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ABSTRACT

Genome instability is a condition characterized by
the accumulation of genetic alterations and is a
hallmark of cancer cells. To uncover new genes
and cellular pathways affecting endogenous DNA
damage and genome integrity, we exploited a Syn-
thetic Genetic Array (SGA)-based screen in yeast.
Among the positive genes, we identified VID22, re-
ported to be involved in DNA double-strand break
repair. vid22A cells exhibit increased levels of en-
dogenous DNA damage, chronic DNA damage re-
sponse activation and accumulate DNA aberrations
in sequences displaying high probabilities of form-
ing G-quadruplexes (G4-DNA). If not resolved, these
DNA secondary structures can block the progres-
sion of both DNA and RNA polymerases and cor-
relate with chromosome fragile sites. Vid22 binds to
and protects DNA at G4-containing regions both in
vitro and in vivo. Loss of VID22 causes an increase in
gross chromosomal rearrangement (GCR) events de-

pendent on G-quadruplex forming sequences. More-
over, the absence of Vid22 causes defects in the cor-
rect maintenance of G4-DNA rich elements, such as
telomeres and mtDNA, and hypersensitivity to the
G4-stabilizing ligand TMPyP4. We thus propose that
Vid22 is directly involved in genome integrity main-
tenance as a novel regulator of G4 metabolism.

INTRODUCTION

DNA molecules are intrinsically unstable (1) and are of-
ten damaged by exposure to a variety of endogenous and
exogenous genotoxic agents (2). When not correctly recog-
nized and repaired, lesions can impede DNA duplication
and endanger faithful transmission of the genetic material
to the progeny. To preserve genome integrity, eukaryotic
cells possess evolutionarily conserved mechanisms that act
by handling problems or errors arising during DNA replica-
tion, repairing DNA lesions, monitoring chromosome seg-
regation and ensuring proper coordination of all these pro-
cesses with cell cycle progression (3-7). Failure of any of
these DNA integrity pathways leads to a condition known
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as ‘genomic instability’, characterized by the accumulation
of unrepaired DNA damage and genetic alterations rang-
ing from point mutations, insertions/deletions of few nu-
cleotides, or expansion/contraction of repeated sequences,
to gross chromosomal rearrangements and aneuploidy (8).
Genomic instability impairs cell viability and compelling
experimental evidence obtained in recent years in human
cells shows that it acts as a driving force during tumorigen-
esis (9-12).

In addition to genotoxic agents, genome integrity is also
threatened by non-canonical nucleic acid secondary struc-
tures. Indeed, certain genomic sequences have the potential
to form DNA secondary structures such as triplexes, cruci-
forms, hairpins, DNA:RNA hybrids and G-quadruplexes
(G4-DNA) that may interfere with physiological DNA
metabolism (13). G4-DNA is one of the most character-
ized alternatives to the classical double helical DNA con-
formation and can occur when a stretch of two or more
guanines is repeated four times at short distance. Hoogsteen
hydrogen bonding between four guanines and monovalent
cations induces an extremely stable planar structure called
a G-quartet (14,15). Two or more parallel G-quartets form
the so called G-quadruplex conformation that can be either
intra or intermolecular (involving two or more strands) and
each type can display different con gurations (16,17).

Single-stranded DNA (ssDNA) formation can sponta-
neously induce the generation of G-quadruplexes. For this
reason, DNA transactions that expose ssSDNA, such as
replication, transcription and telomere metabolism, pro-
mote the folding of G4-DNA (18). If not promptly resolved,
these structures can jeopardize DNA replication and can
compromise telomere homeostasis. In these contexts, cells
have evolved specialized helicases that recognize and un-
wind G4-DNA to preserve genetic stability. Several G4-
helicases have been identi ed in vitro and in vivo, includ-
ing the yeast Sgs1 and Pifl proteins, and mammalian BLM,
WRN, PIF1, and FANCJ (19-23). In addition to poten-
tially detrimental effects, G4-DNA structures may play im-
portant regulatory roles. While G4-DNA may be an obsta-
cle for the progression of DNA polymerases, they also ap-
pear to be active components of metazoan replication ori-
gins (reviewed in (24)). Moreover, about half of all human
genes contain sequences prone to G4-DNA formation in
their promoter regions (25,26), suggesting a role for these
structures in regulating gene expression. In accordance, the
promoter regions of KRAS and c-MYC genes can form G4-
DNA and, if stabilized, these structures repress transcrip-
tion (27,28).

The identi cation and analysis of the factors that con-
tribute to preserving genome integrity is a major source of
information for understanding tumorigenesis and de ning
new potential therapeutic targets. While many molecular
mechanisms underlying DNA metabolism are now well un-
derstood, several regulatory aspects are yet unclear, hint-
ing at the involvement of still unidenti ed players. Ge-
netic screens in budding yeast represent a powerful strat-
egy for the identi cation of such factors. From a Syn-
thetic Genetic Array (SGA) screen to identify new genes
required to prevent spontaneous DNA damage, we iden-
ti ed VID22, which encodes a non-essential protein that
contributes to a heterotrimeric complex with its paralog
Env11 and the essential Myb domain telomere-binding pro-

tein Tbfl (29,30). Vid22 is a nuclear protein (31) contain-
ing two domains whose functions are not well described, a
BED-type zinc nger domain and a RNaseH-like domain
(32,33). Previous reports indicate its involvement in double
strand break (DSB) repair, and a role with Tbfl in mod-
ulating histone occupancy in proximity of DSB has been
suggested (34,35). Moreover, Vid22 chromatin immunopre-
cipitates are signi cantly enriched in genes associated with
predicted G4 regions (35), suggesting that Vid22 could in-
teract with G4-DNA in vivo.

Here, we delineate a role for Vid22 in promoting the sta-
bility of G4-DNA regions in vivo. Whole genome sequenc-
ing of vid22A mutant strains allowed the characterization
of the genomic loci and the types of mutations that accu-
mulate spontaneously in the absence of Vid22. We observed
frequent gross chromosomal rearrangements (GCRs) in the
proximity of G4-DNA structures as well as alterations in
telomeric regions and loss of mitochondrial DNA, all of
which are genomic regions that present high densities of
G4 motifs. Accordingly, loss of Vid22 increases cell sen-
sitivity to the TMPyP4 (5,10,15,20-tetratkis-(N-methyl-4-
pyridyl)-21,23-H-porphyrin) ligand that binds and stabi-
lizes G4 structures (36). We nd that puri ed Vid22 is able
to bind directly DNA G4-forming sequences in vitro, and
that Vid22 is enriched on chromatin at G4-DNA and sup-
presses chromosomal aberrations at G4-DNA structures.
Together, our data indicate that Vid22 controls G4-DNA
metabolism to maintain genome integrity.

MATERIALS AND METHODS
Yeast strains, growth conditions and plasmids

All the strains and plasmids used in this work are listed in
Supplementary Table S1. All the yeast strains were derived
from BY4741, BY4742 and BY4743 (37), except strains
used for GCR assays that derive from the YPH500 back-
ground (38). Yeast strains were obtained by standard pro-
cedures of transformation and tetrad dissection. A one-step
PCR approach was used to delete genes and to tag proteins
at the C-terminus, as described in (39). The eleven unrelated
vid22A strains used in the PFGE analysis were obtained by
independent one-step deletions. For the analysis shown in
Supplementary Figure S2B, wild-type and vid22A mutants
were obtained by tetrad dissection of diploid YNOV344
(VID22/vid22A) and grown in YEPD medium in the same
conditions so that cells would go through the same number
of cell divisions. Plateau-phase cultures were diluted with
fresh medium to allow re-growth into plateau phase three
times. Finally, cells were plated on YEPD to collect isolated
clones for the PFGE analysis.

In the yeast strain YFL2922, the G4 in position Chr
VI 512264-512325 (17) was mutated using the ‘Delitto
Perfetto’ strategy (40). Brie y, the pCORE cassette was
ampli ed by PCR using G4_VIII_DPfor (5-ATA TAA
TCA GGG CTT AAG TAA ACG CTT CGC TGT GAT
TTC CGA GCT CGT TTT CGA CAC TGG-3) and
G4_VIII_DPrev (5-ATT TAAGAA AAACTTTTTTTT
TTT TTT TTT CGG ATG ATA TTC CTT ACC ATT
AAG TTG ATC-3) oligos and transformed in YGEG651.2.
The ‘Delitto Perfetto’ cassette was then replaced by ds-
DNA containing the desired mutations obtained as de-
scribed below. First, we ampli ed genomic DNA frag-
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ment 1 by PCR using oligos G4_VIII_Afor (5-CCT CAT
CTA TAT ATA ATC AG-3) and G4_VIII_Brev (5-CGC
TCA CTT ATG GCA TCG CTA TTA TAG CAA AAC
CCT GCT T-3), and fragment 2 using oligo G4_V111_Cfor
(5-AAC ACA AGT ATA AGC AGG GTT TTG CTA
TAA TAG CGA TGC CAT AAG TGA GCG CAG GGC
TCA-3)and G4_VIII_Drev(5-TTGACAAATGTT TCA
GAT CC-3). Then, the PCR fragments 1 and 2 were
annealed and ampli ed using oligos G4_VIII_Afor and
G4_VIII_Drev. The oligos Brev and Cfor contain the de-
sired mutations. A similar strategy was used to mutagenized
Tbfl-BS, using the following oligos: DP_VIII_NEW _for
(5-AAG TCG ATT AAA AGT AGG GCT AAC ACA
AGT ATA AGC AGG GGA GCT CGT TTT CGA CAC
TGG-3), DP_VIII_NEW_rev (5-TGA GCC CTG CCC
TCA CTT ATG GCA TCC CTA TTA TAG CAA ATC
CTT ACC ATT AAG TTG ATC-3), TBF1_BS_mut_Bfor
(5-AAA GTC GAT TAA AAG CCG GGC TAA CAC
AAG TAT AAG CAG GGT TTT GCT ATA ACC GGG
ATG-3), TBF1.BS_mut_Crev (5-TGA GCC CTG CCC
TCA CTT ATG GCA TCC CGG TTA TAG CAA AAC
CCT GCT TAT ACT TGT GTT-3), Tbf1_BS_mut_Afor (5 -
AAA AAA AAA AAA AAA AAG TTT TTC TTA AAT
GCA TAG GTT TAAAGT CGATTA AAA GTC GGG-
3), TBF1.BS_mut_Drev (5-AAA AAT TCA GAA TTT
CGG AAA ATC CAT GTA CGC GCA TCG ATG AGC
CCT GCC CTC ACT TAT-3), Tbf1_BS_G4_mut_Bfor (5 -
AAA GTC GAT TAA AAG TCG GGC TAA CAC AAG
TAT AAG CAG GGT TTT GCT ATA ACC GCG ATG-
3), Tbf1_.BS_G4_mut_Crev (5-TGA GCC CTG CGC TCA
CTT ATG GCA TCG CGG TTA TAG CAA AAC CCT
GCT TAT ACT TGT GTT-3), Tbfl_.BS_mut_Afor (5 -
AAA AAA AAA AAA AAA AAG TTT TTC TTA AAT
GCATAG GTT TAAAGT CGATTA AAA GTC GGG-
3), Tbf1_.BS_G4_mut_Drev (5 -AAA AAT TCAGAATTT
CGG AAA ATC CAT GTA CGC GCA TCG ATG AGC
CCT GCG CTC ACT TAT-3).

For all the experiments, cells were grown at 28°C in YEP
medium (1% yeast extract, 2% peptone) with 2% glucose
(YEPD), with 2% raf nose (YEPR), or with 2% raf nose
and 2% galactose (YEPRG). For strains carrying plasmids,
cells were grown in Synthetic-Complete (SC) medium (6.7
g/l yeast nitrogen base) containing the appropriate sugar(s)
at 2% concentration and nutrients to maintain the selec-
tion. For TMPyP4 treatment, overnight cultures grown in
SC medium supplemented with 2% glucose were treated
with 0-20-30-40 M of TMPyP4 for 2 h and then plated
on YPED. The cell cycle phase was evaluated using ow
cytometric analysis using FlowJo v10 software (41). Plas-
mids pNOV1.4 and pFL82.4 were obtained by inserting
the NATR marker gene ampli ed from pAG25 plasmid us-
ing NAT1_F (5-GTC GAC ACA TGG AGG CCC AGA
ATACCC-3)and NAT1. R (5-GTC GAC CAG TAT AGC
GAC CAG CAT TCA C-3) oligos, into the Sall digested
pRS426 and pFL60 vectors respectively. pFL60 was ob-
tained by cloning GAL1pr-DDC2 Sacl/Xhol fragment ob-
tained by digestion of pML105 (42) into pRS426. Plas-
mid pFL183.1 was obtained by performing a standard
PCR protocol for site-directed mutagenesis using plasmid
KP118 as a template (oligoF 5-CCA AGC GGT AAA
ACT TAC ATG CGA TGG TGG CGT CAC ATG GGT

Nucleic Acids Research, 2021, \Vol. 49, No. 22 12787

GGT CCA AAG-3;0ligoR5-CTT TGG ACC ACC CAT
GTG ACG CCA CCA TCG CAT GTA AGT TTT ACC
GCT TGG-3). Plasmid pFL178.1 was obtained by cloning
Chr V111 from coordinates 512240 to 512755 ampli ed with
ChrVlIll_for (5-CTA GTC TAG AAA TGC ATA GGT
TTA AAG TCG-3) and ChrVIll_rev (5-CTA GTC TAG
ACT ATT TAT GGT GGA AAA GCT C-3) oligos into
Xbal digested pRS415, while pPGELES50.1 was obtained by
amplifying the G4 mutated DNA version from yeast strain
YFL2922 as the template using the same strategy described
for the pFL178.1.

pGELE39.1 plasmid was obtained by cloning VID22
sequence ampli ed from yeast genomic DNA using
Vid22BamHI_F (5-CGC GGA TCC GAT GAG AGC
GAT GGA CAC ACA G-3’) and Vid22Xhol R (5-AAC
CGC TGC AGC TAT GGA AGATACTGACTT GC-3)
oligos in BamHI/Xhol digested pRSETb vector.

Plasmid pGELE48 carrying mutation in VID22 BED
domain C87A-C90R-H110Y-H115Y (32) was obtained by
performing a site directed mutagenesis (Quik Change Ag-
ilent) in two steps on pGELE39.1 using for step 1 oli-
gos VBED_C87A_C90R_FW (5-ATG CTG GAG GCA
GTA AAA GCC AAG TAC CGC GGT GTG ATA
ATA AGA CGG-3") and VBED_C87A_C90R_REV (5'-
CCG TCT TAT TAT CAC ACC GCG GTA CTT GGC
TTT TAC TGC CTC CAG CAT-3’), and for step 2 oli-
gos VBED_H110Y_H115Y _Fw (5’-GAA GCC TCG CAA
ACT TAT TTG TGG AGC ACG TAT AAG ATA GAC
CCG A-3") and VBED_H110Y _H115Y _Rev (5-TCG GGT
CTA TCT TAT ACG TGC TCC ACA AAT AAG TTT
GCG AGG CTT C-3).

DDC?2 synthetic dosage lethality screen

The genetic screen was performed using SGA technology
(43). Brie y, the query strain carrying the inducible DDC2-
overexpressing plasmid (pFL82.4) was crossed to an or-
dered array of all the viable yeast deletion strains. Diploid
cells were transferred to a sporulation-inducing medium, af-
ter which the germinated spores were selected for the simul-
taneous presence of the gene deletion and the plasmid. Cells
were then transferred to a galactose-containing medium to
induce DDC2 overexpression, and colony size was analyzed
as a measure of tness, as described in (43). The whole pro-
cedure was performed in parallel with a control query con-
taining the same vector devoid of the GAL1pr-DDC2 gene
(PNOV1.4). The screening was performed in triplicate and
SGA scores and p-values were calculated as indicated in
(43). For each replicate, an intermediate cut-off (¢ < —0.08,
P < 0.05 (43)) was applied and a total of 52 mutant strains
identi ed in at least two replicates were selected for further
analysis. The colony size and SGA score data are presented
in Supplementary Table S2.

Spatial analysis of functional enrichment

Network annotations were made with the Python im-
plementation of spatial analysis of functional enrich-
ment (SAFE) ((44); https://github.com/baryshnikova-lab/
safepy). The yeast genetic interaction similarity network
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and its functional domain annotations were obtained from
(45).

Serial dilution growth tests

Log-phase yeast cultures were diluted to 2 x 108 cells/ml.
A series of 10-fold dilutions were prepared and spotted on
YEP plates or selective plates containing the appropriate
sugar. Plates were incubated at 28°C for 2-3 days. Where
indicated, the plates were irradiated with 50 J/m? using a
UV Stratalinker 2400 (Stratagene) or 100mM HU (USBio-
logical, cat. H9120) was added.

Yeast genomic sequencing

Yeast DNA was prepared using MasterPure™ Yeast DNA
Puri cation Kit (Epicentre, MPY80200) and quanti ed by
uorimetric assay using the Quant-iTTM PicoGreen® ds-
DNA Kit (Invitrogen, Carlsbad, CA, USA). Libraries were
prepared using the Nextera XT library preparation work-
ow (lllumina, San Diego, CA, USA) to obtain DNA frag-
ments ranging in size from 600 to 1400 bp approximately.
Sequencing was carried out on the Illumina MiSeq platform
generating about 8 million 250 =< 2 paired-end reads for
each sample. Raw sequencing data for the 11 vid22 mutants
and one control S. cerevisiae BY4741 strain have been de-
posited in the Short Read Archive (SRA) under Bioproject
PRJINA646604. Data can be accessed through the following
link: https://www.ncbi.nlm.nih.gov/sra/PRINA646604.

SDS-PAGE and western blotting

Protein extracts were prepared in trichloroacetic acid
(TCA) as described in (46) and separated by SDS-PAGE.
Western blotting was performed with anti-Rad53 (gift from
C. Santocanale) or anti-HA (12CAD5) as primary antibody,
and Goat anti-Mouse HRP (ThermoFisher-Scienti c,
cat.31430) or Goat anti-Rabbit HRP (ThermoFisher-
Scienti ¢, cat.31460) as secondary antibody using stan-
dard techniques. Anti-Rad53 signal was detected using Im
(Amersham Hyper Im ECL), while anti-HA signal was ac-
quired using a ChemiDoc™ Touch Imaging System (Bio-
Rad).

Chromatin immunoprecipitation (ChlP) assays

Yeast strains used for direct ChlP measurements were ob-
tained by 13Myc tagging of VID22. Overnight cell cul-
tures pre-grown in YEP medium containing the appropri-
ate sugar were diluted into fresh medium to a cell density
of 4 x 108 cells/ml in 50 ml and grown at 28°C until they
reached a density of 1.5-2 x 107 cells/ml before being col-
lected for further analysis. Cells were cross-linked with 1%
formaldehyde (Sigma) for 10 min at 25°C. Cross-linking
was quenched by addition of 125 mM glycine. After har-
vesting cells, the pellet was resuspended in NP-40 ChlIP ly-
sis buffer (1% NP-40, 140 mM NacCl, 50 mM HEPES (pH
7.5), 1 mM EDTA (pH 8.0), 0,1% sodium deoxycholate, 1
mM phenylmethylsulfonyl uoride, cocktail proteases in-
hibitors (Roche)). Yeast whole cell extracts were prepared
by FastPrep® FP120 Cell Disrupter (Thermo) in NP-40

ChlIP lysis buffer. Following lysate clari cation by centrifu-
gation at 16 000 x g for 30 min at 4°C, pellets were resus-
pended in NP-40 ChlIP lysis buffer and samples were soni-
cated for 15 min, 30 s on, 60 s off, at high power at 4°C with
a Bioruptor® Plus sonicator (Diagenode). Immunoprecip-
itation was carried out with anti-MYC (9E10) mouse mon-
oclonal antibody following incubation with Dynabeads M-
280 Sheep Anti-Mouse 1gG (Life Technologies). Washing
steps and reverse crosslinks were performed as reported in
(47). Inputs and IPs were puri ed using Wizard® SV Gel
and PCR Clean-Up System (Promega, A9281); DNA was
eluted in 80-100 | of nuclease-free water. Nucleic acids
were quanti ed with Qubit 4 Fluorometer using Qubit ds-
DNA HS Assay kit (Invitrogen Q32854), and the quantity
obtained was 0.5-1 ng/ | for Inputs and 0.1-0.3 ng/ | for
IPs. Samples were directly analyzed by gPCR, then stored
at —20°C.

ChlP-seq analysis

Strains used for ChlP-seq protocol were wild type (no tag)
as negative control and Vid22-13Myc tag. ChIP was per-
formed as described above, starting from 150 ml of cultures
with a cell density of 1.5-2 x 107 cells/ml. DNA obtained
from two independent pooled ChIP experiment was quanti-
ed using the Qubit dsSDNA High Sensitivity Assay Kit (In-
vitrogen, Q32851). ChlP-seq libraries were generated start-
ing from 5 ng DNA using an in house protocol (48), quality
checked on a Bioanalyzer High-Sensitivity DNA Chip (Ag-
ilent) and sequenced on an Illlumina HiSeq 2000 at 50 bp
read length. Reads were aligned to the reference assembly
of the Saccharomyces cerevisiae genome using the bowtie
(49) program with the following parameters ‘-m 1 —best —
strata’ to allow up to 1 mismatch and report only the best
scoring alignment. PCR duplicates were removed by means
of the rmdup utility from the samtools package (50). Peaks
were called by means of the MACS2 program with default
parameters. A FDR threshold of 10E-10 was applied (51).

gPCR analysis

For gqPCR analysis of ChIP samples, input and immuno-
precipitated (IP) DNA were analyzed using primer pairs
producing a 89 bp amplicon for the HHT2 locus (coor-
dinates Chr X1V 575707-575796) (52) and a 177 bps am-
plicon for the Chr VIII-G4 at SKN7 locus (coordinates
Chr V111 512387-512564): Chr VIII_F (5 -ATG AGC AAA
ATG TGG TCA GC-3) Chr VIII_R (5-ACC CAA ACA
AAA GCAGCAAG-3)andHHT2_.CDS_A(5-TCAATC
TTCTGCTATCGGTGCTT-3)HHT2.CDS B (5-GCG
TGA ATAGCA GCC AGATTA GT-3). Oligos for gPCR
were purchased from Euro ns Genomics.

PCR reactions were performed in 25 | total volumes
containing 12,5 | 2x Quantitative Master Mix with
SYBR® Green (GeneSpin proprietary formulation ready-
to-use containing Xtra Taq Pol, dNTPs, MgCl, and sta-
bilizers optimized for use in real time PCR ampli cation),
primers (200 nM Chr VIII; 130 nM HHT2) and template
(2 11:100 INPUT or undiluted IP). All components were
mixed in 96-well hard-shell PCR plates with clear wells
(Bio-Rad), which were sealed with optically clear adhesive
Microseal® ‘B’ seals (Bio-Rad) and centrifuged at 1000xg
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for 10 s. The thermal conditions during reaction were 3 min
at 95°C followed by 39 thermal cycles at 62°C for 30 s and
95°C for 10 s. All PCR reactions were assembled manually
and gPCR experiments performed on a CFX Connect Real-
Time PCR System (Bio-Rad). We accepted PCR ef cien-
cies between 95-105%. All PCR reactions were performed
in technical triplicates and all biological experiments were
performed at least in triplicates. C+ (Cycle Threshold) was

rst calculated, as the difference between IP and input Ct
values (after correcting for input sample dilution), for both
the target gene and the HHT2 gene (chosen as an internal
standard). The target gene enrichment in IP DNA was then
calculated using Pfaffl method (53). Means of fold enrich-
ment and standard errors of the mean were calculated for
biological replicates and unpaired Student’s t-test was used
to determine statistical signi cance between samples.

Pulsed eld gel electrophoresis

PFGE was performed using the Pulsaphor system with a
hexagonal electrode array (Amersham Pharmacia Biotech).
Agarose plugs with yeast chromosomal DNAs were pre-
pared as previously described (54). For standard chromo-
some separation, plugs were loaded in a 1% agarose gel in
0.5x TBE and sealed in the gel using LMP agarose 0.5%
in 0.5x TBE. The running conditions were 165 V with 60 s
pulses for the rst 12 h and 90 s pulses for the last 12 h at
8°C. To visualize DNA, the gel was stained in a solution
with 2 g/ml Ethidium Bromide in 0.5x% TBE for 30 min;
VersaDoc or Chemidoc (Bio-Rad) were used to acquire im-
ages of the stained gels.

Measurement of telomere length using Southern blotting

Yeast genomic DNAs were extracted using standard meth-
ods starting from plateau-phase cultures. DNA samples
were digested with Xhol or Sall restriction enzymes; the ob-
tained fragments were separated by electrophoresis in 0.8%
agarose 1x TBE. Radiolabeled (DECAprime™ Il Kit In-
vitrogen) speci c probes were used to visualize telomeric
poly(GT) tails (55) and subtelomeric regions (56). A stan-
dard protocol was used for hybridization and detection (57).

Identi cation of structural variants and copy number alter-
ations, and GC normalization

Raw reads were subjected to quality trimming using the
sliding window operation from the Trimmomatic program
(58) (average quality 20, window length 8). Assembly was
performed with the SPAdes program using the following
set of kmers: 33, 55, 77 and 99. Detection of large indels
and structural variants was performed by aligning the -
nal assemblies to the reference sacCer3 genome, (down-
loaded from http://hgdownload.soe.ucsc.edu/goldenPath/
sacCer3/bigZips/) by means of the Mummer4 program (59).
Large scale structural rearrangements were identi ed di-
rectly from the alignment by using a custom Perl script.
Raw reads were aligned to the reference sacCer3 assem-
bly of the yeast genome using the bowtie2 program. Cov-
erage pro les were computed on sliding genomic windows
of 200 bp, overlapped by 100 bp, by using bedtools cover-
age tool. Variant calling was performed by the means of
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the varscan2 software (60), with default parameters. The
rim function from the R MASS package (61) was applied
to perform GC composition normalization. Scaling factors
for GC normalization and estimates of the sensitivity of
our CNV detection assay before and after the application
of GC content normalization are reported in Supplemen-
tary Tables S3 and S4 respectively. Copy Number Variants
were identi ed by pairwise comparisons of coverage pro les
of matched genomic windows between the wild-type strain
and each vid22A strain by means of the chi-squared test.
The Benjamini-Hochberg correction was applied to control
the false discovery rate. A cut-off FDR of 0.05 was used
for the identi cation of genomic windows showing signi -
cantly altered coverage. Finally, overlapping windows were
merged using bedtools merge, to derive larger genomic in-
tervals. Intervals of more than 500 bp in size, formed by at
least three or more windows showing signi cantly altered
coverage were considered as bona de CNVs. Mitochon-
drial genome (MtDNA) copy numbers were estimated by
comparing the proportion of NGS reads mapped to the
nuclear and mitochondrial genome. To avoid confounding
factors for the nuclear genome, only single copy S. cere-
visiae as de ned in https://www.nature.com/articles/s41586-
018-0030-5 was considered. Coverage levels were normal-
ized by applying the RPKM normalization. Mitochondrial
copy number was inferred as the ratio between the average
RPKM of single copy nuclear genes and with the mtDNA
RPKM.

Intersection of coordinates of genomic features were per-
formed using the bedtools intersect utility (49).

Gross chromosomal rearrangements

Gross chromosomal rearrangement GCR assays were per-
formed as previously described (62). Different cassettes
were integrated into the PRB1 locus near the CAN1 gene.
GCR rates were measured using the webtool http:// ucalc.
ase.tufts.edu/ (63) and the MMS maximum likelihood sta-
tistical method (64). Brie v, 5 colonies for each strain were
grown at 28°C for 3 days to obtain saturated cultures. Cells
were plated on SC medium with 5-FOA and canavanine to
select GCR events and SC medium to measure the total cell
number. The G4 forming sequences tested in the GCR assay
are: 5-GGG TCC TCC AAG CGG TAA AAC TTA CAT
GGG ATG GTG GGG TCA CAT GGG-3 (Figure 5B and
(21)) and 5-GGG TTT TGC TAT AAT AGG GAT GCC
ATA AGT GAG GGC AGG G-3 (ChrVIII-G4 Figure 6F)

Re ective phantom interface (RPI) sensor preparation and
measurement

Re ective phantom interface (RPI), is an optical label-free
biosensor enabling the studying a variety of interactions, in-
cluding antigen-antibody (65), protein-glycan (66), DNA-
DNA (67), RNA-DNA (68) and protein—-DNA (69). RPI
analysis was employed for the characterization of the in-
teraction between BG4 (70) or Vid22 and different DNA
strands immobilized on the RPI sensing surface. The BG4
antibodies were produced with the support of the Protein
Puri cation Facility of the Biosciences Department at Uni-
versity of Milan starting from pSANG10-3F-BG4 plasmid
(70). Wild type Vid22 and a mutant in the BED domain
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were puri ed from BL21(DE3)pLysS Escherichia coli cells.
Cells were grown in LD with 50 g/ml Ampicillin at 30°C
until ODggonm = 0.5, then proteins expression was induced
by adding 0.2 mM IPTG at 30°C for 3-4 h. For protein
puri cation, cells were disrupted in Lysis buffer (300 mM
NaCl, 50 mM sodium phosphate pH 7) with 30 mM im-
idazole by sonication (10 cycles 15 s ON/30 s ice). Pro-
tein extracts were clari ed by centrifugation at 15 000 rpm
for 1 h at 4°C. Clari ed extracts were then loaded into a
Ni-NTA Agarose (QIAGEN 1018244), matrix was washed
with lysis buffer supplemented with 50 mM imidazole, then
proteins were eluted in lysis buffer with 250 mM imida-
zole. Proteins were dialysed in 300 mM NacCl, 50 mM Tris—
HCI pH 7.5, 10% Glycerol using Thermo Scienti ¢™ Slide-
A-Lyzer™ Dialysis Cassettes 3500 MWCO. The DNA se-
guences used in this study are reported in Supplementary
Table S5. All oligonucleotides were purchased from Inte-
grated DNA Technologies (IDT) with Ultramer synthe-
sis. All buffers and reagents were purchased from Sigma-
Aldrich and prepared according to common protocols us-
ing Milli-Q pure water. DNA probe strands were covalently
immobilized on the surface of RPI sensing chips in spots
having 150-200 m diameter following the procedure de-
scribed in (71). To allow the formation of G4 structures and
coupling with the complementary sequence, the oligonu-
cleotides were previously denatured by heating for 5 min at
95°C and renatured by slow cooling at room temperature in
10 mM Tris—HCI (pH 8.0), 100 mM KCI, 1 mM EDTA (pH
8.0). Before use, the BG4 antibody was suspended in mea-
suring buffer A (20 mM Tris-HCI (pH 7.5), 1 mM DTT,
0.1 mg/ml BSA, 30 mM KCI) while Vid22 was suspended
in measuring buffer B (20 mM Tris-HCI (pH 7.5), 1 mM
DTT, 0.1 mg/ml BSA, 150 mM KCI). The RPI measure-
ments were performed by using the apparatus and the anal-
ysis algorithm described in (71). The sensor cartridges were

lled with 1.3 ml of measuring buffer A or B. The cartridges
were kept at 25°C during the measurement by a thermalized
holder and rapid mixing of the solution was provided by a
magnetic stirring bar. Sample spikes of target BG4 or Vid22
were performed by adding 50 | measuring buffer contain-
ing different amounts of target molecules to a nal concen-
tration in the cartridge of 0.08, 0.4, 2, 10 and 50 nM (only
for Vid22). Time sequences of RPI images of the spotted
surface were analyzed by a custom Matlab program in or-
der to obtain the surface density of the target molecules o (t)
binding to the surface immobilized probes (71). The binding
curves 0¢(t) obtained by the RPI measurements were ana-
lyzed assuming a simple Langmuir model (72). The binding
curves of at least six spots with identical composition were
averaged and then tted with an exponential growth func-
tion. Supplementary Table S6 reports the values for Kq, Kon
and kog obtained from the ts of the curves in Figure 6B, E
and Supplementary Figure S6D.

UV spectrophotometric analysis

To collect information on the structure adopted by a DNA
sequence, we measured and analyzed a series of thermal
difference spectra of the oligos studied in this work. A
thermal difference spectrum (TDS, (73)) can be computed
subtracting the absorbance spectrum of a DNA oligonu-
cleotide measured at low temperature (below melting) from

the spectrum of the same oligonucleotide measured at high
temperature (above melting). TDS recapitulates how tem-
perature affects the spectral properties of the studied species
and shows features that can be used to determine whether
an oligonucleotide has transitioned from a G-quadruplex
structure to a single stranded state upon thermal
melting.

TDS is based on the widely studied hyperchromic effect
of nucleic acids: the unstacking of nitrogenous bases re-
sults in an increase of their UV absorbance and this varia-
tion in the extinction coef cient is usually monitored to de-
termine the melting temperature of oligonucleotides. This
phenomenon effectively links the structure of the oligonu-
cleotides to their absorbance and aside from monitoring the
variation of amplitude at 260 nm, where the maximum typ-
ically lies, other wavelengths can be monitored to gather
valuable information on the state in which the nitrogenous
bases lie. While DNA duplexes show an increase of ex-
tinction coef cient at every typically measured wavelength
when a melting experiment is performed, this is not true
for G-quadruplex forming sequences: for the latter, as tem-
perature increases above the G-quadruplex melting, the ab-
sorbance for wavelengths < 290 nm increases, while it de-
creases for > 290 nm (74). An isosbestic point in the TDS
with value equal to zeroat =290 nm (black arrow in Fig-
ure 6C) corresponds to an inversion of temperature depen-
dence of the absorbance and is a signature of G-quadruplex
producing sequences.

All oligonucleotides used to measure TDS were pur-
chased from Euro ns Genomics with no terminal modi -
cation using EXTREmers synthesis. The lyophilized pow-
der was resuspended in Milli-Q pure water and for each
DNA sequence a sample at =1 ODyg0 nm Was prepared with
100 mM KCI and degassed under vacuum. A series of com-
plete spectra was acquired using a Thermo Scienti ¢ Evo-
lution 300 UV-Vis Spectrophotometer in the 220-320 nm
range using a 1 cm path quartz cuvette. The melting exper-
iments were performed from 20°C to 90°C controlling the
temperature with the instrument peltier module to obtain a
rate of 0.4°C/min.

The signals of the thermal difference spectra ( A) were
computed subtracting the spectrum measured at 20°C from
the spectrum measured at 90°C and normalized for the
maximum absorbance at low temperature (Amax) to be di-
rectly compared and to highlight how a point mutation can
heavily affect the behavior of Chr VI11-G4 sequence.

DNA:RNA immunoprecipitation (DRIP) assays

DNA:RNA hybrids were immunoprecipitated using the
S9.6 antibody from nucleic acid gently extracted and over-
night digested with 50U of Hindlll, EcoRl, BsrGl, Xbal
and Sspl, 2 mM spermidine and 2.5 ml BSA 10mg/ml ge-
nomic DNA,; samples were then treated or not with RNase
H, as described (75). Quantitative PCR was performed at
the indicated loci. SKN7 oligos (5-CCG TTA ATT TCG
CGAGCTTATACCTCACCATTCCATTG-3)and (5 -
CCG TTA ATT AGC GCT GAT GTT GGA AGA TAG
TAA GGT GA-3). GCN4 oligos (5-TTG TGC CCG AAT
CCAGTGA-3)and (5-TGGCGGCTTCAGTGTTTC
TA-3).
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Figure 1. Genome-scale screen for synthetic dosage tness defects with DDC2 overexpression identi es VID22. Effect of DDC2 overexpression on cell
tness. (A) Tenfold serial dilutions of exponentially growing wild-type cells carrying empty vector or DDC2 under the control of the GAL1 promoter

were spotted on rich medium plates containing either glucose or galacto
mock-treated. Images were taken after three days of incubation at 28°C. (

se and raf nose as the carbon source. Cells were exposed to UV (50 J/m?), or
B) Schematic representation of the DDC2 synthetic dosage lethality screen. The

galactose-inducible DDC2 gene (GAL1pr-DDC?2), or the empty vector, was introduced into the yeast deletion collection (YKO) by crossing the collection
with query strains containing the plasmids. Haploid strains containing each gene deletion and the plasmid were isolated using SGA methodology. Each

strain was pinned to media containing galactose to induce DDC2 express

ion. Synthetic dosage tness defects were evident when colonies were smaller in

GAL1pr-DDC2 than in empty vector. (C) The overlap of the DDC2 SDL genes for the three replicate screens is plotted as a Venn diagram. The number

of positives in each replicate is indicated, as are the 10 genes identi ed in

all three screens. (D) Spatial analysis of functional enrichment. On the left, the

yeast genetic interaction similarity network is annotated with GO biological process terms to identify major functional domains (45). Thirteen of the

17 domains are labeled and delineated by colored outlines. On the right,

the network is annotated with the 52 DDC2 SDL genes. The overlay indicates

the functional domains annotated on the left. Only nodes with statistically supported enrichments (SAFE neighborhood enrichment P-value < 0.05) are
colored. (E) The DDC2-VID22 SDL interaction is validated by growth analysis. Wild-type and vid22A cells were transformed with the empty vector or
with the GAL1pr-DDC2 plasmid. Tenfold serial dilutions of exponentially growing cultures were spotted on glucose and galactose plus raf nose plates to
repress or induce Ddc2 overexpression, respectively. Images were taken after three days of incubation at 28°C. (F) Spontaneous DNA damage checkpoint

activation was evaluated by monitoring phosphorylation of the checkpo

int proteins Ddc2 (Ddc2-3HA) and Rad53. Protein extracts from wild-type or

vid22A cells expressing Ddc2-3HA were analyzed by western blotting with anti-HA and with anti-Rad53 antibodies. Arrows indicate the phosphorylated
forms of Ddc2 and Rad53. (G) The cell cycle distribution of exponentially growing cultures was determined by ow cytometry of logarithmic phase wild-
type (G1-25.9%; S-19%; G2-54.2%) and vid22 (G1-34.3%; S-22.4%; G2-38.3%) cultures from three independent replicates. The positions of cells with 1C

and 2C DNA contents are indicated.

RESULTS
A genome-wide screen to identify new genes affecting genome
stability

S. cerevisiae Ddc? is a binding partner and activator of
the DNA damage checkpoint (DDC) apical kinase Mecl
(human ATR) (76). DDC2 overexpression has only a mi-

nor effect in unperturbed cells, while it causes hyperactiva-
tion of the checkpoint response after DNA damage, lead-
ing to prolonged cell cycle arrest and increased cell lethality
((42) and Figure 1A). We hypothesized that yeast mutants
spontaneously accumulating DNA damage might be sen-
sitized to DDC2 overexpression (77), and therefore would
show synthetic dosage tness defects (78) with DDC2. We
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developed a screen to identify genes and pathways involved
in genome integrity maintenance based on their sensitiv-
ity to DDC2 overexpression. Using Synthetic Genetic Ar-
ray (SGA) technology (43,79), we introduced a multicopy
plasmid carrying DDC2 under the control of a galactose-
inducible promoter, and a control empty vector, into the
yeast knockout (YKO) collection (Figure 1B). We identi ed
mutants that, on galactose-containing medium, exhibited
reduced tness, often referred to as synthetic dosage lethal-
ity (SDL), when the DDC2-containing plasmid was present
compared to controls with the empty vector. From three in-
dependent replicate screens, we identi ed 52 genes that were
positive in at least two replicates (Figure 1C and Table 1).
Consistent with our initial hypothesis, several of these 52
genes were previously identi ed in at least one systematic
screen for increased spontaneous DNA damage (35,80-82).

Twelve genes were previously reported to exhibit syn-
thetic dosage growth defects when combined with DDC2
overexpression (Saccharomyces Genome Database, https:
/Iwww.yeastgenome.org, accessed 12 July 2020). These in-
clude HOG1, RPD3 and SLT2 (83,84) and DUNL1 (85),
which were identi ed in screens where the given deletion
mutant was the query. An SDL screen in a pooled format
with GA1Lpr-DDC2 as the query identi ed ASF1, CSM3,
CTF4, MMS1, RAD27, RTT101, RTT109 and TOF1 (86).
Of these 12 genes, RAD27 and CTF4 were identi ed in our
screens. Thus, we identi ed 50 putative synthetic dosage in-
teractions that had not been reported previously.

To assess the functional properties of the 52 gene DDC?2
SDL set, we applied spatial analysis of functional enrich-
ment (SAFE) (44) to determine if any regions of the func-
tional genetic interaction similarity yeast cell map (45)
are over-represented for the SDL gene set (Figure 1D).
We found a statistically supported over-representation of
the DDC2 SDL genes in the DNA replication and repair
neighborhood of the genetic interaction cell map, indi-
cating that defects in DNA replication and repair sensi-
tize cells to DDC2 overexpression. Over-representation of
the DDC2 SDL genes in the chromatin and transcription
neighborhoods of the genetic interaction cell map was also
evident, consistent with a role for DDC2 in sensing chro-
matin dysfunction.

VID22 suppresses spontaneous DNA damage

Of the 52 genes identi ed in our screens, we focused our
attention on VID22. Although this gene shows con ict-
ing functional annotations, including vacuole import and
degradation (87), it was previously identi ed also in other
genetic screens searching for players involved in genome in-
tegrity maintenance (87-89). VID22 encodes a nuclear pro-
tein (31,90) computationally predicted to contain a BED-
type zinc nger domain and a RNaseH-like domain (32,33)
and it was suggested to play a role in DNA DSB repair
(34,35).

Previous observations in strains experiencing sponta-
neous DNA damage (29,91,92)—as well as the rationale be-
hind our genetic screen—Ied us to suspect that, in a vid22
mutant, the DDC might be chronically activated even in
the absence of external genotoxic insults albeit to a low
level. After con rming the synthetic dosage lethality due

to DDC2 overexpression in a vid22A strain (Figure 1E), we
veri ed our hypothesis that both Ddc2 and Rad53, mark-
ers of DDC activation (93,94), are partially phosphorylated
in unperturbed vid22A cells (Figure 1F), similarly to other
mutants known to spontaneously accumulate genomic in-
stability such as sIX5A and sIx8A that also emerged in our
SDL screen (Supplementary Figure S1A, (77) and Table
1). Thus, loss of VID22 causes spontaneous activation of
the DNA damage checkpoint response, which is compati-
ble with an increased formation of spontaneous DNA le-
sions. Consistently with a previous screen (95), analysis of
the cell cycle distribution of vid22A mutants shows a signif-
icant accumulation in the G1 subpopulation (Figure 1G).
This observation excludes the possibility that Ddc2 and
Rad53 phosphorylation is due to a G2/M accumulation
(76), supporting instead the notion that the checkpoint re-
sponse might be chronically alerted as a consequence of the
elevated spontaneous formation of endogenous DNA dam-
age. We further investigated whether the accumulation of
cellsin G1 observed in Figure 1G may be due to this chronic
activation of the DDC, delaying entry into S-phase. How-
ever, ablation of the checkpoint kinase Mec1 does not rescue
this defect, suggesting that the cell cycle delay observed in
vid22A mutants may be, at least partially, of different origin
(Supplementary Figure S1B).

Loss of VID22 leads to chromosomal alterations

Chronic exposure to endogenous DNA damage frequently
leads to genomic instability. To assess whether loss of
VID22 causes the accumulation of chromosomal aberra-
tions, we analyzed the chromosomes of 11 independent un-
perturbed vid22A clones by PFGE and compared them
to wild-type strains (Figure 2 and Supplementary Figure
S2A). Eight of the eleven vid22A clones exhibited at least
one detectable chromosomal aberration (Figure 2), which
did not occur in the 10 wild-type control clones (Supple-
mentary Figure S2A). In vid22A mutants we identi ed ei-
ther entire chromosomal duplications (e.g. Chr XI and |
in strain 1) or increased chromosome length (e.g. Chr XI
in strain 2 or Chr V or VIII in strain 4) (Figure 2). To ex-
clude that the observed abnormalities might be due to dif-
ferent numbers of cell generations, we repeated the analy-
sis starting from the sporulation of a heterozygous diploid
VID22/vid22A. As shown in Supplementary Figure S2B,
after the same number of cell divisions, 4 of 7 vid22A mu-
tants show at least 1 major chromosomal abnormality, not
observed in any of the 13 wild-type clones tested.

To investigate whether particular chromosomal or se-
guence contexts are associated with the observed genome
instability, we sequenced the genomes of the 11 vid22A
strains shown in Figure 2. While de novo assemblies of
the mutant strains’ genomes did not indicate the presence
of large structural genomic alterations (insertions, inver-
sion, or translocations), prediction of Copy Number Vari-
ants (CNVs) based on the depth of coverage analyses were
consistent with complete duplications for chromosomes |
(strain 1), 111 (9 and 11), X1 (1 and 7) and XII1I (8 and 9).
In addition, we observed 468 smaller CNVs not detected by
PFGE, associated with 226 distinct genomic loci (Supple-
mentary Table S7). Importantly, patterns and the total num-
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Genes with epsilon < -0.08 Systematic Replicate 1 Replicate 2 Replicate 3 Mean

in at least 2 replicates? name epsilonh epsilon epsilon epsilon Std Dev Brief description®

YCR102C YCR102C —0.34593 —0.26015 —0.22037 —0.2755 0.0524 Putative quinone oxidoreductase

GALS80 YMLO51IW —0.30714 —0.16683 —0.25393 —0.2426 0.0578 Transcriptional regulator involved in the repression of
GAL genes

PYC2 YBR218C 0 —0.38475 —0.23274 —0.2058 0.1582 Pyruvate carboxylase isoform

PMA2 YPLO36W —0.25367 —0.11122 —0.1438 —0.1696 0.0609 Plasma membrane H+-ATPase

RAD27 YKL113C —0.16946 —0.08576 —0.16575 —0.1403 0.0386 5 to 3 exonuclease, 5 ap endonuclease

VID22 YLR373C —0.07129 —0.10449 —0.21956 —0.1318 0.0635 Glycosylated integral membrane protein localized to
plasma membrane

MMS22 YLR320W —0.13772 —0.00623 —0.23168 —0.1252 0.0925 Subunit of E3 ubiquitin ligase complex involved in
replication repair

VPS68 YOL129W —0.02521 —0.23802 —0.10864 —0.1240 0.0876 Vacuolar membrane protein of unknown function

THR4 YCRO53W —0.12709 —0.11031 —0.12391 —0.1204 0.0073 Threonine synthase

DBP7 YKR024C —0.08875 —0.16635 —0.10059 —0.1186 0.0341 Putative ATP-dependent RNA helicase of the DEAD-box
family

SLX5 YDLO13W —0.112 —0.1192 —0.12084 —0.1173 0.0038 Subunit of the SIx5-SIx8 SUMO-targeted Ub ligase
(STUbL) complex

LRO1 YNROO8W 0.00822 —0.15022 —0.19615 —0.1127 0.0875 Acyltransferase that converts diacylglycerol to
triacylglycerol (TGA)

NKP2 YLR315W —0.21546 —0.02581 —0.09278 —0.1114 0.0785 Central kinetochore protein and subunit of the Ctf19
complex

NPL4 YBR170C —0.10522 —0.12311 —0.10379 —0.1107 0.0088 Substrate-recruiting cofactor of the Cdc48p-Npl4p-Ufdlp
segregase

SST2 YLR452C —0.15523 —0.1565 —0.01984 —0.1105 0.0641 GTPase-activating protein for Gpalp

IRC4 YDR540C —0.1842 —0.02255 —0.106 —0.1043 0.0660 Protein of unknown function

RPL22A YLRO61W —0.12007 0.00518 —0.19649 —0.1038 0.0831 Ribosomal 60S subunit protein L22A

SCS22 YBLO091C-A —0.09108 —0.07698 —0.13178 —0.0999 0.0232 Protein involved in regulation of phospholipid metabolism

EKI1 YDR147W —0.12455 —0.07955 —0.09191 —0.0987 0.0190 Ethanolamine kinase

SLX8 YER116C —0.15284 0.01681 —0.15558 —0.0972 0.0806 Subunit of SIx5-SIx8 SUMO-targeted ubiquitin ligase
(STUbL) complex

MNN10 YDR245W —0.09849 —0.11437 —0.07617 —0.0963 0.0157 Subunit of a Golgi mannosyltransferase complex

PTC4 YBR125C —0.23321 —0.11234 0.05822 —0.0958 0.1196 Cytoplasmic type 2C protein phosphatase (PP2C)

RTG3 YBL103C —0.09982 —0.08377 —0.09895 —0.0942 0.0074 bHLH/Zip transcription factor for retrograde (RTG) and
TOR pathways

PAC10 YGRO078C 0.0254 —0.13636 —0.16526 —0.0921 0.0839 Part of the heteromeric co-chaperone GimC/prefoldin
complex

SLX9 YGRO081C —0.0811 —0.08407 —0.10933 —0.0915 0.0127 Protein required for pre-rRNA processing

GUP1 YGL084C —0.02287 —0.15367 —0.09719 —0.0912 0.0536 Plasma membrane protein involved in remodeling GPI
anchors

KCC4 YCL024W —0.13964 —0.08448 —0.04869 —0.0909 0.0374 Protein kinase of the bud neck involved in the septin
checkpoint

MRS2 YOR334W —0.1369 —0.15801 0.02559 —0.0898 0.0820 Mitochondrial inner membrane Mg(2+) channel

RTS1 YORO014W —0.06842 —0.09715 —0.09979 —0.0885 0.0142 B-type regulatory subunit of protein phosphatase 2A
(PP2A)

TiM18 YOR297C 0.09083 —0.14955 —0.20461 —0.0878 0.1283 Component of the mitochondrial TIM22 complex

SAC7 YDR389W —0.09922 —0.07025 —0.08967 —0.0864 0.0121 GTPase activating protein (GAP) for Rholp

HTZ1 YOL012C —0.12843 —0.09077 —0.03809 —0.0858 0.0371 Histone variant H2AZ

CTF4 YPR135W —0.00526 —0.10066 —0.14951 —0.0851 0.0599 Chromatin-associated protein

LYS2 YBR115C 0 —0.13134 —0.1208 —0.0840 0.0596 Alpha aminoadipate reductase

YDL162C YDL162C —0.01668 —0.08016 —0.1529 —0.0832 0.0557 Overlaps with CDC9 promoter

MRC1 YCL060C —0.10752 —0.05301 —0.08651 —0.0823 0.0224 S-phase checkpoint protein required for DNA replication

PHO5 YBRO093C —0.14925 —0.12743 0.03574 —0.0803 0.0825 Repressible acid phosphatase

MRX10 YDR282C —0.09352 —0.0926 —0.04064 —0.0756 0.0247 Mitochondrial inner membrane protein of unknown
function

RPL40A YIL148W 0.10568 —0.16715 —0.16321 —0.0749 0.1277 Ubiquitin-ribosomal 60S subunit protein L40A fusion
protein

XDJ1 YLRO9OW 0.0167 —0.08185 —0.15132 —0.0722 0.0689 Chaperone with a role in facilitating mitochondrial protein
import

YNL140C YNL140C —0.02494 —0.08911 —0.10192 —0.0720 0.0337 Protein of unknown function

PEX9 YMRO018W —0.09397 —0.09198 —0.02484 —0.0703 0.0321 Peroxisomal membrane signal receptor for peroxisomal
matrix proteins

UBP6 YFRO10W —0.09206 —0.00378 —0.11453 —0.0701 0.0478 Ubiquitin-speci ¢ protease

DST1 YGLO043W —0.09769 0.00767 —0.11659 —0.0689 0.0547 General transcription elongation factor TFIIS

SPO73 YERO046W —0.12322 —0.09846 0.02037 —0.0671 0.0627 Meiosis-speci ¢ protein required for prospore membrane
morphogenesis

BRE5 YNRO51C —0.13273 —0.1059 0.0386 —0.0667 0.0752 Ubiquitin protease cofactor

MCA1 YOR197W —0.0821 —0.10252 —0.00329 —0.0626 0.0428 ca?* -dependent cysteine protease

SIF2 YBR103W 0.01601 —0.09958 —0.09643 —0.0600 0.0538 WDA40 repeat-containing subunit of Set3C histone
deacetylase complex

TOS4 YLR183C 0.05837 —0.12147 —0.10298 —0.0554 0.0808 Putative transcription factor, contains Forkhead
Associated domain

YMLO9OW YMLO9OW 0.04237 —0.09205 —0.11481 —0.0548 0.0694 Dubious open reading frame

SCSs7 YMR272C 0.20929 —0.15347 —0.0807 —0.0083 0.1567 Sphingolipid alpha-hydroxylase

ASK10 YGR097W 0.59527 —0.11235 —0.10438 0.1262 0.3317 Regulator of the Fps1p glycerol channel

2Genes identi ed in all three replicates are indicated in bold.
bEpsilon values with P > 0.05 are entered as ‘0’.
CAs annotated in YeastMine (https://yeastmine.yeastgenome.org/).
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Figure 2. vid22 cells accumulate gross chromosomal rearrangements and chromosome duplications. DNA was prepared from wild-type and eleven
independent vid22A mutants and chromosomes were fractionated by pulsed- eld gel electrophoresis. The positions of the 16 chromosomes are indicated
on the left. * indicates chromosome size changes; d indicates chromosome duplications.

ber of observed single nucleotide substitutions and small
indels (less than 5 base pair in size) to the reference as-
sembly of the S. cerevisiae genome, were highly consistent
between wild type BY4741 and vid22 mutant strains (Sup-
plementary Table S8), with only a marginal increase ob-
served in strain 9. Overall this observation might suggest
that vid22 mutants are not systematically associated with an
increased mutational burden and/or systematic defects in
DNA repair mechanisms. Intriguingly, the CNVs detected
from genome sequencing of vid22  strains show both sta-
tistically supported overlap and an association with G4 el-
ements predicted by Capra and colleagues (17) (Figure 3A
and B, hypergeometric P < 7.28E-48), suggesting that dis-
ruption of VID22 is linked to increased genomic instability
at G4-DNA rich genomic regions. In addition, overlap be-
tween the observed CNVs and G4s is still signi cant when
interrogating different databases of predicted G4 regions
(Supplementary Tables S9, S10 and Figure S3 (17,96,97)).
Consistent with this model, we observed that VID22 dele-
tion induces great instability of the mitochondrial genome,
which is particularly rich in potential G-quadruplex form-
ing regions (17) (Figure 3C).

VID22 maintains telomere length

Telomeres are among the regions that show the highest den-
sity of sequences potentially forming G4-DNA structures
(17,98). Budding yeast telomeres terminate with repetitive
TGi_3 ends and contain an adjacent X core conserved re-
gion; an additional Y’ subtelomeric region is also present
at several telomeres, as schematized in Figure 4 (99,100).
Telomeric sequences are highly repetitive, hampering their
analysis by short sequencing reads. We directly monitored
the telomeres of the 11 vid22A mutants using a Southern
blot approach. Digestion of genomic DNA with Xhol gen-

erates a population of TG;_3 repeats of XY’ type telomeres
with a size of 1-1.5 kb (Figure 4A). In the X-only telom-
eres, Xhol cuts in variable positions, generating a wide spec-
trum of digestion fragments with sizes between 3 and 12
kb ((56) and Figure 4A). Using a TG;_3 speci ¢ probe, we
found that the deletion of VID22 generally causes an in-
crease in the average length of telomeric ends (Figure 4A).
This phenomenon is clearly detected in the XY’-type telom-
eres (bottom of panel 4A), and is also evident in the X-only
fragments (top of the panel 4A). To detect X-only telom-
eres speci cally, we used the strategy described in (56) and
schematized in Figure 4B, which allowed us to visualize I,
11, XIg and XV telomeres. As shown in Figure 4B, in the
absence of VID22, we were able to distinguish telomere al-
terations that are particularly evident at telomeres 11, and
Xlg.

VID22 suppresses G4-dependent genome instability

To explore the hypothesis that vid22A mutants are sus-
ceptible to genome instability in the presence of G4-DNA
structures, we exploited an assay for gross chromosomal
rearrangements (GCRs) (21,101). Brie y, we used a mod-
i ed chromosome V that harbours the CAN1 and URA3
markers in the left arm (Figure 5A). This con guration al-
lows simultaneous selection on canavanine and 5-FOA to
identify chromosome arm loss and large interstitial dele-
tions. To analyse G4-induced GCRs, we inserted a cas-
sette predicted to form G4-DNA (21) at the PRB1 locus
on the modi ed chromosome and monitored the GCR fre-
quency. When a G4-forming motif is employed, deletion
of VID22 leads to a 15-fold increase in GCRs relative to
the corresponding wild-type strain (Figure 5B). By con-
trast, deletion of VID22 has little effect when the PRB1
locus is unchanged (Figure 5B). To test whether this effect
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Figure 3. Genome sequence analysis of vid22A mutants reveals preferential genome instability at G4-rich loci. (A) The intersection of predicted G4 elements
(17) with small (less than 2 Kb) copy number alterations detected by genome sequencing of eleven vid22A mutants. The overlap of chromosome coordinates
of small CNVs detected in genome shotgun sequences of vid22A mutants and G4 elements in the yeast genome predicted by (17) are plotted as a Venn
diagram. The indicated P-value of the intersection is from the Fisher’s exact test. (B) Comparison of the distribution of expected an observed distance of
CNYV predictions from G4 elements. Frequency distribution of observed distance of predicted CNV from G4 elements is represented in blue. The expected
distance distribution, estimated by 1000 independent random resampling of a matched number of genomic windows of identical size, is represented in red.
Distances in base pairs (bp) are represented on the X axis, frequencies on the Y axis. (C) The inferred mtDNA copy number of eleven vid22A mutant strains.
The copy number of mtDNA relative to the wild-type strain was inferred by comparing ratios of mitochondrial read counts, using quantile normalization

and GC content normalization.

was indeed caused by the G4 structure, we mutagenized the
G4 motif by substituting two GGGs with GCGs (Figure
5C), maintaining the same GC content but reducing the
sequence propensity to form G4 structures. When the G4
mutated motif was introduced at the PRB1 locus, we did
not observe a statistically supported difference in GCRs be-
tween the vid22A and wild-type strain (Figure 5B), indi-
cating that the chromosomal instability observed in the ab-
sence of VID22 strain is strongly related to the presence of
G4 structures.

We then tested the sensitivity of the vid22A mutant to
TMPyP4, a widely used G4-binding molecule that causes
stabilization of these nucleic acid structures (36,102). As
shown in Figure 5D, deletion of VID22 signi cantly en-
hances cell sensitivity to the G4-ligand, strongly corrobo-
rating the hypothesized role of Vid22 in controlling G4 sta-
bility.

In yeast cells, a Vid22 paralog, Envll, is present (29).
Since frequently paralogs exhibit partially overlapping
functions, we tested whether Env11, which also interacts
with Vid22, is similarly implicated in preserving genome sta-
bility at G4-prone regions. In the env11A mutant, the G4 de-
pendent GCR rate is indistinguishable from that of a wild
type (Supplementary Figure S4A). Moreover, ENV11 dele-
tion does not affect the sensitivity of the vid22A mutant to
replication stress agents as Hydroxyurea or MMS (Supple-
mentary Figure S4B and (34)), suggesting that Vid22 plays a
speci ¢ role in maintaining genome stability, independently
of ENV11.

Vid22 binds to and controls the stability of G4 regions

To determine the in vivo sites that were bound by Vid22, we
performed a Vid22 ChlP-seq analysis. A total of 413 ChlP-
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