrant morphology GCR rate
Growth in
Biogridb

esc2� Strong (rad51� suppressed,
top1� unaffected)

Increased (rad51� suppressed,
top1� suppressed)

Increased (rad51� suppressed,
top1� suppressed)

1, 2, 3

mgs1� Strong Increased Same —
mph1� Strong (rad51�

suppressed)
Increased (rad51�

suppressed)
Same (rad51� unaffected) —

mre11� Strong Increased Increased 1, 2, 3
rad5� Strong Same Same —
rad6� Strong Same Same —
rad27� Strong Same Same 1, 2, 3
rad50� Strong Increased NDc 1, 2, 3
rad52� Strong Increased Same 1, 2
rad53� Strong Same Same —
rfa1-t33 Strong Same Same —
sgs1� Strong (rad51� suppressed,

top1� unaffected)
Same (rad51� unaffected,

top1� unaffected)
Increased (rad51� unaffected,

top1� unaffected)
1, 2, 3

top3� Strong NDc Same 2
xrs2� Strong Increased NDc 1, 3
asf1� Moderate (rad51�

enhanced)
Increased (rad51� enhanced) Increased (rad51� unaffected) —

esc4� Moderate Same Increased —
ctf4� Weak Same ND 1, 2
mus81� Weak ND Increased 2
rad51� Weak Same Same 1, 2
cac1� None ND Reduced —
exo1� None ND Reduced —
pol30-119 None ND Increased —
siz1� None ND Increased —
tel1� None ND Reduced —
a Boldface shows those cases where a genetic interaction was observed. ND, not determined.
b 1, interaction with rnh201�; 2, interaction with rnh202�; 3, interaction with rnh203�; —, no data reported in Biogrid.
c Interaction was not determined for the specified mutation as a mutation in another gene encoding a subunit in the same protein complex was tested.
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sistent with the idea that misincorporated ribonucleotides due to
RNase H2 defects that are cleaved by topoisomerase 1 can lead to
increased rates of accumulating GCRs and aberrant cell morphol-
ogy. In contrast, deletion of TOP1 had no effect on the rnh203�
sgs1� double mutant, suggesting that inefficient Okazaki frag-
ment processing underlies this genetic interaction. This conclu-
sion seems likely given the observed genetic interaction between
defects in RNase H2 and Rad27/FEN1 (7, 20–23), a key endonu-
clease that functions in Okazaki fragment processing and suppres-
sion of GCRs. However, it should be noted that there are parallels
between removing ribonucleotides at the end of an Okazaki frag-
ment and from DNA once a strand break is made at the site of a
misincorporated ribonucleotide (26). Genetic and enzymatic
studies have shown that RNase H2 is not absolutely required for
Okazaki fragment processing, but rather, it improves the effi-
ciency of cleavage of the 5= ends of Okazaki fragments (103). This
suggests that even a subtle effect, such as a change in the kinetics of
this reaction, is sufficient to trigger a requirement of other path-
ways to prevent aberrant cell growth and genome instability.

Previous studies, including qualitative genome-wide screens,
identified 11 genes in which mutations caused a growth defect
when combined with an RNase H2 defect (6 with rnh203�) (20–
24, 44, 58–63). Our studies, using a targeted hypothesis-driven
approach that permitted more detailed growth analysis, identified
an additional 8 genes in which mutations cause a growth interac-
tion with an RNase H2 defect, in this case an rnh203� mutation. A
unique feature of our screen was the analysis of GCR rates in the
double mutants, allowing us to identify at least 8 genes in which
mutations caused synergistic increases in GCR rates in combina-
tion with RNase H2 defects. These results indicate that the levels of
DNA damage in RNase H2-defective strains are much higher than
might be predicted from the weak phenotypes caused by individ-
ual RNase H2 defects and that this damage is compensated for by
other pathways. This might explain how an apparently weak de-
fect may underlie a disease like Aicardi-Goutieres syndrome; the
level of DNA damage caused by the absence of RNase H2 might be
high enough to cause an autoimmune or autoinflammatory re-
sponse (10, 47) and the more deleterious effects of this DNA dam-
age might be suppressed by other pathways, as demonstrated here.
This finding also suggests that performing a broad genetic screen
for defects that, in combination with RNase H2 defects, cause a
synergistic increase in GCR rates in different assays and subse-
quent analysis of suppressors of the increased GCR rates (e.g.,
rad51�, top1�, and other mutations) would facilitate the iden-
tification of the types of DNA damage that occur in RNase
H2-defective strains and the pathways that compensate for this
damage.
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