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Abstract

The RNase H2 complex is a conserved heterotrimeric enzyme that degrades RNA:DNA hybrids 

and promotes excision of rNMPs misincorporated during DNA replication. Failure to remove 

ribonucleotides from DNA leads to genomic instability in yeast and humans. The monogenic 

Aicardi-Goutières syndrome (AGS) results from mutation in one of several genes, among which 

are those encoding the RNase H2 subunits. The complete cellular and genomic consequences of 

RNASEH2 mutations and the precise connection to disease remain unclear. To learn more about 

the effect of RNASEH2 mutations on the cell, we used yeast as a model of AGS disease. We have 

generated yeast strains bearing AGS-associated mutations in RNASEH2 genes. There is a range of 

disease presentation in patients bearing these RNASEH2 variants. Here we report on in vivo 
phenotypes of genomic instability, including mutation and recombination rates, and synthetic gene 

interactions. These phenotypes provide insight into molecular consequences of RNASEH2 
mutations, and lay the groundwork for further study of genomic instability as a contributing factor 

to AGS disease.
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1. Introduction

Aicardi-Goutières syndrome is a recessive encephalopathy that affects the brain and immune 

system [1, 2]. Although affected children are born with features suggestive of a chronic 

prenatal viral infection [3], instead they carry mutations in one of six genes that result in an 
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undetermined defect in processing nucleic acids and an immune response against some 

nucleic acid product.

1.1 RNase H2 mutations in Aicardi-Goutières syndrome patients

RNASE H2 is a conserved enzyme complex that functions in DNA replication to eliminate 

rNMP residues that have been incorporated into DNA and additionally can remove longer 

RNA:DNA hybrids or R-loops [4]. Misincorporated ribonucleotides arise either through 

defects in Okazaki fragment processing or as a natural consequence of errors of replicative 

DNA polymerases [5, 6]. Misincorporated rNMPs that are not removed distort the DNA 

helix and cause replication stalling in the next replication cycle. Longer RNA:DNA hybrids 

may arise from incomplete processing of Okazaki fragment primers or from stalled 

transcription complexes [4, 7].

An extensive catalog of mutations in genes leading to AGS has shown that over 50% of the 

studied AGS families had mutations in the RNASEH2A, RNASEH2B or RNASEH2C genes 

[2, 8]. Of these, two-thirds occurred in the RNASEH2B gene. Most families carried biallelic 

mutations, often as compound heterozygotes, with the majority of the RNASE H2 mutations 

occurring in the RNASEH2B gene.

1.2 DNA damage events in RNase H2-defective yeast cells

In contrast to mouse systems [5, 9], the RNASE H2 genes of yeast, RNH201, RNH202, and 

RNH203, are not essential, making it possible to study the DNA damage consequences of 

embedded ribonucleotide residues in DNA. RNase H2 null allele mutants of yeast have 

phenotypes associated with DNA damage and genome instability, the most common being 

increased mutagenesis, increased recombination, increased loss of heterozygosity (LOH), 

increased chromosome loss and chromosome rearrangements.

Mutational events increased in RNase H2 null mutants of yeast have a particular signature, 

that of slippage in simple repeats [6, 10]. These mutations are seen only in the absence of 

functional RNase H2 activity and require the action of Topoisomerase I (Top1) [10, 11]. 

Yeast RNase H2 mutants also display a hyperrecombination phenotype [12]. The hyper-

recombination phenotype was not dependent on the action of Top1 and was stimulated by 

tandem rNMP residues in DNA, in contrast to single rNMP residues being responsible for 

slippage mutagenesis [13, 14]. RNase H2 mutants isolated in a different study were also 

found to have a hyper-recombination phenotype [15].

1.3 Studies of human AGS mutations in human and mouse cells and biochemical activity 
of the RNASE H2 enzyme

Identification of mutations in the RNASEH2A, RNASEH2B and RNASEH2C genes among 

127 families presenting with AGS revealed 73 pedigrees with mutations [2, 16], Among the 

mutations observed was a homozygous mutation in RNASEH2A (c.109G>A, p.Gly37Ser) 

(“c” refers to the coding sequence or base which is altered and “p” refers to the amino acid 

residue which is altered, according to the standard nomenclature for human sequence 

variants [17]), predicted to affect catalytic activity, and a common mutation in RNASEH2B 
(c.529G>A, p.Ala177Thr), which occurred as homozygous and compound heterozygous in 
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patients [2], Enzymatic studies confirmed that the RNASEH2A-G37S protein had reduced 

activity [16], Modeling this mutation into the Saccharomyces cerevisiae Rnh201 protein 

(Rnh201-G42S) confirmed conservation of this mutation on biochemical activity [18], 

Modeling other AGS alleles on the Saccharomyces cerevisiae protein were unsuccessful in 

that no effect on enzymatic activity in vitro could be obtained [18, 19], Of note was the 

rnh202-L52R allele and associated protein, which we have studied through genetic means 

and is described below.

A more complete understanding of the effect of AGS RNASE H2 mutations on protein 

function became apparent after the structure of the human RNase H2 complex was solved 

[20]. Mapping of 29 human AGS mutations onto the crystal structure of the complex led to 

predictions of effects of these mutations on complex stability and substrate cleavage. 

Importantly, many AGS mutations mapped to the interface between the RNase H2 subunits 

and would affect stability of the heterotrimer but cleavage of a rNMP containing substrate in 

vitro would not be affected [21], accounting for the apparent normal activity in vitro of 

mutant proteins. The yeast system provides the opportunity to examine the DNA damage 

consequences of AGS hypomorphic alleles and thereby provide support for the link between 

DNA damage and autoimmunity arising from nonnull RNase H2 gene mutations.

2. Materials and Methods

2.1 Yeast growth conditions

All experiments were performed by growing yeast at 30°C in either rich medium (YPD) or 

synthetic media plus/minus amino acids or drugs.

2.2 Plasmid and yeast strain construction

All yeast strains are derivatives of W303. Strains are listed in Supplementary Table 1. To 

construct AGS yeast mutants, a portion of RNH201 (−499-688) was PCR-amplified and 

cloned into YIplac211 integration plasmid using PstI and BamHI sites. A sequence 

encompassing the RNH202 locus [−388-(+)786] was PCR-amplified and cloned into 

YIplac211 integration plasmid using Sacl and PstI sites. Site-directed mutagenesis 

(QuikChange, Stratagene) was performed using the following oligos: rnh201-G42S: 5’-

TCGATGAAGCTAGCAGAGGGCCCGT-3’ and 5’-

ACGGGCCCTCTGCTAGCTTCATCGA-3’; rnh202-L52R: 5’-G 

AAAATATTAATGGAAAACGTTACGAAATAAGATC-3’ and 5’-G 

ATCTTATTTCGTAACGTTTTCCATTAATATTTT-3’; rnh202-H109R: 5’- 

CTCAAGCAAAATACGCTTTTGTTCTTTATACG −3’ and 5’-

CGTATAAAGAACAAAAGCGTATTTTGCTTGAG-3’; rnh202-L186F:5’-

GTCGTCTCAAGAGTGGCTTTGCAAAAGTTAGTG-3’ and 5’-

CACTAACTTTTGCAAAGCCACTCTTGAGACGAC-3’; rnh202-T204l: 5’- 

CGTCTATTACAAGATCATATCTGCAATGATAACAC-3’ and 5’-

GTGTTATCATTGCAGATATGATCTTGTAATAGACG-5’.

Mutations were confirmed by sequencing. Plasmids were linearized to transform into yeast 

and integrants were selected on Sc-uracil. Transformants were patched to YPD and grown 
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overnight in YPD prior to plating on 5’FOA. FOA-resistant segregants were screened for 

presence of the mutation by sequencing the entire gene with some upstream and downstream 

regions included.

2.3 Recombination rate assay

Recombination rates were performed using the leu2-ecoRI::URA3::leu2-bstEII system as 

described [12], At least 18 independent cultures with a minimum of two isolates per 

genotype were used to determine rates and 95% confidence limits [22].

2.4 Mutation rate assay

Mutation rates for the (AG)4 slippage reporter and were determined by the Lea and Coulson 

median method [23] as previously described [10,11, 22].

2.5 Alkaline gel electrophoresis and quantification of ribonucleotide density

Alkaline gel analysis was performed as described [6], Genomic DNA was isolated from 

yeast cells grown overnight in YPD using the MasterPure Yeast DNA isolation kit 

(Epicentre) according to the manufacturer’s instructions. For alkaline treatment, ~10 μg 

purified DNA was incubated in 0.3M KOH for 2 hours at 55°C. Samples were mixed with 

6X alkaline loading buffer (300 mM KOH, 6 mM EDTA, 18% Ficoll type 400, 0.15% 

bromocresol green, 0.25% xylene cyanol) and loaded onto a 1% agarose gel made with 

alkaline buffer (50 mM NaOH, 1 mM EDTA). Gels were run in 1X alkaline buffer (5 mM 

NaOH, 1 mM EDTA) for 18 h at 1 V/cm. Gels were neutralized by gently shaking in 

neutralizing buffer (1 M Tris-HCI, 1.5 M NaCI, pH 7.5) for 1 h and stained with 0.5 μg/mL 

ethidium bromide for 30 min, followed by destaining for 15 min in dH20. For neutral gels, ~ 

2 μg purified DNA was run on 1% agarose gel 1 X TBE. Staining procedures were the same 

as for the alkaline gels, minus the neutralization step.

Extraction and quantification of gel data intensity profiles was carried out using Matlab 

code. The intensity profile (as a function of gel length) for each lane was calculated by 

averaging over the width of the lane followed by background subtraction. To obtain the 

background profile subtraction, the background profile was obtained by averaging the gap 

spacing on both sides of each lane. The Y-axis scale (in kb) was determined by extrapolating 

the specific peaks location of the different DNA fragments obtained in the intensity profile 

of the DNA ladder band, and this kb scale transformed onto the Y-axis of the lane profiles. 

The maximum of each peak was normalized to 1 and the X-axis scale are arbitrary labels to 

1.

3. Results

3.1 Identification of conserved AGS-associated residues in yeast RNase H2 subunits

To create structural models of yeast RNaseH2 proteins, translated sequences of RNH202 and 

RNH201 obtained from the Saccharomyces Genome Database were submitted to the protein 

structure prediction server I-TASSER [24]. The resultant homology models were aligned to 

human RNaseH2 protein structures (PDB ID = 3PUF [20] using the COFACTOR server 

[25]. Images of aligned models were generated using PyMOL (Figure 1A, B). The aligned 
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structural models were used to identify yeast residues equivalent to human residues mutated 

in AGS patients [2, 16]. From human RNaseH2A, residue Gly37 aligned to yeast Rnh201 

residue Gly42 (Figure 1A). From human RNaseH2B, the following residues aligned to yeast 

Rnh202: hLeu60 to yLeu52; hHis86 to yH109; hLeu138 to yLeu186; and hSer159 to 

yThr204 (Figure 1B). These residues were found in various parts of the RNase H2 complex 

(Figure 1C). The alignments were also seen using Clustal Omega (Figure 1D). RNaseH2A is 

the catalytic subunit of the enzyme, and the exact functions of RNaseH2B and RNaseH2C 

still remain unclear, although these subunits are needed for the catalytic activity of 

RNASEH2A to be functional and are suggested to provide structural support as well as 

protein interaction platform [19]. We constructed yeast mutants bearing the same amino acid 

change that was seen clinically (Figure 1E), generating 5 AGS mutant strains: rnh201-G42S, 
rnh202-L52R, rnh202-H109R, mh202-L186F and rnh202-T204I, an assayed these AGS 

strains for genome instability.

3.2 Yeast AGS allele gene interactions

Deletions of any of the three RNaseH2 genes are synthetically sick/lethal with a known list 

of gene deletions that compromise genes involved in replication and DNA damage repair, 

including the genes of the MRX complex (MRE11, RAD50 and XRS2) [11], We crossed the 

AGS mutant strains to a rad50Δ strain, sporulated and dissected tetrads.

Two mutants, rnh201-G42S and rnh202-L52R, showed synthetic sickness with rad50A to a 

degree similar to that of a rnh202Δ null mutant (Figure 2A. The other three mutants, rnh202-
H109R, rnh202-L186F and rnh202-T204I, did not display any synthetic sickness with the 

rad50Δ strain (Figure 2A. This recapitulates the in vitro data for the rnh201-G42S protein, 

which was shown to have reduced activity [18], However, the result with the rnh202-L52R 
mutant was opposite from the in vitro data, as it had been shown to have wild type activity 

[18].

We examined the interaction with deletions of both RNH1 (encoding RNase H1) and TOP1 
(encoding Topisomerase I) as the triple mutant rnh1 rnh2 topi is lethal [26], In contrast to the 

growth defect seen with a rad50Δ mutation, only null alleles rnh20lΔ and rnh202Δ plus 

rnh202-L52R had a synthetic growth defect (Figure 2B). This indicates that the RNase H2 

activity remaining in rnh201-G42S is sufficient to buffer against loss of RNase H1 and Top1 

activities, as initially described [13]. It suggests that activity of the RNase H2 complex with 

the rnh202L52R subunit is below that of the complex with the rnh201G42S subunit. The 

structure of the human RNase H2 complex predicts that the rnaseh2B-L60R subunit impairs 

stability of the complex [20],

3.3 Yeast AGS alleles and genome instability assays

We used intrachromosomal gene conversion and mutation of a slippage repeat reporter to 

examine the impact of AGS alleles on genome stability. In accordance with the synthetic 

sickness data, rnh201-G42S and the rnh202-L52R mutants showed an increase in 

recombination rate, although the level was not as high as the null mutant (Figure 3A). 

Nonetheless, the increase in recombination in the rnh202-L52R mutant approached that of 

the null allele and was significantly higher than the rnh201-G42S mutant, indicating a strong 
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loss of RNase H2 function. The rnh202-H109R, rnh202-L186F and rnh202-T204I mutants 

had recombination levels similar to those of wild type cells (Figure 3A).

We evaluated the mutation using a reporter system that assays specifically for slippages in an 

(AG)4 repeat sequence [10, 27] as RNase H2 null alleles have a 100X increase in mutation 

rate, giving a wide range for assessment of hypomorphic mutations. The rnh201-G42S 
mutant had a significant increase in the dinucleotide slippage rate that was approximately 

the same fractional increase compared to the null allele rate as that seen for the 

recombination rate (Figure 3B). Similarly, the mutation slippage rate for the rnh202-L52R 
mutant was greatly increased, to close to the same fractional increase for the recombination 

rate (Figure 3B). The greater impact of the rnh202-L52R mutation on genome stability is 

also in accord with the synthetic lethal growth phenotype with rnh1Δ top1Δ. As expected, 

the rnh202-H109R, rnh202-L186F and rnh202-T204I mutant strains had dinucleotide 

slippage rates similar to those of wildtype (Figure 3B).

3.4 Yeast AGS alleles and ribonucleotides in DNA

Genomic ribonucleotides can be detected by fragmentation on alkaline gels after alkaline 

treatment. Deletion of RNH201 or RNH202 results in a marked increase in smearing of 

DNA on alkaline gels, indicating more ribonucleotides embedded in these genomes (Figure 

4). There are no detectable differences on neutral gels. Densitometric tracings of the alkaline 

gels shows increased fragmentation in the genomic DNA of the rnh201-G42S and rnh202-
L52R strains and this is confirmed by determining the fraction of total DNA fragments 

migrating between 3 kb and 5 kb. Both null strains rnh201Δ and rnh202Δ show an increase 

in this fraction compared to wildtype following alkaline treatment. In contrast, genomic 

DNAs from the rnh202-H109R, rnh202-L186F, and rnh202-T204l strains showed no 

discernable changes in migration compared to RNH202 following alkaline treatment. These 

results suggest reduced RNase H2 activity in these mutant strains, which most likely 

accounts for the increased mutation and recombination rates and synthetic phenotypes with 

rad50Δ and rnh1Δ top1Δ mutations.

4. Discussion and conclusions

The allele rnh201-G42S in the RNASEH2A/RNH201 gene encodes a variant protein that is 

significantly reduced in enzymatic activity [16, 18, 19], Our assays for genome instability 

and DNA migration on alkaline gels show that the rnh201-G42S mutant has some 

phenotypes indistinguishable from the null allele but others that lie between wildtype and 

the null allele. Previous studies showed that the rnh201-G42S allele has a mutational profile 

of the CAN1 gene that is altered from the wildtype allele but is not as strong as the rnh201Δ 
null allele [13], Alkaline gel analysis suggested a slight increase in fragment mobility of 

DNA from the rnh201-G42S strain. In contrast, the rnh201-G42S rnh1Δ top1Δ strain gave 

good growth that was barely distinguishable from wildtype, as initially shown [13], perhaps 

indicating that the residual activity is sufficient for removal of R-loops. This modest effect in 

yeast should be considered in contrast to the phenotype seen in mouse where the Rnaseh2A-
G37S mutation is a perinatal lethal [28], The RNH202 alleles studied here occur as 

compound heterozygotes in AGS patients and frequently the other allele is RNASEH2B (c.
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529G>A, p.Ala177Thr) [2, 16], We observed a range of phenotypes among the rnh202 
strains that we generated. The fact that the mutations give rise to AGS when the other allele 

is RNASEH2B (c.529G>A, p.Ala177Thr) suggests that there is some impairment of the 

protein function in the compound heterozygous state. As the human genome is 

approximately 100-fold the size of the S. cerevisiae genome, with approximately 100-fold 

more rNMP residues incorporated into the genome every replication cycle [6, 9, 29], 

hypomorphic RNASEH2B mutations may have a phenotypic consequence in humans not 

observable in S. cerevisiae. Some mutant AGS proteins have normal activity against single 

rNMP residues in DNA but are defective against R-loops, another substrate for the RNase 

H2 activity.

In contrast, the mh202-L52R/RNASEH2B (c.179T>G, p.Leu60Arg) allele showed 

significant defects in all assays, suggesting that rNMP residues are not efficiently removed 

by the mutant RNase H2 protein and further processing contributes to genome instability 

and DNA damage. However, the S. cerevisiae RNase H2 protein with the Rnh202L52R 

subunit has 74% of wildtype activity in vitro [18]. The mutant RNase H2 complex could be 

more unstable in vivo or in lower amounts, or affected in recruitment to rNMP substrates in 

vivo. Whether the AGS phenotypes are more severae in patients with this allele and whether 

this contributes to the disease presentation is not known.

The discordance between the in vitro biochemistry and the in vivo yeast phenotypes and 

disease presentation in humans remains a challenge to understand the causes of AGS 

disease. The cGAS/STING pathway is stimulated by DNA damage [30, 31] and RNase H2 

AGS mutations can stimulate the cGAS/STING pathway [28, 32]. Still, a direct link between 

DNA damage, genome instability and AGS presentation is not proven. The DNA damage 

sensor MRE11, which interacts with RAD50, is conserved between S. cerevisiae and 

humans and in human cells it is linked to the cGAS/STING pathway through recognition of 

cytosolic double-stranded DNA [33]. Recent studies on Topoisomerase I acting at rNMPs in 

DNA have shown that double strand breaks can be formed [34], and these could be the 

initiating substrate for homologous recombination. As RNase H2 has two activities, one 

against single rNMP residues in DNA and the second against R-loops [4, 13], it is possible 

that some AGS phenotypes arise from altered activity against R-loops. Indeed, cells with 

AGS alleles have increased R-loop accumulation [7].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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DSB double-strand break

HR homologous recombination

Top1 topoisomerase 1

LOH loss of heterozygosity

RER ribonucleotide excision repair

dNTP deoxynucleotide triphosphate

rNTP ribonucleotide triphosphate

rNMP ribonucleotide monophosphate
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Highlights

• AGS mutations in RNase H2 subunits can be modeled in yeast

• Some AGS alleles have no observable phenotype in yeast

• Other AGS alleles have strong negative impact on genome stability

• in vivo yeast phenotypes correlate with increased retention of rNMPs in DNA
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Figure 1. Conserved AGS-associated residues from yeast to humans.
Homology models of yeast Rnh201 and Rnh202 were generated and aligned to structural 

models of human RNASEH2A and RNASEH2B, respectively. Conserved AGS-associated 

residues were identified on the aligned yeast homology structures. A. We chose one 

conserved residue in yRnh201 (magenta) / hRNASEH2A (green): yGly42(red) /

hGly37(black). B. We chose four conserved residues in yRnh202(blue) / 

hRNASEH2B(yellow): 1.) yHis109/hHis86; 2.) yLeu52/hLeu60; 3.) yLeu186/hLeu138; 4.) 

yThr204/hSer159 (yeast residues in red, human residues in black). C. Conserved residues 
identified are located in different parts of the enzyme complex. The structure (PDB ID = 

3PUFR) of the RNase H2 heterotrimeric complex consisting of RNASEH2A (green), 

RNASEH2B (yellow) and RNASEH2C (magenta) is shown with AGS-associated residues 

(red) that are conserved in yeast highlighted. D. Alignment of yeast Rnh201 with human 
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RNASEH2A and yeast Rnh202 with human RNASEH2B. The top panel shows the 

alignment of Rnh201 with RNASEH2A using Clustal Omega. The lower panel shows the 

alignment of Rnh202 with RNASEH2B using Clustal Omega. The red boxes indicate the 

position of the human AGS mutations shown in panels A, B and E and their alignment with 

the cognate yeast residue. E. Mutations of the RNase H2 complex found in AGS patients 
are reconstructed in yeast strains. Yeast cells with the appropriate amino acid change that 

reflects AGS mutations were constructed.

Potenski et al. Page 13

DNA Repair (Amst). Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Synthetic genetic interactions.
A. Synthetic gene interactions with rad50Δ. The yeast AGS mutants were crossed to a 

rad50Δ strain, sporulated and the resultant tetrads were dissecting in an ordered array. 

Genotypes of the spores were determined. Double rad50Δ rnaseH2-AGS mutants are circled 

in white. B. Synthetic gene interactions with rnh1Δ top1Δ. The yeast AGS mutants were 

crossed to a rnh1Δ top1Δ strain, sporulated and the resultant tetrads were dissecting in an 

ordered array. Genotypes of the spores were determined. Triple rnh1Δ top1Δ rnaseH2-AGS 

mutants are indicated in white squares.
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Figure 3. Genome instability assays
A. Recombination rates of rnaseh2-AGS mutants. A recombination reporter consisting of 

direct LEU2 repeats flanking a URA3 marker was used for fluctuation analysis to determine 

gene conversion rates. Error bars represent the standard deviation from 3 independent 

experiments, and fold increase from wild type level is reported above the bars. B. 
Dinucleotide slippage mutation rate of rnaseh2-AGS mutants. Rates of dinucleotide 

slippage were determined using a reporter containing an (AG)4 tandem repeat embedded in 

the LYS2 gene. Fluctuation analysis was used to determine rates, and error bars represent the 

standard deviation from 3 independent experiments, and fold increase from wild type level is 

reported above the bars.
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Figure 4. Assessment of ribonucleotides in genomic DNA
A. Alkaline gel analysis of genomic DNA. Genomic DNA was isolated from the indicated 

strains, treated with 0.3 N KOH for 2 hours at 55°C and run on 1% agarose gel in alkaline 

buffer. Gels were neutralized and stained with ethidium bromide. For the neutral gel, 

untreated DNA was run on 1% agarose gel in 1XTBE and stained with ethidium bromide. B. 
Scans of alkaline gel lanes. Densitometry tracings using MatLab of lanes of the alkaline gel 

in (A), presenting the RNH201 alleles and the RNH202 alleles separately. C. Fraction of 
total DNA fragments migrating at 3-5 kb in each lane. The fraction of fragments 

migrating at 3-5 kb in each sample on the alkaline gel was calculated from the MatLab 

tracings. Genomic DNA from the rnh201-G42S and rnh202-L52R strains show an increase 

Potenski et al. Page 16

DNA Repair (Amst). Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in this fraction compared to wildtype but in both cases it is less than the respective null 

strain. The X-axis has arbitrary labels, normalizing the maximum of each peak to 1.
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