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Ishika Verma,! Kirti Chhatlani,’ Zeel H. Mehta,' Celine Mouawad,’ and Francesca Storici'#*

SUMMARY

Ribonucleoside monophosphates (rNMPs) are abundantly found within genomic DNA of cells. The
embedded rNMPs alter DNA properties and impact genome stability. Mutations in ribonuclease (RNase)
H2, a key enzyme for rNMP removal, are associated with the Aicardi-Goutiéres syndrome (AGS), a severe
neurological disorder. Here, we engineered orthologs of the human RNASEH2A-G37S and RNASEH2C-
R69W AGS mutations in yeast Saccharomyces cerevisiae: rnh201-G42S and rnh203-K46W. Using the
ribose-seq technique and the Ribose-Map bioinformatics toolkit, we unveiled rNMP abundance, composi-
tion, hotspots, and sequence context in these AGS-ortholog mutants. We found a high rNMP presence in
the nuclear genome of rnh201-G42S-mutant cells, and an elevated rCMP content in both mutants, reflect-
ing preferential cleavage of RNase H2 at rGMP. We discovered unique rNMP patterns in each mutant,
showing differential activity of the AGS mutants on the leading or lagging replication strands. This study
guides future research on rNMP characteristics in human genomes with AGS mutations.

INTRODUCTION

Aicardi-Goutiéres syndrome (AGS) is a rare genetic disorder that predominantly affects the brain, skin, and immune system.! AGS is typically
diagnosed in infancy or early childhood and causes a range of neurological symptoms including developmental delays, intellectual disabil-
ities, seizures, and movement abnormalities.” AGS is characterized by the calcification of the basal ganglia, chronic cerebrospinal fluid (CSF)
lymphocytosis, negative serological investigations for common prenatal infections and raised levels of interferon alpha (IFN-a) in CSF and
serum.” Patients with AGS have mutations in nucleic-acid metabolism regulators such as Three Prime Repair Exonuclease 1 (TREX1), SAM
And HD Domain Containing Deoxynucleoside Triphosphate Triphosphohydrolase 1 (SAMHD1), Ribonuclease (RNase) H2, Adenosine Deam-
inase Acting on RNA 1 (ADAR1), and Interferon Induced with Helicase C Domain 1 (IFIH1).> More than 50% of patients with AGS exhibit mu-
tations in one of the three subunits of the RNase H2-complex.”

The presence of ribonucleotides in DNA happens in the form of ribonucleoside monophosphates (rNMPs) and is mainly caused by the
DNA polymerase incorporation of ribonucleotide triphosphates (rNTPs) or potentially by the ligation of RNA primers during DNA-lagging
strand synthesis.” RNase H2 is a critical enzyme complex involved in ribonucleotide excision repair (RER) during DNA replication and repair.
Failure to efficiently remove the embedded rNMPs in DNA can contribute to disease, compromising the integrity of the genome.®’ More-
over, INMPs can hinder the interaction of proteins with DNA during DNA replication and transcription, potentially disrupting normal cellular
functions.® Therefore, the efficient removal of rNMPs by RNase H2 is vital for maintaining genomic stability and preventing the accumulation
of DNA damage.” Recently, the field has witnessed a surge of interest in the study of embedded rNMPs, with select groups developing
sequencing techniques to capture rNMPs in genomic DNA.'? One of the pioneering techniques, published in 2015, is ribose-seq,'''? which
employs alkaline hydrolysis and a special spliced-RNA ligase to capture embedded rNMPs along with their upstream DNA. This method fa-
cilitates the generation of high-throughput sequencing libraries without bias toward any specific genomic sequence context.

Human RNase H2 consists of 3 subunits (A, B, and C), with RNase H2A as its catalytic subunit. In yeast Saccharomyces cerevisiae, the or-
thologous proteins to human RNase H2 subunits A, B and C are Rnh201, Rnh202, and Rnh203, respectively.* '* Studies in yeast have revealed
that mutations in these genes lead to genomic instability, DNA damage, and replication defects.'®"'® Defective RNase H2 function in yeast
increases embedded-rNMP presence, leading to replication stress, DNA breaks, and activation of damage response pathways, revealing the
detrimental effects of INMP presence in DNA.'®'? Previous studies reporting rNMPs embedded in the nuclear genome of S. cerevisiae cells
having the rh201A genotype show preference for deoxyadenosine immediately upstream of the most abundant rCMPs and rGMPs.”
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Figure 1. Schemes of human and yeast RNase H2 subunit amino acid sequence alignment with common AGS mutations and ribose-seq technique

(A) Alignment of amino acid sequences of RNase H2 catalytic subunit H2A, and accessory subunits H2B and H2C from H. sapiens and S. cerevisiae.”” The gray
highlights show the most conserved parts of the protein complex.”” Amino acids highlighted in red show AGS mutations in human RNase H2 subunits and the
corresponding mutations in the S. cerevisiae ortholog enzyme subunits within fully conserved or similar amino acids.”® The amino acids with green circle on top
represent those present in the catalytic site of the enzyme subunit A."* The mutations characterized in this study found in the conserved regions of RNase H2
subunits are RNase H2A-G37S that corresponds to Rnh201-G42S in S. cerevisiae, and RNase H2C-R69W that corresponds to Rnh203-K46W in S. cerevisiae.
(B) Schematic of the ribose-seq protocol. Genomic DNA is fragmented, dA-tailed, and ligated to a molecular barcode—containing sequencing adaptor. Alkali
treatment denatures the DNA and cleaves at INMP sites, exposing 2/,3'-cyclic phosphate and 2'-phosphate termini, which are recognized and ligated to the
5-phosphate ends of the same molecules. Linear, unligated fragments are degraded using T5 exonuclease. Circular DNA molecules are PCR-amplified and
sequenced at an lllumina platform.

Frequencies and patterns of INMP embedment around early firing autonomously replicating sequences (ARSs) in rnh207A yeast strains show
distinct preferences for deoxyadenosine upstream of the rINMPs embedded in the leading strand, and deoxycytidine upstream of the rNMPs
embedded in the lagging strand.”’ Moreover, several reports have shown that RNase H2 is active on nuclear but not on yeast and human
mitochondrial DNA?%?*"?*: thus, mutations in RNase H2 genes are mainly expected to impact the abundance and features of rNMPs
embedded in nuclear DNA both in yeast and human cells.

Among the mutations reported in the human RNase H2-enzyme complex, the G37S mutation occurring close to the catalytic site residues
of the RNase H2 subunit A (highlighted with green circles in Figure 1A), has been extensively studied.'* The G37S mutation in RNase H2A
almost abolishes the catalytic activity of RNase H2, invokes the cGAS-STING innate immune-sensing pathway, and is perinatally lethal in
mice.””*® The RNase H2A subunit is better conserved among eukaryotic species in contrast to RNase H2B and RNase H2C subunits.?>?~'
In the RNase H2 complex, the RNase H2C subunit is close to the catalytic site of subunit A.'* Among AGS mutations in RNase H2B and H2C,
the R69W mutation in RNase H2C has reduced activity in vitro on RNA-DNA hybrids and on a single INMP embedded in DNA, highlighting its
role in enzymatic function.”” In patients with AGS having mutations in RNase H2A or RNase H2C, the degree of disability and interferon score,
and the severity of symptoms are elevated, as compared to patients having mutations in RNase H2B.****

Because the AGS mutants, RNASEH2A-G37S and RNASEH2C-R69W are in conserved regions between the human and the yeast subunits,
we engineered the corresponding yeast orthologs mutants, Rnh201-G42S and Rnh203-K46W, respectively, to characterize theirimpact on the
rNMPs embedded in yeast genomic DNA. To capture the genomic rINMPs and the DNA upstream of the embedded rNMPs, we utilized the

11,12 ( 34-36 to obtain

ribose-seq technique Figure 1B) and performed the sequence analysis using the Ribose-Map bioinformatics toolkit
the coordinates of rNMPs in the yeast nuclear and mitochondrial genomes. We determined embedded rNMP features such as rNMP
abundance rate, composition, hotspots, and sequence preferences around the site of INMP embedment in the DNA of cells carrying the
AGS-orthologous mutations. Moreover, we compared the rINMP features of the AGS ortholog mutants with those found in the DNA of
wild-type and rnh207A mutant cells. Due to the conserved functions of the RNase H2 complex in both human and yeast cells, we posit
that the results of this study can contribute to a deeper understanding of the biology associated with the RNASEH2A-G37S and
RNASEH2C-R69W mutations in human cells. Furthermore, our findings may provide insights into comprehending the effects of these AGS

ortholog mutations on the genome of patients with AGS.

RESULTS

Generation of S. cerevisiae strains carrying the Aicardi-Goutiéres syndrome yeast ortholog mutations rnh201-G42S or
rnh203-K46W, DNA-seq analysis, and ribose-seq libraries preparation

With the goal to study embedded-rNMP patterns in AGS mutants, we engineered two AGS orthologous mutations occurring in conserved
domains of human and yeast RNase H2 subunits. Two AGS mutations commonly found in human patients are RNASEH2A-G37S and
RNASEH2C-R69W. The yeast ortholog mutations are rnh201-G42S and rnh203-K46W, respectively (Figure 1A). Conserved regions of amino
acid sequences between yeast and human RNase H2 subunits were identified from previously published work that compares sequence align-
ments across several species.”” RNASEH2A-G37S is within the catalytic subunit, whereas RNASEH2C-K69W is in a non-catalytic subunit but it
is still very close to the Subunit A-catalytic site within the RNase H2 complex.'** The yeast ortholog mutations rh201-G42S and rnh203-
K46W were created in S. cerevisiae in the BY4742 background (MATa his3A1 leu2A0 lys2A0 ura3A0) using the delitto perfetto technique.*®
We built 14 ribose-seq libraries of INMPs embedded in the genomic DNA of yeast strains carrying wild-type RNase H2, rnh201-G42S, rnh203-
K46W, or rnh201A genotype (Figure 1B). In addition to these libraries, in the analyses, we also included two wild-type and one rnh201A ribose-
seq libraries previously published derived from the same BY4742 backgrounds.”’ Multiple sets of restriction enzymes were utilized to frag-
ment DNA during the preparation of various ribose-seq libraries. This approach aimed to explore diverse genomic DNA regions and account
for variations in rINMP sequence context or INMP patterns linked to the fragmentation method used (Table S1) and amplified using PCR with
specific primers (Table S2). The different combinations of restriction enzymes (REs) used to fragment the yeast genomic DNA were () RET:
Dral, EcoRV, and Sspl; (ii) RE2: Alul, Dral, EcoRV, and Sspl; and (iii) RE3: Rsal and Haelll. The sequencing data of the ribose-seq libraries
were analyzed using the Ribose-Map bioinformatics toolkit®"

Genomic DNA from all genotypes utilized in this study was extracted and used for ribose-seq library preparation, and in part also for direct
DNA sequencing. The DNA-seq data were used to observe mutation spectra to evaluate the genomic stability of the AGS-mutant cells
compared to wild-type and rnh207A cells and for INMP-count normalization in hotspot analysis (See STAR Methods). The yeast AGS-orthol-
ogous mutants Rnh201-G42S and Rnh203-K46W were previously shown to stimulate double-strand break (DSB) repair via cDNA in

to first obtain the INMP coordinates in the sacCer2*’ genome.
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Figure 2. rNMP-embedment rates and patterns in the nuclear and mitochondrial genome of S cerevisiae AGS-ortholog mutants

(A) Horizontal stacked-bar plots showing rNMP-abundance rates as percentage of rNMPs found in the nuclear (red bars) and the mitochondrial (blue bars)
genome of ribose-seq libraries (Table S1) of S. cerevisiae strain BY4742 with the indicated genotypes (wildtype, rh203-K46W, rnh201-G42S, and rnh201A).
(B) Bar graphs corresponding to the mean value and standard error of normalized percentages of INMPs found in nuclear and mitochondrial genome. Statistical
comparisons made using Mann-Whitney U test between AGS mutant and wild type libraries are shown by a bar aligned with the INMP base and p value of <0.05
denoted by single asterisk (*).

(C) DNA of rNMP libraries for the indicated genotypes. The percentages are normalized to the base composition of the reference genome, such that the
expected percentage for each INMP base is 25%.”° Percentages without the normalization of rNMPs are shown in Figure S2 and are listed in Table S2.

(D and E) (D) Sequence context +/— 5 nucleotides (nt) from the site of INMP presence, which is indicated by the 0 position, for all INMPs found in nuclear and
(E) mitochondrial DNA, respectively. The frequency of each nucleotide is normalized to the frequency of the corresponding nucleotide present in the nuclear or
mitochondrial reference genome. The plots shown are for one sample library of each genotype with the library and genotype indicated on top of the plots. The
library name and genotype for the displayed data are indicated on top of each plot. Red square, A; blue circle, C; orange triangle, G; and green rhombus, U. The
sequence plots generated from all INMP libraries of this study are presented in Figures S3-56.

(F and G) (F) Sequence logo plots flanking +/— 3 nt from the rINMP position (0) of top 1 percentile locations with the highest INMP counts observed in nuclear and
(G) mitochondrial DNA. The y axis shows the level of sequence conservation, represented in bits. The library name and genotype for the displayed data are
indicated on top of each plot. The Sequence logo plots for all the libraries are present in Figure S7.

S. cerevisiae cells when combined with each other or along RNase H1-null mutation and lowered survival frequency after the induction of a
DSB as compared to wild-type RNase H2 cells.”” The rnh201-G24S mutation also has elevated recombination and dinucleotide slippage rates
in yeast cells.”® Here, we examined germline and somatic mutational patterns of insertions and deletions. In the germline mutation spectra,
we do not see any major differences in the mutational patterns between the genotypes (Figure STA). However, we note that the wild-type
library has higher percentage of dT deletion (dark orange panel) as compared to insertions (dark green panel); whereas AGS mutants and
rnh201A libraries show similar percentages of dT insertions and deletions (Figure STA). In somatic mutation spectra (Figure S1B), we note
markedly higher dT insertions (dark green panel) in AGS mutants and rh207A as compared to wild-type libraries. In addition, we see higher
dT insertion at 5+ repeat units in rnh201-G42S and rnh201A as compared to wild-type and rnh203-K46W libraries (dark orange panel) sug-
gesting higher events of genetic modifications in rnh201-G42S and rnh201A mutant compared to wild-type and rnh203-K46W cells. The so-
matic mutation spectra suggest that both the Rnh201-G24S and the Rnh203-K46W yeast ortholog mutants do have varying levels of impact on
genome stability in yeast cells.

The ribose-seq libraries were prepared as described in previous studies.'"'#?* Briefly, after genomic DNA fragmentation, the genomic
fragments are dA-tailed and ligated to a molecular barcode-containing sequencing adaptor. Alkali treatment denatures the DNA and cleaves
at rNMP sites, exposing 2/,3'-cyclic phosphate or 2'-phosphate termini, which are recognized and ligated to the 5'-phosphate ends of the
same molecules by the Arabidopsis thaliana tRNA ligase, generating single-strand circles. Linear, unligated fragments are degraded. Circular
DNA molecules are PCR-amplified and sequenced using an lllumina sequencing platform (Figure 1B). Successively, the sequencing reads are
analyzed using the Ribose-Map bicinformatics tool to align the reads to the SacCer2 reference genome™ and to obtain the genomic coor-
dinates of the rNMPs at single nucleotide resolution, the sequence context, and hotspots of the rNMPs. >~

Increased ribonucleoside monophosphate frequency in the nuclear genome of rnh201-G42S mutant cells

Previous work using alkaline gel electrophoresis of total genomic DNA, combined nuclear and mitochondrial DNA, derived from rnh201-
G42S mutant-yeast cells revealed higher sensitivity to alkali compared to wild-type cells, suggesting increased level of rNMPs in the
genome.?® By leveraging ribose-seq and Ribose-Map techniques, it becomes possible to map rNMPs embedded in genomic DNA at sin-
gle-nucleotide resolution. To study the frequency of INMPs embedded in the yeast nuclear genome for each genotype, we independently
counted the rNMPs present in nuclear and mitochondrial DNA in each individual ribose-seq library (Table S1). Since absolute rINMP counts in
the libraries do not account for variations in their construction and sequencing yield, we determined the percentage of rNMPs in the nuclear
and mitochondrial DNA from the total rINMP count obtained for each library. Because RNase H2 has been repeatedly shown not to be active
on rNMPs embedded in mitochondrial DNA?*?>~2* INMPs found in yeast mitochondrial DNA constitute the gross majority of the genomic
rNMPs. We used this knowledge to estimate the increase in rNMPs in nuclear DNA due to the AGS-ortholog mutants by comparing nuclear
and mitochondrial INMP percentages in each library among the wild-type, rnh203-K46W, rnh201-G42S, and rnh201A genotype (Figure 2A).
Wild-type libraries have less than 15% rNMPs in the nucleus from the total rNMPs in each library (Figure 2A, Table S1). On the contrary,
mh2071A cells have >70% rNMPs in the libraries contributed from the nucleus. Libraries of the rnh201-G42S genotype show high rNMP
embedded in the nucleus, almost to the level of those of the rnh201A genotype libraries, suggesting impaired catalytic activity of RNase
H2. Differently, the percentages of rINMPs found in the nuclear DNA of rnh203-K46W libraries are low, like those detected in the wild-type
libraries, suggesting little to no effect of the rnh203-K46W mutation on the catalytic activity of the RNase H2 complex.

Biased rC levels in rnh201-G42S and rnh203-K46W mutant genotypes

We normalized the rINMP-base composition with respect to the nucleotide base composition found in the reference genome. Bar plots of these
normalized percentages of each INMP base in the nucleus (Figure 2B) show higher rC percentages for rnh201-G42S and rnh203-K46W geno-
types in comparison to the normalized percentage of rC in the wild-type genotype. The INMP composition without normalization (Figure S2A)
also indicates high rC percentages in AGS mutants amongst all other INMP bases (rA, rG and rU). In the nuclear DNA of rnh201-G42S libraries,
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alongside the increase in rC, there is a decrease in rU like that seen in rnh201A libraries (Figures 2B and S2A, Table S3). The biased rC level in
nuclear DNA of rnh201-G42S and rnh203-K46W libraries is unigque in comparison to the rINMP composition found in nuclear DNA of rnh201A
libraries, as rnh201A libraries have high rC as well as rG level in nuclear DNA. Normalized rNMP-base percentages in the mitochondrial genome
(Figure 2C)for all genotypes have biased rC and rG normalized percentages as compared to rA and rU, consistent with results previously seenin
yeast ribose-seq libraries."" Interestingly, the nucleotide rC does appear to be predominantly higher than rG in mitochondrial DNA of the
rnh201-G42S and rnh203-K46W libraries as compared to wild-type and rnh207A libraries (Figure 2C). The rNMP composition without normal-
ization in the mitochondrial genome also shows that rC is significantly higher than rG in the rnh203-K46W and rnh201-G42S compared to the
wild-type and the rh201A libraries (Figure S2B, Table S3).

Specific sequence context upstream of ribonucleoside monophosphate sites in nuclear DNA of S. cerevisiae ortholog
rnh203-K46W mutant libraries

To study the sequence context and nucleotide preference of rINMP sites in the yeast AGS ortholog genotypes, we calculated the deoxynu-
cleotide frequencies around +/— 100 bases (zoomed out) and +/— 5 bases (zoomed in) near the unique sites of INMP embedment for nuclear
and mitochondrial genome in every library. After normalization to the mononucleotide frequencies observed in the reference genome, fre-
quencies of deoxyribonucleotide monophosphates (dNMPs) around rNMP sites in the nuclear and mitochondrial genome show a preference
(higher frequency) for dNMPs with base G or C in the mitochondria as compared to the nucleus, in which frequencies of A, C, G and T are
almost similar (Figures 2D, 2E, and S3-56). This feature of rNMPs in the yeast mitochondrial genome is in line with what has been observed
before with other budding yeast strains”® suggesting rNMP presence in GC clusters in the yeast mitochondrial genome."" Thus, despite the
low percentage of dCMPs and dGMPs in mtDNA, rCs and rGs were often surrounded by dCMPs and dGMPs.

The sequence context near +/— 5 bases of the INMP-embedment sites (0" position) in nuclear DNA of the rnh203-K46W genotype shows
the preference for dCMP one base upstream (position —1) (Figures 2D and S3). The dCMP preference at position —1 from the rNMP in rnh203-
K46W libraries is particularly evident when the rNMP has base C or U (Figures S3 and S4). Differently, in rnh201-G42S libraries, we see pref-
erence for dAMP one base upstream (position —1) of the INMPs (Figures 2D and S4), particularly when the rINMP has base A or G (Figures S3
and S4). The rNMP frequency observed in the 0 position of the sequence plots is consistent with the normalized rNMP percentages for the
respective genotypes (Figures 2B and 2C). Unlike for the nuclear genome, there is no observable difference in the frequencies of dNMPs
around the rINMP site among the different genotypes for the mitochondrial genome. As previously observed for INMPs in yeast mitochondrial
DNA,”° rCMP and rGMP sites are surrounded by dCMPs and dGMPs, respectively, within GC-rich regions (Figures 2E, S5, and Sé).

Unique ribonucleoside monophosphates-hotspot composition and consensus sequence in Aicardi-Goutiéres syndrome-
orthologous mutants

To analyze the sequence context around the highly frequent INMP-embedment sites in the yeast AGS-ortholog libraries, we obtained the
hotspots of the rNMP counts present (1 percentile of highly abundant single nucleotide rNMP locations) in nuclear and mitochondrial
DNA. Using the Ribose-Map Hotspot Module, we obtained the genomic sequence of these abundant rNMP sites 3-nucleotides upstream
and downstream of the rNMPs on the same strand as the rNMP, and visualized the results using the sequence logo plots (Figures 2F, 2G,
and S7). We find that rCMP (0 position) is the dominant rNMP in the nucleus for all RNase H2-mutant genotypes tested (rnh203-K46W,
rnh201-G42S and rnh201A), whereas there is no dominant rINMP seen in hotspots from wild-type nuclear libraries (Figure 2F). The rCMP hot-
spots are preferentially preceded by dCMP in rnh203-K46W libraries (—1 position), whereas in rnh201-G42S and rnh201A libraries rCMP hot-
spots are preceded by dAMP and followed by dTMP (Figures 2F and S7A). Sequence-logo plots of INMPs in mitochondrial DNA show that the
rNMP position is more often an rCMP in the AGS mutant libraries (Figures 2G and S7B). Hotspots of rINMPs in mitochondrial DNA of all ge-
notypes studied show an evident preference for JAMP at position —1 and a fit within the consensus TNArSWTW sequence previously iden-
tified™ (Figures 2G and S7B).

To observe the composition and distribution of hotspots across each genotype, we analyzed recurring rNMPs, present in at least 2 libraries
for each genotype and selected the most abundant INMP sites based on the average enrichment factor (see STAR Methods) calculated for
each unique rINMP embedment site in that genotype. The count of the rNMPs in each embedment site of each library was normalized based
on the relative base coverage, the ratio of reads mapped per base with respect to average reads per base in the genome, obtained from the
DNA-seq data to exclude false positive hotspots due to the falsely amplified alignment of reads in low complexity regions, such as simple
repeat sequences. These normalized counts for each INMP embedment site in each library were then converted to enrichment factor, a rela-
tive rINMP-count measure for each location with respect to total rNMP count in each library genome, further used to calculate the average-
rNMP enrichment within libraries in each genotype” (see STAR Methods). We selected the top 75 sites in the nuclear genome and the top 25
sites in the mitochondrial genome having the highest average rNMP enrichment factor (common hotspots) to be visually represented with
their base (Figure 3). The hotspots present in at least 80% of libraries with the same genotype are marked with an asterisk (Figure 3). The
base composition of the hotspots observed in each genotype is consistent with the composition of all INMPs present in nuclear and mito-
chondria in each genotype (Figures 2B and 2C). The normalized composition of common hotspots represented in Figure 3 are also shown
(Figures SBA and S8B). Interestingly, the top-75 hotspots in the nuclear genome of AGS mutant (rnh203-K46W and rnh201-G42S) libraries
have higher rC than wild-type and rnh201A libraries (Figures 3A-3D and S8A and Table S4E), We also see that rnh203-K46W libraries have
a similar level of rA as wild-type libraries, but a lower rG such as rnh201-G42S as compared to wild-type and rh201A libraries. The coordi-
nates, ribonucleotide base, and genes located at hotspot locations are also indicated (Tables S4 and S5). These common hotspots validate
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Figure 3. Most abundant common hotspots in nuclear and mitochondrial DNA of the Rnh203-K46W and Rnh201-G42S AGS ortholog mutants
Genome-mapped locations of the 75 most abundant common rNMP hotspots in nuclear DNA of ribose-seq libraries of (A) wild-type, (B) rnh203-K46W, (C)
rmh201-G42S, and (D) rnh201A genotype. Genome mapped locations of the 25 most abundant common rNMP hotspots in mitochondrial DNA of ribose-seq
libraries of (E) wildtype, (F) rnh203-K46W, (G) rnh201-G42S, and (H) rnh201A genotype. The represented annotations for rA, rC, rG, and rU are shown in red,
blue, yellow, and green color letters, respectively. The common hotspots are selected based on occurrence in at least 2 libraries in each genotype and the
highest rNMP Enrichment Factor (ratio of rINMP counts to average rNMP per base in genome). rNMP hotspots present in 80% or more libraries are marked
with an asterisk (*). Chromosome locations +/— 3 nt of flanking sequence, enrichment factor, mapped genes, and composition of common hotspots is
provided in Table S4 for the common hotspots in the nuclear genome and in Table S5 for the common hotspots in the mitochondrial genome. Common
hotspot clusters identified on Chr IV in rh203-K46W libraries are indicated by a dashed frame. Sequence logo plots for top 75 (nucleus) and top 25
(mitochondria) with top 2 and 5 percentile hotspots of unique rNMP locations (both nucleus and mitochondria) in each genotype are shown in Figure S8.

the INMP-compositional changes we observe in the different genotypes (Figure 2B) whilst also suggesting unique locations of INMP reten-
tion also seen in Figure 3 making the hotspot composition in both AGS mutants unique in comparison with the wild-type and rh201A libraries
(Figures 3D and S8A). The common hotspots in nuclear DNA of RNase H2 wild-type cells do not appear to cluster around a specific location,
whereas we detect more than 15 rNMP-hotspot sites in a cluster on Chr IV between 0.5 Mb and 1 Mb in rnh203-K46W libraries (Figures 3A and
3B). To confirm the different sequence contexts for the hotspots observed in the different genotypes, we also looked at +/— 3-bp flanking
consensus around top 75 common hotspots with different percentile thresholds of top 2% and 5% of common hotspots in each genotype
consensus (Figures S8C and S8D). In nuclear DNA of wildtype cells, we do not detect a strong consensus in the rNMP position (0 position).
Instead, the rC is predominant in all mutant genotypes, with rG also being abundant in rnh2071A (Figure S8A). We also mapped the top 75
common hotspots in all genotypes to respective genes to find that more than 69 hotspots out of 75 hotspots map to protein coding genes
in rnh201-G42S whereas in rnh203-K46W only 51 hotspots map to protein coding genes (Tables S4B and S4C). Increase in hotspot mapping to
protein coding genes is also seen in rh201A (58 hotspots, Table S4D) vs. wild-type libraries (49 hotspots, Table S4D). We conducted a similar
analysis of common hotspots in mitochondria and visualized the top 25 common hotspots (Figures 3E-3H). The top-25 rNMP sites of the com-
mon hotspots in mitochondria show that the rC site is more abundant in rnh203-K46W and rnh201-G42S libraries compared to wild-type and
rnh201A libraries (Figures S8B and S8D and Table S5E). By analyzing the consensus sequence of the top-2 and 5 percentiles of INMP hotspots
(Figure S8D), we detect more rA and rC in mitochondria of all genotypes, with rC being higher in rnh201-G42S, and rG being abundant only in
rnh201A (Figures S8B and S8D).

Sequence-specific preferences in S. cerevisiae orthologs of RNase H2C-R69W and RNase H2A-G37S mutants

To further investigate and validate the sequence-context conservation of the rNMPs and their upstream and downstream dNMPs in the
S. cerevisiae orthologs of human RNase H2C-R69W and RNase H2A-G37S mutants, we obtained heatmaps of the normalized frequencies
of each rINMP mono- and di-nucleotide combination in nuclear and mitochondrial DNA (Figures 4A-4D). We used one-tailed Mann-
Whitney U test to determine the significant preference or increase of each combination (Tables Sé6 and S7) and two tailed Mann-Whitney
U test to determine significantly different frequencies between any of the RNase H2-mutant libraries and the wild-type libraries (Tables S8
and S9). Preferred dinucleotides (Tables S6 and S7) with significant differences in the pairwise comparisons (Tables S8 and S9) compared
to wild-type libraries with p value <0.05 are highlighted with yellow arrows for rnh203-K46W libraries, green arrows for rnh201-G42S libraries
and gray arrows for rnh2017A libraries. The mononucleotide-heatmap analysis of rNMPs in nuclear DNA shows that the normalized frequency
of rC increases significantly (p value <0.05 in Table Sé) in both AGS-mutant genotypes, rh203-K46W and rnh201-G42S (green and yellow
arrow in Figure 4A); whereas, in the mitochondrial DNA, rC is preferred in only rnh201-G42S (Figure 4B, Table S7). The mononucleotide-heat-
map analysis of INMPs in nuclear DNA shows that the normalized frequency of rG is preferred in comparison to rA and rU (p value <0.05 in
Table S6) in rnh201A (gray arrow in Figure 4A) but not in rnh201-G42S. Moreover, in mitochondrial DNA, while rG is still preferred in compar-
ison to rA and rU in both the AGS-mutant libraries (p value <0.05 in Table S7), the frequency of rG decreases in both rnh201-G42S and rnh203-
K46W as compared to wild-type and rh2017A libraries (Figure 4B, p value <0.05 in Table S9).

In the dinucleotide-heatmap analysis with the rNMP (R) and its upstream dNMP (N), NR combinations in the nucleus, CrC has the strongest
frequency in rnh203-K46W as compared to wild-type libraries ((yellow arrow in Figure 4C, p value <0.05 in Tables S6 and S8), in which we
observe preference for ArC. For the rmh201-G42S libraries, we see NR-dinucleotide combinations with preference for dAMP: ArA, ArC,
and ArG, and for dGMP; GrA, GrC, and GrG (Figure 4C and p value <0.05 in Table S6). Among these dinucleotide preferences in the
rnh201-G42S libraries ArA, ArG, and GrC frequencies are significantly different (p value <0.05 in Table S8) from wild-type libraries (green ar-
rows in Figure 4C, p value <0.05 in Table S8). We also detect a strong CrU preference in rnh201-G42S libraries as well as in rnh201A libraries
(green and gray arrow in Figure 4C, p value <0.05 in Table S6). The patterns for ArA, ArC, ArG and CrU in rnh201-G42S are consistent with the
patterns observed in rnh201A libraries, whereas rnh201-G42S libraries prefer GrA, GrC, and GrG as compared to rnh201A libraries. On the
other hand, rnh201A libraries have preference for CrA and CrC, as compared to rnh201-G42S libraries (Figure 4C, p value <0.05 in Table Sé).
Dinucleotide preferences in the mitochondrial genome (Figure 4D) are very similar for all genotypes, with a markedly conserved preference
for CrA, ArC, ArG, and CrU, partially like those observed in the nuclear DNA of rnh201A libraries (Figures 4C and 4D, p value <0.05in Table S7).
However, there are some differences observed in the frequencies between genotypes, i.e., a lower frequency of ArC and ArG in rnh203-K46W
libraries as compared to wild-type libraries (Figure 4D, p value <0.05 in Table S9).

In the heatmap analysis of the rINMP with its downstream dNMP, dinucleotide (RN), we detect weak preferences in both nuclear and mito-
chondrial DNA (highlighted using arrows in Figure S9 and p value <0.05in Tables S6 and S7). The dinucleotide rUG is preferred only in nuclear
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Figure 4. rNMP-base composition and dinucleotide patterns identified in the rnh203-K46W and rnh201-G42S AGS ortholog mutant libraries
Heatmap of normalized frequency of each type of INMP (rA, rC, rG, and rU) in nuclear (A) and mitochondrial (B) DNA for all the ribose-seq libraries of this study.
Heatmap analyses with normalized frequency of (C) nuclear and (D) mitochondrial NR dinucleotides (rA, rC, rG, and rU with the upstream deoxyribonucleotide
with base A, C, G, or T) for all the ribose-seq libraries of this study. The formulas used to calculate these normalized frequencies are shown and explained in STAR
Methods. Each column of the heatmap shows results of a specific ribose-seq library. Each library name is indicated undemeath each column of the heatmap with
its corresponding restriction enzyme (RE) set used. The ribose-seq libraries of the same genotype are also grouped together by brackets and separated by thick
vertical blue lines. Each row shows results obtained for INMP-mononucleotide or dinucleotide combination. The actual percentages of INMP (rA, rC, rG, and rU)
or dinucleotides of fixed base A, C, G, or T for the indicated base combinations (AA, CA, GA, and TA; AC, CC, GC, and TC; AG, CG, GG, and TG; and AT, CT, GT,
and TT) present in the nuclear and mitochondrial genome of S. cerevisiae are shown to the left of the corresponding heatmaps. The observed % of INMPs or
dinucleotides with rNMPs with base A, C, G, or U were divided by the actual % of each rNMP or dinucleotide with fixed base A, C, G, or T in nuclear or
mitochondrial DNA. The bar to the right shows how different frequency values are represented as different colors: white for 0.25; light red to red for 0.25 to
0.5-1, and dark blue to light blue for 0.25 to 0. Yellow, green, and gray arrows indicate the nucleotide frequency significantly preferred for rnh203-K46W,
rmh201-G42S, and rh201A mutant libraries, respectively, in comparison to wild-type libraries. Significantly different frequencies with p value of <0.05 are
highlighted based on one tailed Mann Whitney-Wilcoxon U test between nucleotide frequencies in the AGS mutant genotypes vs. the expected value of
0.25 (Tables S6 and S7), as well as two tailed Mann-Whitney Wilcoxon U test AGS-mutant libraries vs. wild-type libraries (Tables S8 and S9). Dinucleotide
heatmaps for the most frequent dNMP found downstream of the rNMPs in the nuclear and mitochondrial DNA are presented in Figure S9.

DNA of rnh203-K46W libraries but is not significantly higher than in wild-type libraries (p value <0.05 in Tables S6 and S8). The dinucleotides
rAT, rCA, rCT, and rGT are preferred in the nuclear DNA of rh201-G42S libraries significantly compared to wild-type libraries (highlighted
using green arrows in Figure S9, p value <0.05in Tables S6 and S8). The frequencies of dinucleotides rAT and rGT in rnh201-G42S libraries are
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Figure 5. The rnh203-K46W and rnh201-G42S AGS ortholog mutant libraries display bias distribution, composition, and NR-dinucleotide patterns on
the leading and lagging strand in yeast nuclear DNA

Stacked-percentage bar plots of INMP counts in (A) 0-4,000 nt and (B) 4,000~10,000 nt windows on the leading (red bars) and lagging (blue bars) strand regions
adjacent to early firing ARSs. Mono nucleotide heatmaps analysis in 4,000-10,000 nt windows in the leading (C) and lagging (D) strands with frequencies
normalized to the dNMP content in the 4000-10,000-nt window around the early-firing ARSs on the leading or lagging strand, respectively. Dinucleotide NR
(rA, rC, rG, and rU with the upstream deoxyribonucleotide with base A, C, G, or T) heatmap analysis to reveal preferences on the (E) leading and (F) lagging
strand for wild-type, rh201A, and AGS mutant libraries 4,000-10,000 nt from the early-firing ARSs. The formulas used to calculate these normalized
frequencies are shown and explained in the STAR Methods. Each column of the heatmap shows results of a specific ribose-seq library. Libraries with more
than 400 rNMPs in the leading and lagging strand are displayed in the heatmaps. Each library name is indicated underneath each column of the heatmap
with its corresponding restriction enzyme (RE) set used. The ribose-seq libraries of the same genotype are also grouped together by brackets and separated
by thick vertical blue lines. Each row shows results obtained for rNMP or dinucleotide combination. The actual percentages of rINMP (rA, rC, rG, and rU)
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Figure 5. Continued

dinucleotides of fixed base A, C, G, or T for the indicated base combinations (AA, CA, GA, and TA; AC, CC, GC, and TC; AG, CG, GG, and TG; and AT, CT, GT,
and TT) present in the 4,000-10,000-nt windows around early-firing ARSs on the leading and lagging strands are shown to the left of the heatmaps. The observed
% of INMPs and dinucleotides with rNMPs with base A, C, G, or U were divided by the actual % of each rINMP and dinucleotide with fixed base A, C, G, or T in
4,000-10,000-nt windows around ARSs on the leading and lagging strands. The bar to the right shows how different frequency values are represented as different
colors: white for 0.25; light red to red for 0.25 to 0.5-1, and dark blue to light blue for 0.25 to 0. Yellow, green, and gray boxes indicate dinucleotide preferences
found in the lagging and leading strands for rnh203-K46W, rnh201-G42S, and rnh201A mutant libraries.

like those in rnh201A libraries being preferred significantly compared to wild-type libraries (highlighted using gray arrows in Figure S9, p value
<0.05in Tables S6 and S8). Although not significant compared to wild-type libraries, the rnh203-K46W libraries have dominant rA and rU fol-
lowed by dGMP in nuclear DNA (Figure S9A).

S. cerevisiae orthologs of RNase H2C-R69W and RNase H2A-G37S mutants show specific dinucleotide patterns on the
leading and lagging strand around Aicardi-Goutiéres syndrome sequences of the yeast genome

To examine whether the yeast AGS-ortholog mutant libraries display similar or different strand bias patterns on the leading and lagging
strands, we analyzed rNMP distribution and nucleotide patterns on the leading and lagging strands within windows of 04 kb and 4-10 kb
from ARSs in the genome of wild-type, rh203-K46W, rh201-G42S, and rnh201A strains of this study (Figures 5 and S10). As previously
observed, we found that as compared to wild-type, the rnh201A libraries tend to have a slight increased level of rINMPs on the leading
strand.”’ Notably, such preference for the leading strand is even more evident in rnh201-G42S libraries in both 0-4 kb and 4-10 kb flanking
regions of the ARSs (Figures 5A and 5B). In the mononucleotide-heatmap analysis of INMPs present on the leading vs. lagging strands in the
4-10-kb region around early-firing ARSs, we do not detect strand-biased composition for the AGS mutant libraries, as seen for wild-type and
rmh201A libraries of wild-type or mutant DNA-polymerase (Pol) genes.”’ 2We previously found that INMPs have markedly distinct dinucle-
otide frequencies on the leading and lagging strands 4-10-kb upstream and downstream of early-firing ARSs in NMP libraries of rnh201A cells
expressing wild-type or mutant forms of Pol 3 or Pol £.”' Leading and lagging strand-dinucleotide patterns show signatures of incorporation
due to the activity of DNA Pol ¢ and Pol 8 on these strands, respectively. In the rmh207A libraries, the normalized dinucleotide frequencies of
ArA, ArC, and ArG are higher on the leading strand, while those for CrA, CrC, and CrG are higher on the lagging strand”’ (see gray frames for
rnh207A in Figures 5E and 5F). In the heatmap analysis of dinucleotide preferences in nuclear DNA, we found that for rnh203-K46W libraries
the preferred dinucleotide CrC has a higher frequency on the lagging strand as compared to the leading strand in the 4-10 kb region from
early ARSs (Figures 5E and 5F; see yellow frames). This pattern of CrC being higher on the lagging vs. the leading strand, likely due to rNMP
incorporation by Pol § activity, is also seen in rnh201A libraries, but it is barely present in rnh201-G42S libraries (Figures 5E and 5F). For rnh201-
G42S libraries, we detect a preference for ArA, ArC, and ArG dinucleotide patterns in the 4-10-kb region of the leading strand (green frames)
as compared to the lagging strand, as also detected in the rnh201A libraries, but much stronger than in rnh201A libraries, showing incorpo-
ration patterns due to Pol € activity (Figures 5E and 5F).

DISCUSSION

Rnh201-G42S (RNase H2A-G37S ortholog) but not Rnh203-K46W (RNase H2C-R69W ortholog) has reduced ribonucleotide
excision repair activity

The G37S mutation in human RNase H2A is a common mutation in individuals with AGS, located in a conserved region of the protein, nearby
the catalytic site.”” This specific mutation affects the catalytic activity of the RNase H2 enzyme, impairing its ability to cleave rNMPs" and
process RNA/DNA hybrids effectively.®’**® In our analyses, the RNase H2A-G37S mutant ortholog in yeast, Rnh201-G42S, shows lack of cat-
alytic activity because of the highly increased rNMP percentage in nuclear DNA relative to the rNMP presence in mitochondrial DNA, as
observed for mh2017A libraries (Figure 2A). The R69W mutation in the human RNase H2C subunit affects the RNase H2-complex stability,u'30
and it is located very close to the catalytic site of RNase H2A within the structure of the RNase H2 complex. The yeast ortholog mutant of
RNase H2C-R69W is Rnh203-K46W. The ribose-seq libraries of rnh203-K46W, unlike those of rnh201-G42S and rnh201A cells, have less
than 10% of rINMPs in the nuclear genome with most rNMPs found in the mitochondrial genome such as wild-type libraries. Because RNase
H2 is not active on mitochondrial DNA®?%?%?° these results indicate that the RNase H2-catalytic activity is mostly intact in the rnh203-K46W
but compromised in the rnh201-G42S genotype. The results obtained with the analysis of INMP percentage in nuclear vs. mitochondrial DNA
in the rnh201-G42S libraries correlate with an increased alkali sensitivity of yeast genome carrying this mutation.?® The abundance of rNMPs in
nuclear DNA of rnh201-G42S libraries is overall less than that observed in rnh201A libraries (Figure 2A), suggesting that the Rnh201-G42S
mutant still retains some rNMP-incision activity. Another study looking at the enzymatic activity of RNase H2-G42S mutant found up to
13% activity of the mutant compared to wild-type RNase H2.** There are numerous other studies that infer INMP abundance in the genome
of cells by sensitivity test for stress-inducing agents**® or nick translation reaction”® that provide the information of INMP levels. By using the
ribose-seq technique to directly capture rNMP sites in genomic DNA and paired analysis with the Ribose-Map toolkit to map them at single-
nucleotide resolution, our study enables to obtain specific location, composition of INMPs, distribution, sequence context, and patterns of
rNMP sites in yeast AGS-ortholog mutants, which can help to understand the consequences of the orthologous mutants in humans. In future
studies it will be possible to apply the same techniques to directly capture and study rNMPs embedded in the DNA of AGS-mutant samples
derived from human cell lines or patient samples.
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Increased level of rC both in Rnh201-G42S and Rnh203-K46W and low rU in Rnh201-G42S mutant libraries reflects the
preferential residual activity of the AGS ortholog mutants of RNase H2 on rG

Previous research investigating the composition of INMPs in yeast DNA reported a general high rC frequency in the nuclear genome for all
strains studied, including the BY4742 background, in wild-type and rh207A cells.”® Here, we found a consistent trend with an even higher
level of rC in the nuclear genome of both AGS-ortholog mutants (Figure 2C). In line with results in yeast mitochondrial DNA, in which rG tends
also to have a high frequency, particularly in the BY4742 strain,” rnh201A cells display a higher frequency of rG in nuclear DNA (Figures 2B
and 4A). Differently, in the two AGS-ortholog mutants studied here, the rG frequency is significantly lower than that of rC in nuclear DNA.
These results highlight that RNase H2 prefers cleaving at rG followed by rC in yeast nuclear DNA. When RNase H2 activity is compromised,
as observed in the rnh203-K46W and rnh201-G42S mutant libraries, rG becomes the preferred target. In fact, the reduced activity of the
rnh201-G42S mutant is still sufficient to preferentially target rG in nuclear DNA. Markedly, also in mitochondrial DNA, differently from
wild-type and rnh201A libraries, both rnh201-G42S and rnh203-K46W mutant libraries display a much higher frequency of rC compared to
rG (Figure 2C). This observation suggests that, while RNase H2 is not active on rNMPs embedded in mitochondrial DNA, its activity on nuclear
DNA may indirectly affect mitochondrial metabolism, for example affecting nucleotide pool composition. Interestingly, a recent study found
that AGS mutations are associated with different levels of mitochondrial disfunction.*’

Another INMP-composition feature observed is the low level of rU in nuclear DNA of rnh201-G42S libraries as compared to wild-type li-
braries and almost as low as in the rnh207A libraries (Figures 2B and 4A). Even lower frequency of rU is observed in the mitochondrial genome
(Figures 2C and 4B), in which there is no RNase H2 activi’cy.zz'23 However, the level of nuclear rU in the rnh203-K46W libraries is not different
from that observed in wild-type libraries. Overall, these results suggest that the RNase H2-complex activity is not very specific to rU. Most likely
rU has a low level of incorporation by replicative DNA polymerases both in nuclear and mitochondrial genomes.

Ribonucleoside monophosphate hotspots in the yeast Aicardi-Goutiéres syndrome-ortholog mutants show unique
composition and distribution as compared to wild-type and rnh201A samples

Hotspots, the top one percentile locations in the genome with the highest INMP counts in each library (Figures 2C, 2D, and S7), and common
hotspots, INMP locations with the highest average rNMP enrichment recurring in at least two libraries of the same genotypes (Figures 3 and
S8), show trends in composition mostly consistent with those of all genomic INMPs in the corresponding genotypes. This observation aligns
with previous findings in the human mitochondrial genome, where the top 20 common hotspots reflected rINMP-compositional differences
across various human cell types. These hotspots appeared at distinct coordinates in each cell type compared to those found universally across
all cell types, suggesting notable differences in embedment patterns among them.”* Nuclear rNMP hotspots found in yeast wild-type libraries
do not show preference for any INMP (Figure 2C); whereas rnh201-G42S and rh203-K46W libraries have a high level of rC hotspots, and
rnh207A libraries have both rC and rG hotspots. A high level of rC in the top 75 common hotspots is found in the AGS mutants like in
rnh201A mutant libraries (Figures 3A-3D and S8A). Moreover, in rnh203-K46W mutant libraries, the common hotspots with rU are more abun-
dant than those with rG and are much more prevalent than in rnh201A and in rnh201-G42S libraries, as in wild-type cells (Figures 3A-3D and
S8A). Both AGS-orthologous mutants have a low level of rG among the hotspots (Figures 3A-3D and S8A) and have a unique composition
profile. The AGS-ortholog mutants have higher rC common hotspots than wild-type and rnh201A cells in both nuclear and mitochondrial DNA
(Figures S8, S8A, and S8B). The rnh203-K46W cells have higher rA and lower rG hotspots than the rh201-G42S cells in both nuclear and
mitochondrial DNA (Figures S8A and S8B). Furthermore, the distribution of rnh203-K46W common hotspots reveals a cluster of INMPs on
chromosome IV within the 500,474 and 1009,648 loci (Figure 3B, Table S4). The different INMP composition and distribution of the common
hotspots in the different RNase H2-genotype libraries compared to those detected in the wild-type RNase H2 libraries reveal rNMP sites that
are not processed by the mutant forms of RNase H2 allowing their accumulation. Therefore, the results underscore the preferential activity of
RNase H2 for sites with rG in nuclear DNA.

Interestingly, the rnh207-G42S mutant exhibits a significant majority of common hotspots within protein-coding regions of the nucleus
compared to the other genotypes (Table S4). Similarly, the rnh2071A mutant shows an increased number of common hotspots in these regions
compared to the wild-type and rnh203-K46W genotypes (Table S4), though not as extensively as the rnh201-G42S mutant. These results may
suggest a differential function of RNase H2 in various genomic regions and could be associated with the observed bias in activity, particularly
the lack of activity of the Rnh201-G42S mutant on the leading strand, as discussed later in discussion.

Both yeast Aicardi-Goutiéres syndrome-ortholog mutants Rnh201-G42S and the Rnh203-K46W show distinct
ribonucleoside monophosphates patterns suggesting distinct activity on ribonucleoside monophosphates embedded in
yeast nuclear DNA

The dinucleotide-heatmap analyses of nuclear INMPs and their upstream dNMPs not only identify INMP embedment sites, typically resulting
from DNA polymerase activity, but also highlight sites of INMP removal. The use of DNA polymerase mutants that incorporate abundant
rNMPs in DNA in the rnh201A genotype reveals rNMP incorporation sites specific of the different polymerases.”’ In wild-type DNA poly-
merase genotype, sites of INMP removal by the RER mechanism via RNase H2 are indicated by pattern differences between rnh201A and
wild-type rNMP libraries. The inability of AGS-RNase H2 mutant to remove rNMPs is shown through differences between AGS mutant and
wild-type libraries. Utilizing multiple restriction-enzyme combinations to fragment genomic DNA for ribose-seq library creation ensures
that observed patterns across all libraries of a genotype are not artifacts of enzyme-fragmentation patterns. The dinucleotide heatmaps
distinctly highlight sequence patterns in AGS-mutant libraries compared to wild-type and mh201A libraries, differing from the conserved
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dinucleotide-rNMP patterns seen in mitochondrial DNA analysis across all genotypes (Figures 4C and 4D). The rnh203-K46W libraries show a
preference for dCMP upstream of rC (CrC), while rnh201-G42S libraries show a preference for ArA, GrC, ArG, and CrU dinucleotide patterns.
The difference between dinucleotide patterns in nuclear DNA of the two AGS mutants suggest that the rnh201-G42S and rnh203-K46W mu-
tations, beyond affecting the rate of cleavage at rNMP sites in DNA by RNase H2 enzyme'*'® alter the enzyme specificity of cleavage, poten-
tially modifying the DNA binding capacity of RNase H2. This observation is also supported by the fact that the ArA pattern is more frequent in
the rnh201-G42S libraries than in the rnh201A libraries. Since rnh201A eliminates the catalytic activity of the RNase H2 enzyme, INMP patterns
seen in rnh201A reflect the rINMP patterns without RER. Thus, the CrA and CrC dinucleotides, which are frequent in rnh207A but not in rnh201-
G42S libraries (Figure 4C), particularly on the lagging strand (Figures 5E and 5F) are the ones being preferentially removed in the rnh201-G42S
cells. Vice versa, the ArA and ArC, and in part ArG dinucleotides, which are frequent in rnh207A and even more frequent in rnh201-G42S li-
braries but not in rmh203-K46W libraries (Figure 4C), particularly on the leading strand (Figures 5E and 5F) are the ones being preferentially
removed in the rnh203-K46W cells. The dinucleotide patterns also reflect the type of INMPs that are incorporated by DNA Pols. Our results
confirmed a leading strand preference for JAMP upstream of rA, rC, rG, and in part rU, and a lagging stand preference for dCMP upstream of
any rNMP in rnh207A cells, as previously found.?’ These strand bias preferences are consistent across different techniques used to capture
rNMPs from rnh207A cells.”* Pol 3, DNA polymerase of the lagging strand, incorporates fewer rNMPs compared to Pol g, which primarily acts
on the leading strand.**"*® This is a key reason for the observed increase in INMP embedment in the leading versus lagging strand in both
rnh201A and rnh201-G42S libraries. Itis a notable finding that rnh201-G42S libraries display an even higher leading-strand bias of INMPs than
rnh201A libraries (Figures 5A and 5B). Since a low fidelity DNA Pol € mutant that incorporates more rNMPs shows bias for INMPs preceded by
dAMP on the leading strand, and vice versa, a DNA Pol 3 mutant that incorporates more rNMPs shows bias for INMPs preceded by dCMP on
the lagging strand, the ArN-dinucleotide pattern mainly reflects Pol e-incorporated rNMPs, and the CrN-dinucleotide pattern mainly reflects
Pol 3-incorporated rNMPs.”" Interestingly, the rnh201-G42S libraries show a preference for dAMP upstream of the rNMPs (Figure 4C), which is
markedly accentuated on the leading strand (Figures 5C and 5D), indicating that the rnh207-G42S mutant of RNase H2 may not be able to
cleave effectively leading-strand rNMPs, which are mainly incorporated by DNA Pol e. On the contrary, the dinucleotide pattern CrC not only
is stronger in the rnh203-K46W libraries than in any other genotype libraries (Figure 4C), but it is also accentuated on the lagging strand, which
is synthesized mainly by Pol  (Figures 5C and 5D). These results suggest that the Rnh203-K46W mutant does not efficiently process rNMPs
introduced by Pol 3, especially rC, but it does process rNMPs introduced by Pol e. Thus, both Rnh201-G42S and Rnh203-K44W represent sep-
aration-of-function mutants, revealing that the RNase H2-RER activity operates through distinct mechanisms on the leading vs. the lagging
strand and/or toward rNMPs introduced by Pol e vs. Pol 8. These findings may be related to the low complex stability of both the RNase H2A-
G37S and the RNase H2C-R69W mutants.'”

While we find a strong dNMP preferences upstream of the nuclear rINMP sites, the dNMP preference downstream of the nuclear INMP
sites is less conserved (Figure S9). However, we detected an apparent preference for the dGMP following rA and rU in libraries of rnh203-
K46W cells. Such dinucleotide-downstream patterns may reflect an altered DNA binding capacity of the RNase H2 complex, potentially
biased to specific sequence contexts without affecting the rate of rNMP removal. It has been reported that both the RNase H2A-G37S
and the RNase H2C-R69W mutant enzymes have a reduce interaction with the proliferating cell nuclear antigen (PCNA)."” Thus, it is also
possible that the dinucleotide patterns observed in the Rnh203-K46W mutant libraries, e.g., CrC, rAG, and rUG, reflect poor interaction
with PCNA. Whereas the reduced interaction with PCNA of the Rnh201-G42S mutant might be hindered in the rh201-G42S libraries due
to the low catalytic function of the enzyme.

Implications for Aicardi-Goutiéres syndrome and other diseases related to the processing of ribonucleoside
monophosphates in DNA

There are numerous examples in which work in budding yeast has been relevant for better understanding the biology of human cells and/or
human diseases. Particularly, human genetic defects associated with DNA replication and repair have often been studied directly in yeast
because of the evolutionary conservation of genes and their functions. It is not a chance that yeast has been considered a "honorary
mammal.”*” While the sequence similarity between the yeast and human RNase H2 subunits is low particularly in the non-catalytic subunits,*
we chose to characterize the yeast rnh201-G42S and rnh203-K46W mutations, which are orthologs of the human mutations RNASEH2A-G37S
and RNASEH2C-R69W mutations, respectively, and are in regions of the RNase H2 catalytic subunit A and the subunit C, respectively, that are
conserved between yeast and human cells. Quantification of rNMPs in the combined nuclear and mitochondrial genome of the yeast AGS
ortholog mutant Rnh201-G42S suggested increased level of INMPs in the mutant.”*“? Currently, there are no studies characterizing the fea-
tures of INMPs in the AGS or AGS-ortholog mutants. Our results show that the Rnh201-G42S mutant has significantly more rNMPs in nuclear
DNA, relative to rINMPs in mitochondrial DNA, than wild-type Rnh201 and the Rnh203-K46W mutant, and almost to the level of those found in
the Rnh201-null mutant. There is a good likelihood that such an effect is conserved in the corresponding human mutant RNaseH2A-G37S.
Initial analysis of rNMP distribution in human DNA of RNASEH2A-defective cells carrying a low fidelity mutant of DNA Pol & has revealed
a leading-strand bias of INMP incorporation in human nuclear DNA®" in line with results obtained using corresponding mutants in budding
yeast.”’ Another rNMP-processing feature observed in yeast rnh207-null cells, such as the presence of small deletions at short nucleotide re-
peats,”” has also been observed in human RNASEH2A-defective cells.”® These results support a significant conservation of INMP features
related to the RNase H2 activity between yeast and human cells. Therefore, we believe that the new features of rNMPs that we found in
the yeast AGS ortholog mutants Rnh201-G42S and Rnh203-K46W have a significant value to better understand the effects and consequences
of the corresponding RNase H2 mutants in human DNA.
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Examining mutations in yeast AGS ortholog mutants of RNase H2 not only enhances our understanding of AGS mechanisms but also sheds
light on genome maintenance processes and the effects of DNA repair deficiencies on human health. RNase H2 impairments and mutations
are also observed in conditions such as systemic lupus erythematosus (SLE),>*>> and Werner syndrome, indicating broader implications for
autoimmune disorders and progeria.™

Itis also interesting to note that the defects in RER are associated with squamous cell carcinoma in mice.”” Moreover, defects in RNaseH2A
and H2B subunits are reported to cause inflammatory response.”’* In a recent study, RNaseH2C has also been reported to be a novel
metastasis susceptibility factor in breast cancer.”” In a different context, RNaseH2A has been shown to be important for sustaining cancer
proliferation,*®*> and knockout of RNase H2 can have tumor suppressive effects.”®“® By examining patterns of embedded rNMPs, we can
gain insights into the diverse activities of the RNase H2 enzyme in removing rNMPs under different circumstances and in various cell types.
Similar to how the RNASEH2A gene is recognized as a prognostic biomarker in many cancers,” rNMP features may also serve a predictive
role, indicating the cellular state and progression of diseases, including cancer, AGS, and other immune-related conditions. With the multi-
faceted roles of RNase H2 subunits in preventing human diseases, it is increasingly important to investigate the effects of different mutations
in RNase H2-subunit genes and their relation to INMP embedment in human diseases. This exploration opens new possibilities for disease
prevention, early-stage detection, and interventions. Notably, this study not only identifies embedded rNMP features in faulty RNase H2 but
also offers valuable guidance for future research on rNMP features in the broader human genome across various cell types.

Limitation of the study

Here, we have presented yeast models of two AGS mutations in RNase H2 in a pioneer work to understand the different INMP characteristics
found in the genomic DNA of two ortholog mutants of human RNaseH2, RNaseH2A-G37S and RNaseH2C-R49W. The analyses were per-
formed in yeast ortholog mutants Rnh201-G42S and Rnh203-K46W corresponding to the AGS mutants RNase H2A-G37S and RNase H2C-
R69W in human RNase H2, respectively. It would be interesting to explore patterns and hotspots of INMPs embedded in the DNA of human
cell lines or cells derived from patients carrying the same AGS mutations, as well as other AGS mutations. Complementary studies in human
cells carrying AGS mutations would help to have a comprehensive understanding of the functions and consequences of the rNMPs
embedded in the genome and their impact on DNA and RNA metabolism of the mutant cells. Due to the rare cases of patients with AGS
and lack of knowledge on embedded rNMP features in human nuclear genome, yeast was used as the eukaryotic model to determine the
feasibility of expanding the work to the human genome, while it is possible that not all features in AGS-orthologous mutants in yeast can
be extrapolated to AGS mutants in humans.

STARX*METHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
® RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
o METHOD DETAILS
O Multiple sequencing alignment of RNase H2 protein sequences
O Yeast strains and manipulations
O Ribose-seq and library preparation
O Preliminary data processing and alignment
O Germline and somatic mutation analysis
O Ribonucleotide percentages, composition, and sequence context analysis
O Ribonucleotide count normalization and mapping common hotspots
O Nucleotide-frequency analysis and visualization using heatmaps
O Heatmap analysis around the ARS regions on the leading and lagging strands
o QUANTIFICATION AND STATISTICAL ANALYSIS
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Supplemental information can be found online at https://doi.org/10.1016/].isci.2024.110012.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Raw and analyzed data This paper GEO: GSE240399
Saccharomyces cerevisiae reference University of California Santa Cruz (UCSC) https://genome.ucsc.edu/,
genome build SacCer2 and SacCer3 Genomes and Saccharomyces Genome RRID:SCR_005780

Database (SGD), Cherry J et al., Nature, 199737 http://www.yeastgenome.org/,
RRID:SCR_004694

Experimental models: Organisms/strains

S. cerevisiae: Strain background: BY4742: Storici et al., Nat Biotech. 2001°® KK-1
MATa his3A1 leu2A0 lys2A0 ura3 AO

S. cerevisiae: Strain background: This study CM1339
BY4742 rnh203-K46W (CM1339)

S. cerevisiae: Strain background: This study CM1340
BY4742 rnh203-K46W (CM1340)

S. cerevisiae: Strain background: This study CM1333
BY4742 rmh201-G42S

S. cerevisiae: Strain background: Balachander et al., SB305
BY4742 rh201A::hygMX4 Nat Commun 2019""

Oligonucleotides

Adaptors. L1-L8 for ribose-seq, see Table S2 This study N/A
Adaptor S for ribose-seq: This study N/A
GTTGCGACACGGATCTATCAACACT

Primer PCR.1 in ribose-seq: This study N/A

GTGACTGGAGTTCAGACGTGTGC
TCTTCCGATCTTGATAGATCCGT

GTCGCAAC

Primer PCR.2 in ribose-seq: This study N/A
ACACTCTTTCCCTACACGAC

Primers in the second PCR for ribose-seq, This study N/A

see Table S2 (PCR.701,702,705,712)

Primers in the second PCR for ribose-seq, This study N/A
see Table S2 (PCR.501-508)

Software and algorithms

Ribose-map Bioinformatics Toolkit Gombolay et al., Nat Protocols, 2021°° https://github.com/agombolay/ribose-map

Subtraction and mismatch removal Xu et al., NAR, 2023%* https://doi.org/10.5281/zenodo.8121711
https://doi.org/10.5281/zenodo.8121723

Customized scripts for organelle abundance This Paper https://doi.org/10.5281/zenodo. 10455801

and composition visualizations

Custom R scripts for hotspot analysis This Paper https://doi.org/10.5281/zenodo.8152090

Mono and dinucleotide preference Xu et al., Software Impacts, 2021°’ https://github.com/xph9876/

heatmaps and its statistics RibosePreferenceAnalysis https://doi.

org/10.5281/zenodo.10457211

Other
Autonomous replicating OriDB, Siow C et al., NAR, 2012%° https://cerevisiae.oridb.org/;
Sequences annotations, OriDB RRID:SCR_025365
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Bowtie2 Langmead B et al. https://bowtie-bio.sourceforge.
Bioinformatics, 2019°7 net/bowtie2/index.shtml ,

RRID:SCR_016368

GATK (v.4.3.0) Van der Auwera et al., Genomics https://gatk.broadinstitute.org/hc/en-us ,
in the Cloud, 20207 RRID:SCR_001876

DNA-seq analysis pipeline This paper https://doi.org/10.5281/zenodo.10453018

SigProfilerMatrixGenerator(v 1.2.14 for Bergstrom EN et al., https://osf.io/s93d5/wiki/home/ ,

sacCer3 genome) BMC Genomics, 2019”" RRID:SCR_023122

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Francesca Storici
(storici@gatech.edu).

Materials availability

All unique/stable reagents generated in this study are available from the lead contact.

Data and code availability
e ribose-seq and DNA-seq data generated for this study have been deposited at NCBI's Gene Expression Omnibus repository under
GEO:GSE240399 and are publicly available as of the date of publication. Accession numbers are also listed in the key resources table.
e All original code has been deposited at Zenodo and is publicly available as of the date of publication. DOls are listed in the key re-
sources table.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The delitto perfetto system’? was used for creating mutant strain using the background BY4742 (strain). The experimental method for analysis
of single base resolution of ribonuclectide embedment used is ribose-seq.''"'? Analysis used for sequencing data analysis of ribose-seq is
using Ribose-Map Toolkit**~*¢ paired with modified shared or common hotspot analysis previously reported” and nucleotide heatmaps us-
ing RibosePreferenceAnalysis software.®’

METHOD DETAILS

Multiple sequencing alignment of RNase H2 protein sequences

To observe the conserved domains between RNase H2 subunits of human and yeast, we used the amino acid sequences of RNase H2 catalytic
subunit H2A, and accessory subunits H2B and H2C from H. sapiensand S. cerevisiae.'**>’* We performed multiple sequence alignment using
Clustal Omega’"® to predict conserved domains between all three subunits of RNase H2 enzyme complex in human and yeast. We anno-

tated the amino acids (Asp-35,Glu-35,Asp142, and Asp170) involved in the catalytic activity,” conserved domains in gray”” and yeast ortholog
mutations in red (rh201-G42S, rh202-L52R, rnh202-H109R, rnh202-L186F, rnh202-T2041, and rnh203-K46W) previously repor‘ced26

Yeast strains and manipulations

We used haploid Saccharomyces cerevisiae strains from the BY4742 background. Strain BY4742 is a derivative of S288C, was used in the
S. cerevisiae gene disruption project, and have his3A1 leu2A0 lys2A0 ura3A0 genotype with MATa mating type.”® Standard genetic and mo-
lecular biology methods were used for growth, gene disruption, isolation of mutants, selection, genome engineering, colony PCR, and
sequence analysis of genomic DNA.”?’%# Other genotypes were derived from KK-17° by using the delitto perfetto method’” to generate
rnh201-G42S (GGC->AGC codon change) and rnh203-K46W (AAG -> TGG codon change) mutations to result in yeast orthologs of AGS-or-
tholog mutants. The rnh201A genotype was derived by replacing RNH201 via transformation with a PCR product containing hygMX4 or
kanMX4 cassette flanked by 50 nucleotides of sequence homologous to regions upstream and downstream of RNH201 open reading frame.”
All mutations were confirmed by sequence analysis of PCR products obtained from amplification of a DNA region surrounding the specific
mutation. The primers used for strain construction are listed in Table S2.
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Ribose-seq and library preparation

The analyzed ribose-seq libraries were constructed, following the previous protocols with a few modifications.'®?*?* Three or more ribose-
seq libraries were prepared for each genotype of the yeast strains using up to three different sets of restriction enzymes (RE1: Dral, EcoRV, and
Sspl; RE2: Alul, Dral, EcoRV, and Sspl; and RE3: Haelll and Rsal). This strategy allowed us (i) to verify that the conclusions taken from our an-
alyses of ribose-seq data are not influenced by a particular set of restriction enzymes used to fragment the DNA extracted from the different
yeast genotypes, and (i) to further confirm reproducibility of the results. All ribose-seq libraries have a specific barcode within the sequence of
the Unique Molecular Identifier (UMI) to distinguish the libraries from each other in the sequencing run and eliminate PCR duplicates.” All
commercially available enzymes in the ribose-seq protocol were used according to the manufacturer’s instructions. In all DNA purification
steps, nuclease free water was used to elute DNA. S. cerevisiae cells were inoculated in 150 mL of a YPD liquid medium containing yeast
extract, peptone, and 2% (wt/vol) dextrose and incubated in a shaking incubator for 2 days to reach stationary phase. Genomic DNA was
extracted using Qiagen Genomic DNA protocol “Preparation of Yeast Samples”. Successively, 40 pg of yeast genomic DNA was fragmented
using restriction enzymes to produce blunt-ended fragments with an average size of 450 base pairs (bp) in length. Multiple sets of restriction
enzymes were used for different library preparations, as shown in Table S1. The fragmented DNA was then purified by QlAquick PCR
Purification Kit (QIAGEN). The purified DNA fragments were tailed with dATP (New England Biolabs, NEB) by using Klenow Fragment
(3' =5 exo-) (NEB) for 30 min at 37°C and purified by QlAquick PCR Purification Kit. Following dA-tailing and purification, the DNA fragments
were annealed with a partially double-stranded adapter (Adapter.L1~L8 with Adapter.S, Table S2) by T4 DNA ligase (NEB) for overnight in-
cubation at 16°C. After that, the adapter-ligated products were purified using HighPrep PCR (MAGBIO). The annealed fragments were
treated with a final concentration of 0.3 M NaOH for 2 h at 55°C to denature the DNA strands, and to cleave at the rNMP sites resulting
in 2/,3'-cyclic phosphate, 3'-phosphate, or 2'-phosphate termini. This was followed with neutralization using 2 M HCI and purification using
HighPrep RNA Elite (MAGBIO). All the successive purification steps were performed using HighPrep RNA Elite (MAGBIO). The single-
stranded DNA fragments were initially incubated at 95°C for 3 min and then on ice for 2 min to fully denature any secondary structures of
DNA. incubated with a final concentration of 1 uM Arabidopsis thaliana tRNA ligase (AtRNL), 50 mM Tris-HCI pH 7.5, 40 mM NaCl, 5 mM
MgCly, 1 mM DTT, and 300 uM ATP in a volume of 20 pL for 1 h at 30°C and followed by purification. AtRNL ligates the 2'-phosphate
ends of INMP-terminated ssDNA fragment to its opposite 5'-phosphate end, which results in a circular ssDNA.

The fragments were then treated with T5 Exonuclease (NEB) in a volume of 50 pL for 30 min at 37°C to degrade all remaining linear ssDNA
fragments. After purification, the circular fragments were incubated with a final concentration of 1 uM 2'-phosphotransferase (Tpt1), 20 mM
Tris-HCl pH 7.5, 5 mM MgCl2, 0.1 mM DTT, 0.4% Triton X-100, and 10 mM NAD" in a volume of 40 pL for 1 h at 30°C to remove the 2’-phos-
phate presenting at the ligation junction. After Tpt1 treatment and purification, the circular fragments were amplified by two rounds of po-
lymerase chain reaction (PCR) with Q5-High Fidelity polymerase (NEB). Both PCR rounds begin with an initial denaturation at 98°C for 30 s.
Denaturation at 98°C for 10 s, primer annealing at 65°C for 30 s, and DNA extension at 72°C for 30 s are then performed. These three steps are
repeated for 6 cycles in the first PCR round, and for 11 cycles in the second PCR round. Successively, there is a final extension reaction at 72°C
for 2 min for both PCRs.

The first round of PCR was performed to amplify and introduce the adapter sequences of lllumina TruSeq CD index primers. The primers
PCR.1 and PCR.2 used for the first round were the same for all libraries. The second round of PCR was performed to attach specific indexes i7
and i5 for each library. The sequences of PCR primers and indexes can be found in Table S2. The amplified DNA fragments were then per-
formed with a double-sided size selection to select specific sizes of DNA between 250 bp and 650 bp using HighPrep PCR (MAGBIO). The
resulting ribose-seq libraries were quantified with Qubit and Bioanalyzer. The prepared libraries were sequenced on the lllumina HiSeqg X ten
and NextSeq 500 platforms at Admera Health. For this study, we built 4 libraries for analysis of wild-type RNase H2, five libraries for rmh203-
K46W, three libraries for rnh201-G42S, and two libraries for rmh2071A. For controls, we also included two wild-type RNase H2 (FS106 and
FS142)”° and one rh207A libraries (FS138)°° that were previously published.

Preliminary data processing and alignment

For the ribose-seq libraries, the sequencing reads consist of an eight-nucleotide UMI, a three-nucleotide molecular barcode, the tagged
nucleotide (the nucleotide tagged during ribose-seq from which the position of the rNMP is determined), and the sequence directly
downstream from the tagged nucleotide. The UMI corresponds to sequence position 1-6 and 10-11, the molecular barcode corresponds
to position 7-9, the tagged nucleotide corresponds to position 12, and the tagged nucleotides downstream of the sequence corresponds
to positions 13+ of the raw FASTQ sequences. The rNMP is the reverse complement of the tagged nucleotide. Before aligning the
sequencing reads to the reference genome, the reads were trimmed based on sequencing quality and the custom ribose-seq adaptor
sequence using cutadapt 1.16 (-gq 15 -m 62 -a "AGTTGCGACACGGATCTATCA"). In addition, to ensure accurate alignment to the reference
genome,” reads containing fewer than 50 nucleotides of genomic DNA (those nucleotides located downstream from the tagged nucleotide)
after trimming were discarded. Following quality control, the Alignment and Coordinate Modules of the Ribose-Map toolkit were used to
process and analyze the reads.’® The Alignment Module de-multiplexed the trimmed reads by the appropriate molecular barcode, aligned
the reads to the reference genome®” (sacCer2) using Bowtie2,°” and de-duplicated the aligned reads using UMI-tools, as also mentioned in
previously published study about ribose-seq analysis on yeast strains.”’ Based on the alignment results, the Coordinate Module filtered the
reads to retain only those with a mapping quality score of at least 30 (probability of misalignment <0.001) and calculated the chromosomal
coordinates and per-nucleotide counts of INMPs.
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Due to the efficient removal of rINMPs by RNase H2, nuclear libraries of wild-type cells generally had a much lower number of reads
compared to the mitochondrial libraries of the same cells, and thus had a higher number of background reads that originated from the cap-
ture of restriction enzyme ends likely by residual activity of T4 DNA ligase. To improve the quality of analysis and filter out any background
reads or artifacts, we filtered out those reads that showed restriction enzyme cleavage sites at INMP embedment sites, which removes any
linear single strand DNA-only fragments being captured. We then also filter out INMP mismatches between the nucleotide in reference
genome versus sequencing reads. The final file generated is of BED format and all further analysis is performed this bed file after filtration
of restriction enzyme site and mismatched rNMPs.

Germline and somatic mutation analysis

DNA extracted from the yeast cells for ribose-seq was also sequenced using lllumina HiSeq X Ten Platform. The fastq reads were trimmed for
any residual lllumina adapters and filtered to keep reads above the quality threshold of 15 and length 50 bp. Alignment of trimmed reads was
done on sacCer3 genome®” using bowtie2®” to generate SAM (Sequence Alignment Map) and indexed BAM (Binary Alignment Map) file,
which was further used to get vcf (variant call format) files for germline and somatic mutations. For generating germline mutations, we
used the pipeline previously published for yeast genome analysis”® which used GATK's(v4.3.0) Haplotype caller’*®" to obtain mutants and
use a filtering criteria of QD < 2.0 and FS > 200 to obtain high quality germline variants. To obtain somatic mutations, we used GATK's(v4.3.0)
Mutect2’%®" to generate variants which were further filtered using MutectFilterCalls. After obtaining high quality germline and somatic mu-
tations, we observed indel patterns in AGS mutant cell lines using SigProfilerMatrixGenerator’" (v1.2.14 for SacCer3 genome) which also finds
matching indel patterns in COSMIC (Catalogue of Somatic mutations in Cancer) database.

Ribonucleotide percentages, composition, and sequence context analysis

Since each library can have different coverage, we used percentage of rNMPs in nuclear and mitochondrial DNA to determine the rate of
embedment in difference genotypes. We then visualized these percentages using horizontal bar graphs generated using customized R
scripts.

The Composition Module of Ribose-Map was used to obtain raw and normalized percentages of each INMP base (A, C, G, U/T) in nuclear
and mitochondrial DNA of all genotypes. The normalized percentages are the raw rNMP counts normalized on the nucleotide counts in the
corresponding (nuclear or mitochondrial) reference genome. The Sequence Module of Ribose-Map was used to generate nucleotide
sequence context plots encoded using the R-ggplot package. The 1 % of the most abundant rNMP sites in the genome of each library
were selected as hotspots, and the consensus sequence around these hotspots was visualized using customized R scripts and plotted using

ggseglogo.®

Ribonucleotide count normalization and mapping common hotspots

We addressed a concern that the high frequency of rINMP locations might be attributed to variations in sequence depth, suggesting they
could be hotspots due to this factor.*** To obtain the sequence depth we use fastq reads obtained after trimming step mentioned in Germ-
line and somatic mutation analysis method. Alignment was performed using bowtie2®” to sacCer2*” genome to obtain an alignment file in
SAM (Sequence Alignment Map) format. The SAM file was then sorted and indexed to a BAM (Binary Alignment Map) file.
Coverage per base pair (c,) and mean genomic coverage per base pair (c o) as calculated using SAMtools. Relative base coverage (Cg,) of
each base (b) in the genome is calculated as follows:
n

> G

Cr = &7 where Cy, = b=t

b
Cgb

and n is total number of base pairs in genome

This relative coverage per base (Cg,) is further used to calculate rNMPs per base coverage (R.,) by normalizing the rNMP counts per base
pair (Ry) using the following formula:

R
R, = =
b CRb

We calculate R, for each base pair in each Library using respective genotype coverage information. Further to obtain a relative measure of
each site of embedment with respect to INMPs observed in each library, we calculate Enrichment Factor, EF,, using rNMPs per base coverage
R, for each base in each library, also previously used for generating hotspots and enriched zones**

The enrichment factor is calculated relative to the length of genome and region of interest, region here being each base pair.

n

R
EF, = RCb/Lb b§1 i

(=% ch/Lg

,where R, =

and n = total number of base pairs in genome

L, = 1f or 1 base pair and Ly is the length of genome in base pair.
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R., rounded to the closest integer | R, | in each Library is used to calculate the presence of rNMPs in each library of every genotype. Top
common hotspot locations in each genotype are determined based on highest mean Enrichment Factor and recurrence of rNMPs in a
genomic location in at least 2 libraries of each genotype.

Nucleotide-frequency analysis and visualization using heatmaps

To generate the mononucleotide heatmaps, in every nuclear and mitochondrial ribose-seq library, the frequency of each type of INMP (FN:
FA, FC, FG, or FU) was calculated as a ratio of percentage of each rNMP base divided by the percentage of each dNTP base in the reference
genome. Normalized frequency for each INMP base was calculated using the frequency of the respective rINMP base divided by the sum of
frequencies of each rINMP base.”*” The sum of all normalized frequencies in the mononucleotide heatmaps sums up to 1.

_ Ry B Fn
Fv = N NFy = Fat+Fc+Fo+Fy

where Ry is percentage of ribonucleotides wher Ne{A, C, G, U}

and Dy is percentage of dinucleotides in reference genome where Ne{A, C, G, T}

For dinucleotide heatmaps, normalized frequency was calculated for each deoxyribonucleotide immediately upstream or downstream of

rNMP embedment site for each base such that the sum of NR (upstream) or RN (downstream) frequencies for each R would sum upto 1.2067
Rnr Fnr
Fnve = =— NFyg=———————
R Dnn' R Far+Fcr+Fer+Frr
Rrn Frn
Frv = =— NFgy = =——=———F——F—
Dnn Fra+Fre+Frag+Frr

where Ryg is percentage of dinucleotide NR, upstream nucleotide Ne{A, C, G, T} of ribonucleotides, Re{A, C, G, U}
Ren is percentage of dinucleotide RN, downstream nucleotide Ne{A, C, G, T} of ribonucleotides, Re{A, C, G, U} and

Dnn is percentage of dinucleotides in reference genome where Ne{A, C, G, T}

Heatmap analysis around the ARS regions on the leading and lagging strands

ARS annotations of OriDB*® were downloaded and transferred to the sacCer?2 reference genome™ with Liftover software. Only confirmed
ARSs were included (n = 410.°% Among them, 276 ARSs have a known firing time.®> They were divided into two halves, early-firing ARSs
(T < 24.7 min, n = 139) and late-firing ARSs (T > 24.7 min, n = 137). The upstream and downstream 15-kb regions are considered as the flanks
of an ARS. The 5-upstream flanks of ARSs for both the Watson and Crick strands correspond to the lagging strand, and the 3'-downstream
flanks of ARSs correspond to the leading strand. If two ARSs are close to each other and the distance between them is smaller than 30 kb, the
position of the collision point of the corresponding converging replication forks is calculated with their firing times and the average fork mov-
ing speed of 1.6 kb/min.?® Bedtools®’*®
generate dinucleotide frequency heatmaps for each rNMP and normalized on the dinucleotide frequencies found in respective strand.

was used to get INMPs overlapping in 4 -10 kb of leading and lagging strand from early firing ARS to

QUANTIFICATION AND STATISTICAL ANALYSIS

We used a one-sided Mann-Whitney U test to compare frequency results of heatmap data with expected frequency of 0.25 for each rNMP
base and dinucleotide combination, in nuclear and mitochondrial DNA of each genotype library. We also did two-sided Mann-Whitney U test
to compare frequencies of AGS mutants or rnh207A mutant with wild-type frequencies. P-values of these tests are indicated in Tables 56, S7,
S8, and S9.
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