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Abstract

We report here the transcriptional responses in Saccharomyces cerevisiae to deletion of the
RNHZ201 gene encoding the catalytic subunit of RNase H2. Deleting RNHZ201 alters RNA
expression of 349 genes by >1.5-fold (g-value <0.01), of which 123 are upregulated and 226 are
downregulated. Differentially expressed genes (DEGS) include those involved in stress responses
and genome maintenance, consistent with a role for RNase H2 in removing ribonucleotides
incorporated into DNA during replication. Upregulated genes include several that encode subunits
of RNA polymerases I and I11, and genes involved in ribosomal RNA processing, ribosomal
biogenesis and tRNA modification and processing, supporting a role for RNase H2 in resolving R-
loops formed during transcription of rRNA and tRNA genes. A role in R-loop resolution is further
suggested by a higher average GC-content proximal to the transcription start site of downregulated
as compared to upregulated genes. Several DEGs are involved in telomere maintenance,
supporting a role for RNase H2 in resolving RNA-DNA hybrids formed at telomeres. A large
number of DEGs encode nucleases, helicases and genes involved in response to dsRNA viruses,
observations that could be relevant to the nucleic acid species that elicit an innate immune
response in RNase H2-defective humans.

1. Introduction

Ribonucleases H (RNase H) cleave the RNA strand of RNA-DNA hybrids (1, 2). Most
organisms encode two types of RNases H, Types 1 and 2, that have different substrate

“Correspondence: kunkel@niehs.nih.gov.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of Interest
None declared



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Arana et al.

Page 2

preferences (2). The subject of this study is RNase H2, a 3-subunit enzyme complex (3) that
cleaves substrates with one to multiple consecutive ribonucleotides (2—-6). RNase H2 has
been implicated in degrading R-loops formed during transcription (7-10) and at telomeres
(11-13), digesting RNA primers that initiate Okazaki fragment synthesis during DNA
replication (14-17) and removing ribonucleotides incorporated by DNA polymerases during
replication (18-22). The importance of RNase H2 function is illustrated by the fact that loss
of RNase H2 is associated with cellular stress and genome instability (21, 23, 24) (for
review see (2, 25, 26)) and by the fact that mutations in the RNH201, RNH202 and RNH203
genes encoding the three subunits of human RNase H2 are causative for Aicardi-Goutiéres
syndrome (AGS) (6, 27-31), an autosomal recessive autoinflammatory disorder mimicking
viral infection of the brain and exhibiting similarities to Systemic Lupus Erythematosis.
AGS has been suggested to result from the accumulation of nucleic acid species that activate
the innate immune response (32-34). The goal of this study is to further probe RNase H2
functions and the consequences of loss of RNase H2 activity by investigating for the first
time (to our knowledge) the global changes in mMRNA expression associated with deleting
Saccharomyces cerevisiae RNH201, which encodes the RNase H2 catalytic subunit. The
results reveal an extensive transcriptional response indicative of cellular stress and
consistent with roles for RNase H2 in removing rNMPs from DNA and in resolving RNA-
DNA hybrids formed at telomeres and during transcription by RNA polymerases | and I11.
Also observed are changes in expression of several nuclease and helicase genes involved in
processing DNA and RNA, which could be relevant to the pathogenesis of autoimmune
disease in humans defective in RNase H2.

2. Materials and Methods

2.1 Materials and Reagents

S. cerevisiae strains were previously described (21). Yeast Gene Expression Microarrays,
Design 1D 015072, were from Agilent Technologies, Inc. (San Clara, CA).

2.2 Isolation of Total RNA

Strains were streaked onto yeast peptone dextrose adenine (YPDA) plates and grown at
30°C for 3 days. Seven individual colonies per strain were grown in 20 mL YPDA at 30°C
for 6-8 hours. Cells were counted and a calculated volume from the day cultures were
diluted into 25 ml of YPDA and grown at 30°C overnight with constant shaking to achieve a
cell density of 1-3x107 cells/ml. Cells (3x108) were harvested by centrifugation and washed
with cold, deionized H,0 (Figure 1A). Total RNA was isolated using a RiboPure yeast kit
(Ambion), as per manufacturer’s instructions. RNA quality was evaluated using a denaturing
0.8% agarose gel and a Bioanalyzer Nano chip. RNA was quantified using a NanoDrop
spectrophotometer. RNA was stored at —80°C until analyzed using microarray.

2.3. Microarray processing

Gene expression analysis was conducted using Agilent Whole Yeast Genome 4x44
multiplex format oligo arrays (015072) (Agilent Technologies) following the Agilent 1-
color microarray-based gene expression analysis protocol. Starting with 500 ng of total
RNA, Cy3 labeled cRNA was produced according to manufacturer’s protocol. For each
sample, 1.65 pug of Cy3 labeled cRNAs were fragmented and hybridized for 17 hours in a
rotating hybridization oven. Slides were washed and then scanned with an Agilent scanner.
Pixel intensity data was acquired from the array images using Agilent Feature Extraction
software (v9.5), using the 1-color defaults for all parameters. The raw data can be found in
the Gene Expression Omnibus (GEO) database (GEO accession number GSE34668).
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2.4.1 Gene expression data analysis

Probes on the array were annotated for gene representation according to the University of
California Santa Cruz Saccharomyces cerevisiae genome June 2008 genome assembly
(SGD/sacCer?2 version). The array data were quantile normalized and log-2 transformed.
Analyses were performed using the Partek Genomics Suite software (version 6.6) (Partek
Incorporated, St. Louis, MO). Analysis of data is shown in a flow chart in Figure 1B.

2.4.2 Batch correction and contrast between genotypes

For each probe, a two-way analysis of variance (ANOVA) mixed effects linear model, Yijk
=W+ aj+ Bj+ ejjk, where [ is the grand mean expression and Yiji represents the
measurement of the ith genotype, jth scan date (random effect) and kth sample, was applied
to batch correct the data. eiji represents the random error. The errors are assumed to be
normally and independently distributed, with a mean of 0 and a standard deviation of & for
all measurements. For each probe, a student t-test was then applied to statistically compare
the difference between the means of the mh201A and wild type strains expression
measurements. The Benjamini-Hochberg false discovery rate (FDR) method was used to
adjust the p-values (0) for multiple testing (35). An FDR g-value < 0.01 was used as a
threshold for significance.

2.4.3 GO-ANOVA analysis

To find differentially expressed functional groups of genes, the genes were annotated to
functional categories according to the GO database. For each GO functional category, a two-
way ANOVA model, Yiji = 1+ aj + Bj + y(a)ik + (af)ij + &ijki, Where Yiji represents the
Ith functional group expression measurement for the ith genotype, jth gene and kth sample,
was used for analysis of the log base 2 transformation of the batch corrected expression data.
H is the grand mean expression of the functional group and ejj represents the random error.
Errors were assumed to be normally and independently distributed, with a mean of 0 and a
standard deviation of & for all measurements. (a.p) represents the gene-by-genotype effect
and y(a) is a sample-to sample effect. Sample is a random effect in the model. The gene
expression of the functional group was evaluated as a weighted average (least mean square)
of the corresponding factor levels according to the sum of the model components
representing the grand mean, the individual effects (genotype and gene) and the interaction
effects (genotype by gene and genotype by sample). The analysis was performed with GO
categories of maximum size = 200. Only significant categories of size > 5 were considered.
The Benjamini-Hochberg FDR method was used to adjust the p-values (o) for multiple
testing.

2.5. Functional enrichment analysis

DAVID v6.7 (36, 37) was used to find gene ontologies and classes enriched in lists of
DEGs. Functional annotation cluster analysis was performed using the default settings
except that Gene Ontology (GO) term Cellular Component was removed. DEGs were
submitted as Ensemble Gene IDs and Agilent YeastVV2 was used as a background. The list
of enriched gene classes was filtered based on the following criteria: 1) Benjamini-Hochberg
corrected p-value < 0.05, 2) lowest p-value of an individual DAVID Annotation Cluster and,
3) not a member of another Annotation Cluster where a class exists with a lower p-value.

2.6. GC content of flanking sequences

Genomic sequences of the ORFs with introns and untranslated regions (UTRS) were
downloaded from the University of California Santa Cruz (UCSC) genome database. The
data are based on DNA sequence dated June 2008 (sacCer2) in the S. cerevisiae Genome
Database (38, 39). We used either the genomic location for the AUG start codon (Figure 4A)
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or experimentally determined transcription start sites (TSSs) coordinates (Figure 4B) as the
reference points for the evaluating the GC content in the vicinity of the TSS. The locations
of TSSs were obtained from supplemental Table S4 in an article that reports the transcribed
regions of S. cerevisiae by RNA sequencing (40). For use of TSSs as a reference point, any
ORF without a detected 5" UTR had the genome coordinate of the start codon (AUG) as the
reference point. For each ORF, the number of G and C bases was counted from the flanking
sequence in a 100-base pair (bp) sliding window from —1000 to +2500. GC content was
calculated separately for all of the ORFs, as well as the downregulated and upregulated
DEGs. YNLO72W (the gene knocked out) was omitted from the analysis and the DNA
sequences for six DEGs (Q0275, YGR272C, YCL027C-A, YDR474C, YGL046W and
YOL153C) were not available.

2.7. Network analysis

3. Results

Transcriptional networks were identified by overlaying DEGs onto the YeastNet v. 2
probabilistic functional gene network (41) and visualized in Cytoscape (42). Discreet
subnetworks were identified by filtering for log likelihood score (LLS) = 2.303, thus
increasing the confidence in while decreasing the number of observed interactions. The
significance (p < 107%) of each sub-network was confirmed by a bootstrap approach to test if
the number of sub-network interactions was greater than the number of edges of 10,000
randomly generated networks with equal numbers of nodes.

3.1 Differentially expressed genes (DEGS) in the rnh201A yeast strain

We measured mRNA levels for seven independent cultures of asynchronously growing wild
type and rmh201A yeast strains in the exponential phase of growth (Figure 1A), and
analyzed the data as shown in Figure 1B. A comparison of the expression profiles of the
rmh201A strain to that of its wild type parent strain identified a large number of
differentially expressed genes (DEGs), (Figures 2A and 2B). Supplementary Table 1 lists all
the genes analyzed. A total of 349 probes corresponding to 349 unique genes
(Supplementary Table 1) changed expression by 1.5-fold or greater (g-value < 0.01). Among
these, 123 were up regulated and 226 were down regulated. When the expression patterns
for these genes were compared by hierarchical clustering analysis, clear differences between
the wild type and rmh201A strains were observed for the up and downregulated genes
(Figure 2A).

3.2 Functional enrichment and GO-ANOVA analysis of DEGs

Analysis of the 349 DEGs by DAVID (see Materials and Methods) revealed that deleting
the RNHZ201 gene alters expression of genes involved in several cellular processes (Table 1).
A GOANOVA analysis (GO category by GO-category basis [see Materials and Methods]
(35)) further revealed statistically significant differences in gene expression for several
biological process terms related to DNA replication and transcription (Table 2). These
biological categories, and others not shown, partially overlap with the functional enrichment
analysis in Table 2.

3.3 Deletion of RNH201 generates a specific transcriptional response

RNase H2 is involved in repairing ribonucleotides in DNA (20, 21, 24). As one in silico test
of the specificity of the transcriptional response to loss of RNase H2, we compared the 349
DEGs in the rnh201A strain to the 143 DEGs observed (43) upon deletion of a different
DNA repair gene, APNI1. APNI encodes the major endonuclease involved in repair of a
different lesion, an abasic site. Only eight DEGs (YAR066W, YRO2, HSP30, TDH1,
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CDA1, FET3, CMK2 and GPH1) were common to the mh201A and apnlA strains (Figure
3).

3.4. Up and downregulated genes have different GC content

RNase H2 degrades R-loops that form during transcription (44, 45) and R-loops are more
stable in GC-rich sequences (46, 47). Therefore, we evaluated whether the average GC
content around the AUG or transcription start site differed between upregulated and
downregulated DEGs. We plotted the average GC content of a sliding 100 base pair (bp)
window for all yeast genes and compared it to the matched regions of the genes that are
either upregulated or downregulated in response to deleting RNH201. When compared to
the average of all genes up to about 1000 base pairs downstream of the start codon, the GC
content of upregulated genes was slightly lower, whereas the GC content of downregulated
genes was slightly higher (Figure 4A). This difference in GC content extends into the ORF
following the AUG. Analysis using transcriptional start sites (TSSs) as the reference point
showed a similar inverse relationship between GC content and transcriptional response upon
deletion of RNHZ201 (Figure 4B).

3.5. Transcriptional networks affected by deletion of RNH201

We overlaid the 349 DEGs onto YeastNet v. 2, a probabilistic functional gene network
composed of 102,803 linkages among 5,483 proteins (41, 48), and visualized the resulting
networks in Cytoscape (42). This analysis revealed distinct networks for the up and
downregulated genes (Figure 2B). Filtering the network for higher confidence interactions
revealed six distinct sub-networks (Figure 5A-F) that were largely or entirely up or
downregulated. Each sub-network was enriched for functional ontologies and pathways as
follows: downregulated sub-network A, GO9628~response to abiotic stimulus
(p=6.30x10719) and GO7039~vacuolar protein catabolic process (p=1.22x1071%);
upregulated sub-network B, GO6364~rRNA processing (p=1.39x10721): upregulated sub-
network C, enriched for PIR~iron transport (p=1.3x1076): downregulated sub-network D,
enriched for PIR~maltose metabolism (p=4.25x107°); downregulated sub-network E,
enriched for GO45721 ~negative regulation of gluconeogenesis (p=1.52x1074); and,
downregulated sub-network F, enriched for GO:0006121 ~mitochondrial electron transport,
succinate to ubiquinone (p=2.25x107°).

4. Discussion

The DEGs observed here can be considered in light of the phenotypic consequences of loss
of yeast RNase H2 and its known and proposed cellular functions (Figure 6). For discussion
purposes, in addition to those genes whose expression changed at least 1.5-fold and were
used for pathway analyses (Supplementary Table 1, Figure 6) we also consider genes whose
expression changed by = 1.25-fold with g values < 0.01 (Supplementary Table 2, Figure 6).

4.1. DEGs reflecting altered DNA metabolism

The ability of yeast RNase H2 to incise the backbone in DNA duplexes containing a single
ribonucleotide led to the proposal that RNase H2 might initiate removal of ribonucleotides
incorporated by DNA polymerases (4, 19-21). In support of this idea, yeast replicative Pols
a, & and e incorporate large numbers of ribonucleotides into DNA in vitro (49), a large
number of unrepaired ribonucleotides are observed in the nuclear genome of yeast rnh201A
strains, and this number increases in rnh201A strains encoding a pol2-M644G variant of the
leading strand replicase Pol e that is promiscuous for ribonucleotide incorporation (21). The
pol2-M644G rnh201A strain progresses slowly through S phase, has elevated dNTP pools
(21), and is sensitive to treatment with the replication inhibitor, hydroxyurea (HU) (24).
These phenotypes are indicators of replicative stress, which could result from difficulty in
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replicating DNA templates containing rNMPs (50), and/or from impaired replication due to
unresolved R-loops formed during transcription (see below). Supporting the former
possibility is a recent study (24) describing the consequences of concomitantly deleting
RNHZ201 and RNH1, the latter encoding the second known yeast RNase H. When grown in
the presence of HU, rmhi1A mh201A double mutant cells exhibit a strong cell cycle arrest
accompanied by phosphorylation of the Rad53 checkpoint kinase, both indicative of
replicative stress. Survival of these cells depends on two lesion tolerance pathways, MMSZ-
dependent template switching and translesion DNA synthesis (TLS), the latter requiring
both Rev1 and the catalytic (Rev3) subunit of DNA polymerase C (24).

These cellular phenotypes are consistent with significant (¢ < 0.01) changes in expression of
numerous genes observed here (Figure 6 and Supplementary Table 1). REVZ, which is
required for TLS by Pol C, is upregulated. So too is OGG1, which encodes the glycoslyase
that removes 8-oxo-guanine from DNA. Activation of DNA repair is accompanied by cell
cycle arrest and here we see twelve genes associated with progression through the cell cycle
are upregulated. Increased expression is observed for two genes (PES4and SLD5)
associated with the function of Pol e, the leading strand replicase. SLD5 encodes one of the
subunits of the GINS complex that interacts and stimulates the polymerase activity but not
the primase activity of DNA polymeases/primase a (51). Loss of RNase H2 leads to
changes in expression of least 74 genes associated with some type of cellular stress,
including heat, osmotic shock, oxidative damage, diauxic shift, changes in pH, and exposure
to xenobiotics or heavy metals (Figure 6). Stress due to heavy metal exposure may be
related to the observation that many DEGs observed here are involved in metal homeostasis,
especially iron and zinc metabolism (Figure 5C, Table 2). Because stalled replication forks
can yield double strand breaks in DNA, and because the 2"- OH of a ribose renders the DNA
backbone sensitive to hydrolysis to create nicks, another potential outcome of loss of RNase
H2 activity is recombination, a possibility supported by increased expression of several
genes associated with recombination and formation of Rad52 foci.

Another possible outcome of unrepaired ribonucleotides in DNA is genome instability
initiated by spontaneous or enzymatic cleavage of the DNA backbone. We previously
reported genome instability in rmh201A strains, primarily in the form of short deletions in
tandem-repeat sequences (21, 52). In the absence of RNase H2, ribonucleotides are
incorporated in DNA and these are targeted by topoisomerase 1 generating deletions (23).
These deletions are initiated when topoisomerase 1, an enzyme that relieves DNA super-
coiling generated during transcription and which also has RNase activity (53), nicks the
backbone of duplex DNA containing ribonucleotides (23). These nicks contain ends that
must be processed to create 3"-O and 5°-P DNA ends to allow ligation to proceed. This
processing is thought to provide the opportunity for strand misalignment in repetitive
sequences that gives rise to the short deletions. Short deletion mutagenesis is exacerbated in
the pol2-M644G rnh201A strains that contain a large number of unrepaired ribonucleotides
in the genome (21, 52). In light of this ribonucleotide-dependent mutagenesis, it is notable
that seven DEGs are associated with genome instability and chromosomal segregation
(Figure 6).

In our initial study of rNTP incorporation by yeast replicases (54), we speculated that
because rNMPs distort DNA helix geometry, their transient presence in DNA might have
cellular signaling functions. Ribonucleotides are already implicated as signals for mating
type switching in fission yeast (55). Other theoretical possibilities include signaling for
mismatch repair, reloading nucleosomes after replication, for chromatin remodeling and for
gene silencing. In this regard, we note that several DEGs observed here (Table 2Figure 6)
are associated with mating, a-factor and pheromone signaling, sporulation, and histone
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modification and gene silencing. Also, eight DEGs encode proteins that are known or
suggested to be GTPases, which are often associated with signaling functions.

4.2. DEGs reflecting altered R-loop resolution

Several studies (7, 45) indicate that yeast RNase H2 participates in resolving R-loops
formed during transcription. Because R-loop stability increases with increasing GC content
(46, 47), we wondered if there was a relationship between the GC content and changes in
gene expression upon loss of RNase H2. The data in Figure 4 show that GC content near the
start codons and TSSs of downregulated genes is slightly higher than the average. This
observation is consistent with the possibility that, in the absence of RNHZ201, stable R-loops
preferentially hinder expression of genes with higher GC content. The proposed role of
RNase H2 in resolving R-loops formed during transcription is further supported by
increased expression of eight genes encoding subunits of RNA polymerase | (Figure 6),
which transcribes 35S rDNA. Production of 35S ribosomal RNA accounts for more than
half of all transcription in yeast and therefore provides great potential for R-loop formation.
The present study extends this possibility to transcription of 5S rDNA and tRNA genes by
RNA polymerase 11, because expression is also increased for genes encoding ten subunits
of RNA polymerase 111 (See Supplementary Table 3). Also striking is the increased
expression of many genes encoding proteins that modify rRNAs and tRNAs (Figure 6).
These include 32 genes that modify tRNAS to enhance expression of genes that are needed
for stress responses, and are thought to regulate the rate and fidelity of translation (see (56)
and references therein). Thus, the simplest hypothesis is that a defect in RNase H2 results in
a stress response that could be due to unresolved R-loops, unrepaired ribonucleotides in
DNA, or both, and that the cell responds to this stress by up-regulation expression of TRM
genes to increase translation of genes needed to respond to this stress Equally striking is the
increased expression of a large number of genes involved in ribosomal biogenesis and
translation (Table 1Figure 6 and Supplementary Table 1). These data strongly support the
idea that loss of RNase H2 reduces the ability to resolve R-loops that form as RNA
polymerases I and 11 try to produce large quantities of rRNA and tRNA. Collision of
unresolved R-loops with replication forks can also promote transcription-associated
recombination (8, 57), consistent with several DEG’s implicated in recombination and
formation of Rad52 foci (Figure 6). Nine genes associated with telomere function are
upregulated (Figure 6), consistent with a proposed role for RNase H2 in resolving DNA-
RNA hybrids formed at telomeres (12, 13, 58).

4.3. DEGs involved in nucleic acid processing - possible implications for autoimmunity?

Failure to resolve R-loops has been associated with neurodegenerative diseases including
spinocerebellar atatxia type 1, myotonic dystrophy and fragile X type A (46, 47, 59, 60).
Moreover, mutations in the genes encoding human RNase H2 that result in Aicardi-
Goutiéres syndrome are thought to allow DNA/RNA species to accumulate that elicit an
innate immune-mediated inflammation that mimics viral infection. The nucleic acid species
responsible for immune-mediated inflammation remain uncertain, but could be byproducts
of viral infection, transcription, replication, repair or transposition (29, 61), and for a review
see (62) and references therein). With these possibilities in mind, we note increased
expression of several genes implicated in yeast response to killer viruses, and increased
expression of several genes implicated in nucleic acid transactions, including 22 genes
encoding known or putative helicases and 13 genes encoding nucleases. The increased
expression of these genes could be relevant to the pathogenesis of autoimmune disease in
humans defective in RNase H2.
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Refer to Web version on PubMed Central for supplementary material.
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A Streak for individual colonies and grow for 3 days at 30°C on YPDA plate
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Inoculate each colony in 20ml YPDA and grow at 30°C for 6-8h
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B Preprocessing of 14 microarray samples
log transformation & quantile normalization

Batch correction

l

Data analysis for differential gene expression
between Wild-type and mh201A samples

l |

One-way ANOVA GO ANOVA

Gene by Gene GO category x GO Category

l

Data summarization and visualization

}

Gene Lists
PCA
Hierarchical Clustering
Network Analysis
Functional Enrichment Analysis

Figure 1. Experimental design and workflow of data analysis

Processing of samples and data are depicted in Panels A and B, respectively. As shown in
Panel A, WT and rmhZ201A strains were grown at 30C and total RNA isolated. Total RNA
was used for 1-color microarray analysis. Yeast gene expression was compared between WT
and mh201A samples and data processed as indicated in Panel B. As shown in Panel A,
comparisons between WT and rnh201A strains were performed in two separate batches: the
first experiment involved three samples per strain and the second involved four samples per
strain.
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Figure 2. Expression and Clustering

Visualization of Differential Expression. A. Row/gene normalized hierarchical clustering of
DEGs (n=349) in rnh201A vs. wild type. Quantile-normalized, log2 intensity values for
mh201A DEGs (n=349) were loaded into TMEV. Intensity values were transformed by the
Normalize Gene/Rows function which subtracts the gene/row mean and divides by the gene/
row standard deviation. Hierarchical clustering of the gene tree was performed using
Pearson correlation as the distance metric and complete linkage clustering. B.
Transcriptional network of rmh201A vs. wild type DEGs from YeastNet v. 2. Edge width is
proportional to LLS (2.3 to 4.3). Visualization of normalized data is centered on zero (black)
with 2.0 (red) and —2.0 (green) as the upper and lower bounds, respectively.
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rmh201A apnlA

Figure 3. Overlap comparison of rnh201A DEGswith DEGs from another published study
Genes differentially expressed 7n rnh201A vs. wild type show little commonality with DEGs
from an apniA study (42).
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Figure 4. Genomic GC content of rnh2014 DEGs

A. G+C (in %) was calculated for a 100-base sliding window of genomic DNA starting 1000
bases up stream of start codons and extending 2500 downstream. B. G+C content (in %) was
calculated for a 100-base sliding window of genomic DNA starting 1000 bases up stream of
TSSs and extending 1000 downstream. Upregulated genes are represented by a red line,
downregulated genes are represented by a green line, and the black line represents the mean
%G+C content for all yeast ORFs.
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Figure 5. Transcriptional Networks

High resolution yeast transcriptional networks differentially regulated in rmh201A vs. wild
type. Discreet rnh201A subnetworks were identified by filtering (LLS >= 2.303) the
YeastNet v. 2 probabilistic functional gene network prior to overlay with DEGs (n=349). A.
Downregulated subnetwork enriched for GO9628~response to abiotic stimulus
(7=6.30x10719) and GO7039~vacuolar protein catabolic process (p=6.09x1071%). B.
Upregulated subnetwork enriched for GO6364~rRNA processing (p=4.18x10721). C.
Upregulated subnetwork enriched for PIR~iron transport (p=1.30x107). D. Downregulated
subnetwork enriched for PIR~maltose metabolism (p=4.25x107°). £. Downregulated
subnetwork enriched for GO45721~negative regulation of gluconeogenesis (p=1.52x1074).
F. Downregulated subnetwork enriched for GO:0006121~mitochondrial electron transport,
succinate to ubiquinone (p=2.25x107°). Edge width is proportional to LLS (2.3 to 4.3). Up
and downregulated genes are shaded red and green, respectively. Membership in enriched
gene ontologies is denoted by node shape as indicated in the figure key. Squares with
rounded corners represent enriched gene ontologies that do not have a nomenclature and
therefore default to this shape. This figure only includes genes whose fold change values
were >1.5.
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Figure 6. Expression changes observed upon deleting RNH201

This schematic depicts numerous changes in gene expression when RNHZ201 is deleted.
Each white box represents a category based on descriptions in the Saccharomyces Gene
Database (SGD) and enumerates genes whose expression was either up- (red) or

Rad52
foci!
1 1

downregulated (green). The superscript for each category is used in Supplementary Table 1

to highlight the genes listed in that category. Some genes are in more than one category,
which therefore may contain more than one superscript. In this figure, all genes are
considered whose expression was changed by = 1.25 with g values of < 0.01 (See
Supplementary Table 1). The total number of DEGs in the different functional groups

exceeds the total number DEGs because some genes have multiple functional assignments.
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Table 2
GO-ANOVA analysis
Term n p Benjamini
BP:0042273~ribosomal large subunit biogenesis 23  2.65E-06  4.53E-05
BP:0042274~ribosomal small subunit biogenesis 11~ 6.90E-06  7.48E-05
BP:0009117~nucleotide metabolic process 89 7.55E-06  7.83E-05
BP:0006974~response to DNA damage stimulus 179  8.85E-06  8.56E-05
BP:0000075~cell cycle checkpoint 13 157E-05 1.18E-04
BP:0006338~chromatin remodeling 58 2.63E-05  1.64E-04
BP:0006302~double-strand break repair 54 3.07E-05  1.80E-04
BP:0006310~DNA recombination 76  1.33E-04  5.25E-04
BP:0030001~metal ion transport 51 7.32E-02  1.08E-01
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Benfamini Benjamini-Hochberg multiple-test corrected p; BP Gene Ontology Consortium Biological Process; /. number of genes; p: Nominal g

value.
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