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ABSTRACT

Dietary calorie restriction is a broadly acting inter-
vention that extends the lifespan of various organ-
isms from yeast to mammals. On another front, mag-
nesium (Mg?*) is an essential biological metal crit-
ical to fundamental cellular processes and is com-
monly used as both a dietary supplement and treat-
ment for some clinical conditions. If connections
exist between calorie restriction and Mg?* is un-
known. Here, we show that Mg?*, acting alone or
in response to dietary calorie restriction, allows eu-
karyotic cells to combat genome-destabilizing and
lifespan-shortening accumulations of RNA-DNA hy-
brids, or R-loops. In an R-loop accumulation model
of Pbp1-deficient Saccharomyces cerevisiae, mag-
nesium ions guided by cell membrane Mg?* trans-
porters Alr1/2 act via Mg?*-sensitive R-loop suppres-
sors Rnh1/201 and Pif1 to restore R-loop suppres-
sion, ribosomal DNA stability and cellular lifespan.
Similarly, human cells deficient in ATXN2, the hu-
man ortholog of Pbp1, exhibit nuclear R-loop accu-
mulations repressible by Mg?* in a process that is
dependent on the TRPM7 Mg?* transporter and the
RNaseH1 R-loop suppressor. Thus, we identify Mg+
as a biochemical signal of beneficial calorie restric-
tion, reveal an R-loop suppressing function for hu-
man ATXN2 and propose that practical magnesium
supplementation regimens can be used to combat

R-loop accumulation linked to the dysfunction of
disease-linked human genes.

INTRODUCTION

The longevity of various organisms is intimately linked to
the lifespan of their cells (1,2). Research in the past few
decades has revealed that cellular and organismal lifespan
can be genetically or pharmacologically modulated opening
the door for a line of thought that views aging as a malleable
biological process that can be significantly, and fortunately,
stalled (2,3).

Calorie restriction (CR), or a decrease in dietary glu-
cose intake, is the most effective strategy to extend the
lifespan of healthy or diseased cells (2,3). Major intercon-
nected processes mediating beneficial effects of CR include
the constriction of glycolysis, activation of the nicotinamide
adenine dinucleotide (NAD™)-dependent histone deacety-
lase Sir2 (founding member of the conserved family of sir-
tuin longevity proteins), inhibition of TOR (target of ra-
pamycin) and stabilization of the highly repetitive and thus
genome destabilization prone ribosomal RNA gene repeats
(rDNA) (4-11).

Living organisms typically harbor hundreds to thou-
sands of rDNA units per cell necessary to meet its pro-
tein translation needs (10). We recently reported that, in
the budding yeast Saccharomyces cerevisiae, CR can pro-
mote rDNA stability by abolishing deleterious accumu-
lations of nucleic acid structures called R-loops (12,13).
These are formed when nascent RNA competes with the
DNA double helix hybridizing with one DNA strand while
displacing the other. R-loops can be particularly stable
if the displaced single-stranded DNA harbors so called
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G-quadruplex-DNA (G4DNA) sequences that lock this
displaced DNA strand into a looping structure (12,14).
Although many biological processes including eukaryotic
gene expression can be beneficially controlled by R-loops,
their aberrant accumulation compromises genome stability
in different organisms from yeast to human. In fact, genes
mutated in various human diseases including cancer and
neurodegeneration have recently emerged as suppressors of
R-loop accumulation (13,15). This highlights the impor-
tance of identifying broadly effective and practical strate-
gies to combat deleterious R-loop buildup.

R-loops stably accumulate at G4ADNA-containing sites
within the intergenic regions of rDNA in yeast cells lack-
ing the conserved RNA-binding factor Pbpl, which is
orthologous to the human ATXN2 gene product mu-
tated in some neurodegenerative diseases (12,16,17). R-loop
buildup interferes with »DNA replication triggering cellular
lifespan-shortening aberrant recombination within the re-
peats (12,18). Subjecting Pbpl knockout (pbplA) cells to
a CR regimen that entails decreasing glucose concentration
from 2% to 0.05% abolishes R-loop buildup restoring rDNA
stability and cellular lifespan via a process that somehow
requires two highly conserved R-loop suppressors, Pifl and
Rnh1/201 (RNaseH enzymes Rnh1 and Rnh201) (12). Pifl
is a helicase that suppresses R-loops by resolving G4DNA
and RNA-DNA hybrids (19,20). RNaseH enzymes de-
grade the RNA component of hybrids and have been re-
cently shown to counter deleterious R-loop accumulations
in vivo (21,22).

Importantly, mammalian CR responses depend on highly
specific diets that generally include a 20-40% decrease in
daily caloric intake, conditions that are too complicated and
most likely too severe for individuals already suffering from
disease (2). Therefore, we aimed to gain insight into yeast
responses to CR in an effort to identify more direct and
practical interventions that can potentially counter R-loop
accumulation in both yeast and human cells, which are sep-
arated by over a billion years of evolution.

By first investigating the potential impact of CR on com-
mon effectors of yeast Pifl and Rnhl1/201 enzymes, we
uncovered a CR-induced Mg?*-driven cascade that culmi-
nates in R-loop repression. CR increases intracellular Mg?*
by boosting the expression of major Mg?* transporters.
Disrupting these transporters or decreasing environmental
Mg?* levels compromises CR-dependent repression of R-
loop buildup in phpl A cells. Supplementing cells directly
with Mg?* without CR targets R-loop suppressors, coun-
ters R-loop accumulation, restores rDNA stability and in-
creases lifespan in Pbp1-deficient cells. In an effort to assess
the evolutionary conservation of processes uncovered in
yeast, we identified human ATXN?2 as an R-loop suppres-
sor and found that Mg?* supplementation counters R-loop
accumulation in ATXN2-deficient human cells by a process
that requires analogous Mg>* transporters and R-loop sup-
pressors. Taken together, our work identifies Mg”* as a bio-
chemical signal of beneficial calorie restriction and shows
that magnesium supplementation can be used to combat R-
loop accumulation pertinent to various human diseases.
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MATERIALS AND METHODS
Yeast strains and materials

Endogenous genes were deleted as described (23). Yeast
strains and primers used are listed (Supplementary Ta-
bles S3 and S4). R-loop detection via direct pull downs
employed the anti-RNA-DNA antibody from Kerafast
(cat# ENHO01), which exhibited lower enrichments but
higher specificity compared to antibodies that we used
previously in chromatin immunoprecipitation (ChIP) (12).
Anti-RNAPII, anti-diAcH3K9/14, anti-TAP and anti-B-
Actin antibodies were purchased from BioLegend (665004),
Millipore (06-599), Sigma (P1291-500UL) and Thermo
Scientific (MA1-744), respectively. Anti-GFP was a kind
gift from D. Moazed (Harvard University). The Stml
YEplacl81 plasmid or empty vector control were kind gifts
from F.B. Johnson (University of Pennsylvania) (24).

Yeast caloric restriction and environmental Mg?* modulation

Media containing 0.05% glucose, instead of the standard
2% glucose, was used in YEP media for CR treatment
(12,25). For yeast Mg”>* supplementation, 100 mM MgCl,
or CaCl, was used unless otherwise indicated. For envi-
ronmental Mg?* depletion experiments, synthetic complete
media was made using Yeast Nitrogen Base lacking mag-
nesium (Formedium, CYN2801) before adding MgCl, to
a normal level of 10 mM or depleted level of 1 mM. Me-
dia was always replenished after overnight growth to ensure
that cells were not glucose starved.

Magnesium concentration measurements

Exponentially growing yeast cells were harvested (5.0 x
107) in 0.75 ml of growth media and 0.25 ml of growth
media containing 1 mM MagnesiumGreen (Life Technolo-
gies: M-3735) was added. Cell-MagnesiumGreen mixture
was allowed to incubate for 45 min at 30°C with rotation.
Cells were washed three times in growth media and allowed
to incubate for an additional 30 min at 30°C with rota-
tion. A total of 0.25 ml of cells was transferred to clear
flat-bottomed 96-well plate. Absorbance was measured with
a Perkin Elmer Victor3 plate reader. Relative magnesium
concentration in arbitrary absorbance units was calculated
using Beer’s law and the following formula: [Cellsyg+] /
[Mediamg+] = Absorbanceces / Absorbancemedia, Where
‘Media’ represents the growth media/magnesium-green
mixture.

Yeast ChIP

ChIP analysis was performed as described with minor mod-
ifications (12,23,26). For standard ChIP assays, overnight
yeast cultures (25 ml) were diluted to 50 ml with fresh me-
dia and were grown to an ODg of 1.8 and cross-linked with
1% formaldehyde at room temperature (RT) for 30 min. The
reaction was quenched with glycine at a final concentra-
tion of 125 mM for 5 min at RT. Cells were washed with
cold TBS (20 mM Tris-HCI pH 7.6 and 150 mM NaCl).
Cell pellets were resuspended in 400 wl of lysis buffer [50
mM HEPES-KOH pH 7.5, 500 mM NaCl, 1 mM EDTA,
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1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS,
1 mM PMSF, complete protease inhibitor (Roche)]. Cells
were bead-beated with an equal volume of glass beads twice
for 30 s with intermittent 2 min incubation on ice. Lysates
were sonicated 3 times for 20 s at 40% amplitude with inter-
mittent incubations on ice. Two consecutive rounds of cen-
trifugation at 16 000 r.c.f. for 5 and 15 min clarified lysates.
For non-TAP IP, 150 wl of lysate was incubated at 4°C for
2 h with 2.0 g of antibody and further incubated with 30
wl of 50% slurry of pre-washed Protein A-Sepharose beads
at 4°C for 1 h. For anti-TAP IP, 150 pl of lysate was in-
cubated with 30 w1 of 50% slurry of pre-washed IgG Fast-
Flow beads at 4°C for 2 h. Beads were washed 3 times
with lysis buffer, once with LiCl buffer (10 mM Tris-HCI
pH 8.0, 250 mM LiCl, 0.5% NP-40, 0.5% sodium deoxy-
cholate, | mM EDTA) and once with TE (10 mM Tris-HCI
pH 8.0, 1 mM EDTA), before elution with 50 mM Tris-
HCI pH 8.0, 10 mM EDTA and 1% SDS. The eluate was
incubated at 65°C overnight. RNaseA was added at a final
concentration of 0.2 wg/pl and incubated at 37°C for 30
min, followed by proteinase K (to 0.2 wg/pl) and glycogen
(to 0.03 pg/pl) treatment for 2 h at 37°C. Dilutions for IP
and input DNA were 1:2 and 1:1000, respectively. Primers
are listed in Supplementary Table S4. For qPCR analyses,
IP signals were divided by Input signals and normalized to
CUPI controls using the following calculations: [100 x 2 A
(Adjusted Inputgepe — Adjusted IPgepe)] / [100 x 2 A (Ad-
justed Inputcyp; — Adjusted IPcyp;)], where Adjusted In-
put = CTypue — log>1000 and Adjusted IP = CTyp — log,2.
Standard deviations are shown. For EtBr-stained gel-based
visualizations, relative fold enrichments were obtained ac-
cording to the following calculations: [rDNAp / CUPIp] /
[rDNAInput / CUP]Input]~

Quantitative PCR (qPCR)

Quantitative real-time PCR was performed using the Bio-
Rad CFX Connect Real-Time system. Ten microliters
gPCR reactions contained 2X SsoAdvanced SYBR Green
Supermix (Bio-Rad) or SensiFAST SYBR No-ROX qPCR
(FroggaBio, BIO-98020), 200 nM for each of the forward
and reverse primers and 1 pl of 10 ng/p.l of genomic DNA,
diluted Input or IP ChIP DNA. PCR parameters were 1
cycle of 95°C for 35 s, 60°C for 30 s, followed by 39 time of
95°C for 5's, 60°C for 30 s and the final melt curve at 65°C
to 95°C in 0.5°C increment at 5 s/step.

RNA extraction

Total RNA was prepared from logarithmically growing cells
using hot phenol. Cells were resuspended in 400 wl of AE
buffer [S0 mM NaOAc (pH 5.3), 10 mM EDTA, in 0.1%
DEPC ddH,0] and 40 p.l of 10% SDS was added. RNA was
extracted using 440 wl of acidic phenol (pH 4.5), vortexed
and incubated at 65°C for 4 min. The samples were rapidly
chilled on dry ice/EtOH bath until crystals appeared before
centrifugation for 5 min at 16 000 r.c.f. at RT. The upper
phase was transferred to a fresh tube, and 1 volume of phe-
nol:chloroform 5:1 was added. The sample was then cen-
trifuged at 16 000 rcf for 5 min at 4°C. The upper phase was
transferred to a new tube before RNA precipitation. One-
tenth volume of 3M NaOAc (pH 5.3) and 2.5 volumes of

cold 100% EtOH were added, mixed and centrifuged at 16
000 r.c.f. for 5 min at 4°C. Upon removal of the supernatant,
the RNA pellet was washed with 2.5 volumes of 80% EtOH.
A total of 0.1% DEPC ddH,0 was used to resuspend the
pellet. A260:A280 and A260:A230 ratios from Nanodrop
confirmed RNA quality. Samples were stored in —20°C un-
til further use.

DNase-I treatment and reverse transcription (RT)

One microgram of total RNA was treated with 1 unit
of DNase-I (Invitrogen) to further remove genomic DNA
contaminations. Twenty microliters RT reactions were car-
ried out using 10 mM dNTPs, 50 uM random nonamers
(Sigma), 500 ng total RNA, 5X First-Strand Buffer (Invit-
rogen), 100 mM DTT, 40 U/ul RNaseOUT (Invitrogen)
and 200 U/l M-MLYV reverse transcriptase (Invitrogen) at
23°C for 10 min, 37°C for 60 min and 70°C for 15 min.
Twenty microliters minus-RT reaction without M-MLYV re-
verse transcriptase was also set up in parallel. The RT reac-
tion was diluted 1:4 and 4 p.l were used in qPCR amplifica-
tion. Linearity tests were performed and primers are listed
in Supplementary Table S4.

USCE

Assays were performed as described by counting half-
sectored colonies grown on media containing low adenine
concentration (8,23). Cells were grown to ODgyp = 0.4-0.8,
sonicated briefly and spread (about 400 cells per plate) on
thick plates (5 mg/I adenine). Incubation was at 30°C for 3
days, 4°C for 3 days, then RT for 1 day. Rates were obtained
by dividing the number of half-sectored colonies by the total
number of colonies excluding completely red colonies. For
Mg?* supplementation unequal sister chromatid exchange
(USCE) experiments, cells were grown overnight under 100
mM Mg?* conditions, re-diluted, further grown to ODggy =
0.4-0.8 and then plated on low adenine concentration me-
dia.

Yeast replicative lifespan analyses

Replicative lifespan of yeast strains was determined by mi-
cromanipulation monitoring the number of times that an
initially new mother cell buds (8). Strains being compared
to each other were analyzed in parallel but may be shown
on separate plots for clarity as indicated in Supplementary
Table S2. The Wilcoxon rank-sum statistical test was con-
ducted.

Yeast cell culture for DNA Combing

Asynchronous cultures were grown in YPAD liquid
medium in a water bath shaker at 30°C to early logarithmic
phase (ODgpp ~0.20-0.30). Cells were arrested in G| phase
with 0.83 pl of 5 mg/ml alpha-factor per ml of culture vol-
ume for 75 min. An additional 0.33 pl/ml of 5 mg/ml alpha-
factor was added for another 45 min. Cells were labeled with
BrdU by incubating cells with 400 pg/ml for 30 min and
then releasing into S-phase with 100 pg/ml pronase for 20
min before harvesting.



Agarose plug preparation for DNA combing

Cells were harvested by centrifuging 1.2 x 10% cells in pre-
chilled tubes at 3000 r.p.m. for 2 min at 4°C. Cells were
washed in ice cold TEs, buffer (10 mM Tris-Cl, pH 7.0,
50 mM EDTA) and resuspended in 160 wl SCE buffer (1
M sorbitol, 100 mM sodium citrate, 10 mM EDTA pH
8.0, 0.125% B-mercaptoethanol, 10 U/ml zymolase). Cells
were gently mixed with 200 wl of pre-melted 1% low melt-
ing point agarose, and 110 .l of the resulting mixture was
transferred into a plug mold (BioRad 170-3713) for a total
of 3 plugs per sample. Once solidified, plugs were incubated
in 0.5 ml SCE buffer per plug at 37°C two days, switching
with fresh SCE buffer each day. Plugs were rinsed 3 x 1 ml
TEsy buffer, and incubated with proteinase K solution (1
mg/ml proteinase K, 1% w/v sarkosyl, 10 mM Tris-Cl pH
7.5, 50 mM EDTA, heated to 50°C for 30 min before use)
for 3 days, switching with fresh proteinase K solution each
day. Plugs were removed from proteinase K solution and
washed 5 times 10 min in TEs, at room temperature. Plugs
were stored in 1 ml TE5, at 4°C protected from light.

Plug melting, molecular combing and immunodetection

Experiments were generally done as described (27). One
plug was incubated in 150 pl of YOYO-1 solution (1 pl
of YOYO-1 in 150 wl TEsp) at room temperature for 30
min. Plugs were washed 3 times for 5 min with 10 ml TEs,
then incubated in MES buffer (7:3 v/v MES hydrate: MES
sodium salt, 50 mM, pH 5.7) for 5 min. MES buffer was
removed and replaced with 2 ml fresh MES buffer, and in-
cubated at 72°C for 10-15 min. DNA was combed onto
a silanized coverslip at a constant speed of 710 wm/s and
hybridized at 60°C for 90 min. Upon mounting onto glass
slides, coverslips were dehydrated sequentially in 70%, 90%
and anhydrous ethanol for 5 min each, and DNA was dena-
tured in 1 M NaOH for 25 min. Coverslips were blocked in
21 wl blocking buffer (10% w/v albumin in PBS-T, 0.05%
Tween-20, 2 mM KH,POy, 2.7 mM KCI, 137 mM NacCl,
pH 7.4) for 30 min, and stained with anti-BrdU solution
(BrdU antibody Becton Dickson 347580 1:10 dilution in
blocking buffer), anti-DNA solution (Millipore MAB3034
1:50 dilution in blocking buffer), and anti-secondary solu-
tion (Alexa Fluor 546 anti-mouse 1gG1, Molecular Probes
A21123, 1:50 dilution, Alexa fluor 648 anti-mouse 1gG2,
Molecular Probes A21241, 1:50 dilution in blocking buffer)
for 1 h at 37°C in a humidity chamber, washing with PBS-T
for 5 min three times between each staining. ProLong Gold
was added to the cover slip and then imaged.

DNA electrophoresis

2D gel analysis was performed as described (12). Briefly,
Bgl-11-digested gel plugs were run on a 0.4% agarose gel for
14 h at 1.32 V/cm. Lanes were excised, rotated 90 degrees
and run on 1.2% agarose gel at 6.0 V/cm for 6 h. Replica-
tion arcs were analyzed following standard Southern blot-
ting using an alpha-P32-labeled rDNA probe.

Human cells, materials and Mg?* supplementation

HeLa parental and stable shRINA-expressing cell lines were
grown in Dulbecco’s Modified Eagle’s Medium with 10%
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fetal bovine serum (FBS). Stable HeLa cell lines were gen-
erated using shAXTN2 and shCtl plasmids (Oligoengine).
All cell lines were cultured in a 37°C incubator with 5% CO,
in a humidified atmosphere.

The following siRNAs were used in transient knockdown
experiments involving human cell lines: siCtl. (Silencer Se-
lect), siRNaseH 1 (SilencerSelect; Cat #4390826), siTRPM7
(Silencer Select #s29516), siPIF1 (ON-TARGETplus
SMARTpool; cat# L.-014564-01), siMAGT]1 (Silencer Se-
lect #s224928) and siBRCA2 (Dharmacon; ON-Targetplus
SMARTpool siRNAs L-003462-00-0005). Lipofectamine
RNAIMAX (Life technologies) was used for all siRNA
transfections and polyethylenimine was used for all
RNaseH1 overexpression experiments in human cells.

The following antibodies were used for human cell
immunofluorescence: rabbit anti-ATXN2 (Sigma cat#
HPAO021146), rabbit anti-RNaseH1 (Proteintech cat#
15606-1-AP), mouse anti-B23 (Sigma cat# B0556),
mouse anti-UBF1 (Santa Cruz cat# sc-13125) and anti-
RNA-DNA S§9.6 (Kerafast). For immunoblotting, rabbit
anti-ATXN2 (Novus cat# NBP-90063) was used at 1:1000.

For human supplementation experiments, media con-
taining 10 mM MgCl, was prepared fresh prior to every
experiment and regular media was replaced with Mg>*-
supplemented media or vehicle only media 24 h prior to ex-
periments such as immunofluorescence or Western blotting.

Human knockdowns and plasmid transfections

For siRNA-dependent knockdown of TRPM7 and
MAGTT, shATXN2 cells were seeded in 6-well plates and
transfected with a final in-media concentration of 5 nM
of siCtl, siTRPM7 or siMAGT1. Forty eight hours after
post-transfection, cells were harvested and 1 x 10° cells
were re-seeded onto poly-L-lysine (PLL) coated coverslips
in either vehicle or 10 mM Mg>*-supplemented medium.
For each treatment, at least three replicates were used
for immunofluorescence and imaging analysis. Twenty
four hours later, cells were fixed and subjected to S9.6
immunofluorescence as described further below.

For RNaseH overexpression analysis, HeLa stable cell
lines were seeded in 6-well plates and transfected 24 h later
with 0.9 pg pcDNA3-Empty or pcDNA3-RNaseH1. Forty
eight hours post-transfection, cells were harvested and re-
seeded onto PLL-coated coverslips, which were processed
for IF 24 h later using anti-RNA-DNA S9.6 and anti-
RNaseH1 to quantify RNA-DNA hybrids and confirm
RNaseH1 overexpression, respectively.

For BRCA2 knockdown, 2 x 10° HeLa parental cells
were plated in 6-well plates and transfected the next day
with a final in-media concentration of 5 nM siControl or
siBRCA?2 (Dharmacon). Twenty four hours post transfec-
tion, cells were harvested and 1 x 10° cells re-seeded onto
poly-L-lysine coated coverslips in either vehicle or 10 mM
Mg?*-supplemented medium. For each treatment, at least
three replicates were processed for subsequent IF and imag-
ing analysis. Twenty four hours later, cells were fixed and
subjected to S9.6 immunofluorescence as described below.
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Human cell immunofluorescence

Cells were fixed using 1% formaldehyde for 15 min, washed
3 times with 1X PBS, permeabilized with 0.3% TritonX-
100 and then washed again three times with phosphate
buffered saline (PBS). Coverslips were blocked using 5%
bovine serum albumin for 1 h at RT and transferred to
humidified chambers for antibody incubations. Coverslips
were incubated with 60 wl of primary antibody for 1 h at RT
with concentrations as follows: 1:250 anti-ATXN?2 (Sigma
HPAO021146), 1:250 anti-RNaseH]1 (Proteintech, 15606-1-
AP), 1:200 anti-B23 (Sigma, B0556) and 1:250 anti-UBF1
(Santa Cruz sc-13125). For all S9.6 R-loop immunofluores-
cence experiments, 1:500 of the antibody was used. After
washing with PBS, cells were incubated with secondary an-
tibody for 1 h in a dark chamber. Following further wash-
ing and DAPI staining, coverslips were mounted onto mi-
croscope slides using DAKO fluorescent mounting medium
and then sealed with nail polish.

Microscopy

We employed a Nikon C2+ Confocal microscope coupled
to NIS-elements AR software (Nikon). For yeast live cell
imaging, cells were modified to endogenously express Alrl-
GFP alone or endogenously express RAD52-YFP in com-
bination with episomal Nopl-CFP, which allowed us to
clearly identify cells that do not contain Rad52 foci in order
to determine the percentage of cells that do actually have the
foci. Cells were grown into log phase, pelleted via centrifu-
gation, washed and resuspended in PBS before mounting
onto slides or plates with a coverslip bottom for microscopy.
For RNA-DNA hybrid microscopy in human cells, ran-
dom fields identified by DAPI staining were captured at
100X magnification. For any given image, 7-8 2D imaging
planes were acquired along the z-axis to generate 3D con-
focal image stacks. DAPI was used to create masks of nu-
clei and S9.6 intensity values for individual cells were ob-
tained as maximum intensity planes via the NIS-elements
AR (Nikon) software. Representative maximum intensity
projections adjusted for background and contrast in Pho-
toshop (Adobe) are shown.

Western blotting

For yeast, overnight cultures were diluted to 1.0 x 10’
cells/ml and grown for 3 h. A total of 2.5 x 107 cells were
then washed with 1 ml of cold ddH,O. Cells were spun down
at 16 000 r.c.f. at 4°C for 30 s and resuspended in 500 .1 cold
ddH,O. Seventy five of Alkali/2-B-ME solution (prepared
fresh by mixing 925 pl of 2N NaOH and 75 pl of 143 M
2-B-ME), was added and mixed by vortexing. The samples
were incubated on ice for 10 min. Seventy five microliters of
freshly prepared 50% TCA solution in ice-cold water was
added, mixed well by vortexing and incubated on ice for 10
min then followed by centrifuging at 16 000 r.c.f. for 10 min
at 4°C. Supernatant was discarded and the protein pellet re-
suspended in 40 wl of 1X SDS-loading buffer (128 mM Tris-
HCI pH 8.8, 4X SDS loading buffer [200 mM Tris-HCI pH
6.8, 400 mM DTT, 8% SDS, 0.4% bromophenol blue, 40%
glycerol], 14.3 M 2-B-ME). Samples were electrophoresed

on an 8% acrylamide gel, and blotted with 1:1000 primary
antibody.

RESULTS
Mg?* alone or in response to CR counters R-loop buildup

In yeast, Pbpl binds to age-related long non-coding RNA
(IncRNA) molecules at the RFB and E-pro intergenic
regions of rDNA effectively limiting R-loops harboring
IncRNA-DNA hybrids (10,12,28,29). Our measurements of
R-loop levels at RFB and E-pro regions via anti-RNA—
DNA ChIP followed by qPCR confirm that pbpl A cells
exhibit R-loop accumulation repressible by overexpression
of the RNA-DNA hybrid-resolving human RNaseH1 en-
zyme or by subjecting cells to CR (Supplementary Fig-
ure S1A and B) (12). CR can modulate rDNA by activat-
ing the longevity-promoting Sir2, but CR abolishes hybrid
buildup in pbpl A and pbpl A sir2 A cells (Supplementary
Figure S1B) (5,7,10,12). In fact, sir2 A cells displayed some
hybrid accumulation that was also abolished by CR (Sup-
plementary Figure S1B). Instead of using Sir2, we envi-
sioned that CR might modulate magnesium ions (Mg>*) as
both Pifl and Rnh1/201 employ Mg”* as a cofactor and
are highly sensitive to changes in its levels (30-33). Impor-
tantly, we observed that CR increased intracellular Mg>*
levels by ~20% in wild-type and pbpl A cells, where the ef-
fect was significantly compromised via deletion of the ma-
jor and partly redundant Mg?* transporters Alrl and Alr2
(Figure 1A). CR boosted Mg”* transporter protein levels
despite down-regulating total cellular protein levels (Fig-
ure 1B, Supplementary Figure S1C). We observed similar
increases in Mg”* transporter transcript levels indicating
that CR operates at the gene expression level (Figure 1C).
Importantly, deletion of Alrl and Alr2 additively compro-
mised CR-dependent R-loop suppression in pbpl A cells
(Figure 1D). Loss of Alrl and/or Alr2 did not increase
R-loop levels in wild-type cells (Figure 1E). In addition,
we partly disrupted the ability of CR to counter R-loop
buildup in pbpl A cells by lowering environmental Mg>*
concentration from 10 to 1 mM (Figure 1F). Our data so
far reveal that CR relies on Mg”* to abolish R-loop accu-
mulation.

We next inquired if a direct environmental Mg?* supple-
mentation regimen could increase intracellular Mg?* lev-
els and counter R-loop buildup. We assessed the impact
of low (50 mM), moderate (100 mM) and high (150 mM)
Mg?* supplementation on intracellular Mg?* levels. Wild-
type and phpl A cells had similar intracellular Mg>* levels
under unsupplemented (10 mM) conditions but only mod-
erate Mg>* supplementation (hereafter used interchange-
ably with yeast Mg”* supplementation or Mg?*) increased
intracellular Mg”" levels by ~10% irrespective of Pbp1 pres-
ence (Figure 1G). As Mg”* supplementation provides more
of the environmental metal for uptake by cells, we did not
expect supplementation to boost Mg2+ transporter expres-
sion, at least not as much as CR. Indeed, relative to CR,
Mg?* supplementation only mildly increased Mg?* trans-
porter transcript and protein levels without altering total
cellular protein levels (compare Figure 1H,I to B,C; Sup-
plementary Figure S1C). Differences in Alr1-GFP staining
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Figure 1. Mg?* acting downstream or independently of calorie restriction (CR) counters R-loop accumulation. (A) CR increases intracellular Mg?* levels
and this in an Alrl/2-dependent manner. Intracellular Mg?* levels were measured using MagnesiumGreen, a chemical that fluoresces upon binding to
this cation (N = 3; Mean =+ SD; t-test, **P < 0.01, *P < 0.05). Percentage difference relative to corresponding no Mg2* treatment cells are indicated. (B)
Confocal live cell microscopy showing that CR strongly boosts Alrl-GFP protein levels. (C) Reverse transcriptase PCR coupled to quantitative PCR (RT-
qPCR) reveals that CR strongly induces Alrl transcript levels regardless of GFP tagging (N = 3; Mean+SD). (D) Anti-RNA-DNA hybrid ChIP followed
by qPCR indicates that the loss of Alrl and Alr2 additively disrupts CR-dependent repression of R-loop buildup (N = 3; Mean + SD; t-test, **P < 0.01, *P
< 0.05, n.s. not statistically significant). Percentage difference relative to corresponding no Mg?* treatment cells are indicated. (E) Loss of Alrl and/or Alr2
does not alter R-loop levels in wild-type cells as revealed by anti-RNA-DNA hybrid ChIP (N = 3; Mean =+ SD; n.s. not statistically significant for One-way
ANOVA). (F) Decreasing Mg?* concentration hinders the ability of CR to suppress RNA-DNA hybrid buildup (N = 3; Mean =+ SD; #-test, **P < 0.01,
*P < 0.05). (G) Effect of different Mg?* supplementation regimens on intracellular Mg2* levels as measured by Magnesium Green fluorescence (N = 3;
Mean + SD; */-test P < 0.05 relative to corresponding 10 mM cells). (H) Confocal microscopy showing that 100 mM Mg?" supplementation moderately
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tagging (N = 3; Mean & SD). (J) Moderate Mg?* supplementation (100 mM) partly yet significantly counters RNA-DNA hybrid accumulation in phpl A
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(N = 3; Mean =+ SD; *#-test P < 0.05). (L) A total of 100 mM Mg2" supplementation decreases Rad52-YFP focus formation in phpl A cells expressing
nucleolar Nop1-CFP (N = 100; Mean + SD).
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patterns are likely linked to the fact that CR is more po-
tent than Mg?* in terms of inducing transporter expression.
Importantly, Mg?* supplementation significantly decreased
R-loop accumulation in pbpl A cells by 47% and 68% at
RFB and E-pro, respectively (Figure 1J). This significant
yet partial R-loop-suppressing effect of Mg?* supplementa-
tion relative to that of CR is consistent with the differential
increases in intracellular Mg?* levels under these two envi-
ronmental conditions (Figure 1A, D, G and J). Consistent
with the sensitivity of Pif] and RNaseH enzymes to changes
in Mg>* but not Ca’" levels, Ca>* supplementation failed
to counter R-loop buildup (Figure 1K) (30,31). Preferen-
tial dependence of the highly conserved RNaseH enzymes
on Mg?* over Ca”" stems from the small atomic radius and
strict octahedral geometry of Mg?* allowing this ion to sup-
port critical enzymatic reaction intermediates (Supplemen-
tary Figure S1D and E) (33). Importantly, the Mg?* sup-
plementation regimen used did not induce DNA damage
and actually countered the elevated genome instability of
pbpl A cells as detected by a decrease in the formation of
DNA repair centers marked by the Rad52 repair and re-
combination protein (Figure 1L). Our work uncovers an
Mg?*-dependent pathway in which CR increases intracellu-
lar Mg?* levels in order to suppress R-loop accumulation.
Importantly, this Mg?*-dependent process can be directly
engaged in the absence of CR via direct Mg?* supplemen-
tation. It is also important to note that we see changes to
intracellular Mg?* levels in wild-type and mutant cells un-
der CR or Mg?* supplementation conditions but the conse-
quent benefit of countering R-loop accumulation naturally
occurs in cells deficient in R-loop suppression.

R-loop suppressors are effectors of Mg?*

We next aimed to investigate if the Mg>*-sensitive Pifl
and Rnh1/201 do indeed fully account for R-loop suppres-
sion by Mg”* supplementation. We observed that loss of
Pifl and Rnh1/201 additively and fully abrogated Mg”*-
dependent suppression of R-loop accumulation in pbpl A
cells but was ineffectual in wild-type cells (Figure 2A and B).
Loss of Pifl and/or Rnh1/201 did not lead to any R-loop
accumulation in wild-type cells (Figure 2A and B). In ad-
dition, Mg>*-dependent repression of R-loop buildup was
unaltered in cells lacking Sir2 or Fobl, which respectively
mediate chromatin silencing and replication fork block-
ing at rDNA (Figure 2C) (10,34). Moreover, Mg>* failed
to alter enrichments of RNA Polymerase II (RNA Pol
II) or the open chromatin mark diAcH3K9/14 (histone
H3 acetylated at lysines 9 and 14) regardless of Pbpl or
Pif1/Rnh1/201 status (Figure 2D and E) (23). Yeast Senl,
the ortholog of human SENATAXIN, is an RNA-DNA
hybrid helicase whose enzymatic function at yeast DNA
coordinates hybrid resolution and early transcriptional ter-
mination of rDNA IncRNA (17,35). In fact, decreases and
increases in Senl activity respectively lead to increases and
decreases in RNA Pol II levels at the studied loci (17,35).
In contrast, Mg?* supplementation did not alter RNA Pol
IT localization within our experimental conditions (Fig-
ure 2D), indicating that Senl is not implicated in Mg>*-
dependent R-loop suppression.

Mg?* also did not decrease IncRNA levels in pbpl A cells
arguing against Mg?*-dependent R-loop repression being a
reflection of decreased RNA availability for R-loop forma-
tion (Figure 2F). In fact, as expected if Mg”*-dependent R-
loop resolution frees IncRNAs from hybrids, we found that
Mg?* generally increased free IncRNA levels (Figure 2F).
Dependence of Mg?* on Pifl and Rnh1/201 cannot be ex-
plained by changes in cellular growth rates (Supplementary
Figure S2A). Our findings reveal that Pifl and Rnh1/201
additively and fully account for the ability of Mg”* to
counter R-loop buildup independently of controlling RNA
Pol II, chromatin, replication, RNA turnover and overall
cellular growth. Despite the total loss of R-loop suppression
by Mg?* in the absence of Pifl and Rnh1/201, future work
should still examine if additional Mg?*-responsive factors
may also contribute in a more accessory role.

Next, we asked if Mg>* supplementation overlaps with
CR-induced remodeling of metabolism and if direct gly-
colytic constriction without environmental CR would
counter R-loop accumulation redundantly with Mg>* sup-
plementation (4,5). Our analysis showed Mg”* supplemen-
tation increasing expression of 60% of top CR-inducible
metabolic genes in wild-type and pbpl A cells (Supplemen-
tary Figure S2B) (4). Half of those Mg?*-responsive genes
were induced to a similar extent, while the other half was
more responsive to CR. This suggests the existence of a
substantial and unexpected overlap between CR and Mg>*
homeostasis. Hexokinase 2 (Hxk2) is an enzyme that phos-
phorylates glucose in preparation for glycolysis and /sxk2 A
cells experience a glycolytic constriction effect that essen-
tially mimics metabolic responses to environmental CR (4).
Importantly, we found that shxk2A was redundant with
Mg?* supplementation in decreasing R-loop accumulations
in pbplA cells (Figure 2G) (5). We conclude that CR-
induced metabolic constriction and direct Mg>* supple-
mentation induce overlapping processes including R-loop
accumulation-suppressing Mg>*-dependent processes. Fu-
ture studies in the field should assess how many of the nu-
merous effects of CR involve or reflect increased Mg>* lev-
els.

We also aimed to test if we can abolish the relative
R-loop-suppressing effect of Mg?* by overexpressing the
R-loop/G4DNA-stabilizing factor Stml (12,24). As pre-
dicted, overexpression of Stml in pbplA cells further in-
creased R-loop levels by ~25% (Figure 2H). Unexpect-
edly, the Mg?*-dependent relative decrease in R-loop levels
was 73% and 57% in pbpl A cells with and without Stm1
overexpression, respectively (Figure 2H) (12,24). Despite
this increased relative ability of Mg?* to repress R-loops in
pbpl A cells overexpressing Stml, there remained in these
cells an Mg?*-resistant fraction of R-loops similar to that
seen in pbpl A cells without Stml overexpression. These
findings suggest that certain biochemical features of such an
Mg?*-resistant fraction may underlie this resistance rather
than our Mg?* supplementation regimen reaching its max-
imal R-loop-suppressing capacity. Our findings also sug-
gest that environmental CR likely triggers additional Mg?*-
independent processes to fully abolish even Mg?"-resistant
R-loop fractions (compare Figures 1D and 2A). Such Mg>*
independent processes are unlikely to require transcrip-
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tional silencing as CR fully suppresses hybrid buildup in
pbpl A cells even in the absence of Sir2 (Supplementary
Figure S1B). Other non-mutually exclusive possibilities are
that specific chromatin modifications or that the greater in-
creases in intracellular Mg?* levels under environmental CR
conditions may allow it to resolve all R-loops.

Mg?*-responsiveness of R-loop suppressors restores genome
stability

We next wanted to test if Mg>* physically targets R-loop
suppressors to R-loop accumulating rDNA loci and deci-
pher the impact of such a potential localization on rDNA
stability and cellular longevity.

We found Pif1 and Rnh1/201 to be physically enriched at
the RFB and E-pro regions of pbpl A cells under Mg?* sup-
plementation conditions (Figure 3A). Despite this increased
physical targeting to R-loop accumulating loci, the levels of
these R-loop-suppressing proteins were unaltered by Mg>*
(Supplementary Figure S3A). We note that Pbpl loss was
sufficient to target Pifl to these R-loop accumulating re-
gions whereas Rnhl targeting additionally required Mg>*
supplementation (Figure 3A). These findings indicate that
both types of R-loop-repressing enzymes are physically lo-
cated at R-loop accumulating rDNA loci in the presence of
Mg?* supplementation. Differential requirements for Pifl
and Rnh1/201 responses indicate that not all R-loop sup-
pressors are the same. More importantly, our results estab-
lish a direct physical link between R-loop suppressors and
the R-loop-accumulating loci they regulate in the presence
of increased Mg?*.

R-loop buildup in pbpl A cells stalls rDNA replication in-
creasing a form of genome-destabilizing aberrant recombi-
nation called USCE without disrupting global DNA repli-
cation dynamics (Figure 3B, Supplementary Figure S3B
and Table S1) (8,12). Consistent with the observation that
the localization of Pifl, but not Rnhl, is increased at R-
loop accumulating loci in unsupplemented pbpl A cells, we
observed that pbpl A pifl A cells, but not pbpl A rnhl /201 A
cells exhibited higher USCE relative to pbpl A cells (Figure
3B). Mg”" significantly decreased USCE in pbpl A (46%),
pbpl A pifl A (35%) and pbpl A rnhi /201 A (32%) cells, but
did not affect pbpl A pifi A rnhi/201A cells (Figure 3B).
Mg?* supplementation also decreased erroneous rDNA
replication fork blocks typically observed in pbpl A cells
(Supplementary Figure S3C). Thus, Mg>* requires Pifl and
Rnh1/201 to counter R-loop-induced aberrant recombina-
tion.

We also tested if rDNA stabilization by Mg?* is spe-
cific to R-loop repression. Stm1l promotes R-loop accu-
mulation at ¥rDNA in pbpl A cells (12). We reasoned that
if Mg?* increases rDNA stability independently of R-loop
suppression, Mg”>* supplementation would still cause a sim-
ilar relative decrease in rDNA instability in both pbpl A and
pbpl A stml A cells. Deletion of Stml in pbpl A cells in-
creased rDNA stability and Mg”" triggered a relative de-
crease in rDNA instability in pbpl A but not pbpl A stmi A
cells (Figure 3C). Mg?* supplementation slightly but sig-
nificantly increased rDNA USCE in stml A cells suggest-
ing that some low levels of hybrids may be beneficial and
that excessive hyper-suppression of hybrids may mildly in-

crease rDNA instability (Figure 3C). Our findings indicate
that Mg?* restores rDNA stability by specifically repressing
R-loop buildup.

Instability at rDNA as in pbpl A cells shortens replica-
tive lifespan that is defined by the number of times
that a yeast mother cell replicates its DNA and yields
progeny before senescence (Figure 3D, Supplementary Ta-
ble S2) (8,26,29,36). We found that Mg®* supplementa-
tion increases the lifespan of pbpl A, pbpl A pifl A, pbpl A
rnhl /201 A, but not pbpl A pifl A rnhl /201 A cells (Figure
3D, E, F and G; Supplementary Table S2). Failure of Mg>*
to increase the lifespan of pbpl A pifi A rnhl/201A cells is
not due to the shorter lifespan of these cells as Mg>* suc-
cessfully increased the very short lifespan of cells lacking
Npl3, another RNA-binding R-loop suppressor (Supple-
mentary Figure S3D) (37). More importantly, by combining
Mg?* supplementation with global R-loop destabilization
via stml A, we extended the lifespan of pbpl A cells beyond
that of wild-type cells (Figure 3H). Our results demonstrate
that Mg?*-driven repression of DNA-destabilizing R-loop
accumulation can increase or even help extend lifespan.

Mg?**-dependent repression of R-loop accumulation is evolu-
tionarily conserved

ATXN?2, the human ortholog of yeast Pbp1, physically as-
sociates to hundreds of transcripts in human cells (38). If
ATXN2 counters R-loops is unknown but ATXN2 dys-
function leads to severely debilitating and often lethal neu-
rodegenerative diseases called amyotrophic lateral sclerosis
(ALS) and spinocerebellar ataxia-2 (SCA2) (39,40). In ad-
dition, we previously hypothesized that R-loop regulation
may link many ALS-associated genes to each other (15).

First, we aimed to study the natural localization of
ATXN?2 relative to R-loop signal distribution inside the
cell nucleus. Immunofluorescence analysis revealed that en-
dogenous ATXN2 localizes to hundreds of small foci in
the nucleus and cytoplasm but displays a primary local-
ization to a handful of larger nuclear foci identified as nu-
cleoli via co-localization with nucleolar markers (Figure
4A, B, Supplementary Figure S4A and B). Co-labeling re-
vealed an inverse correlation for ATXN2 and R-loops in the
nucleoplasm and nucleoli (Figure 4A). Importantly, anti-
R-loop immunofluorescence followed by single cell analy-
sis revealed that knockdown of human ATXN?2 results in
a highly significant nuclear R-loop accumulation (Figure
4C, Supplementary Figure S4C). Nuclear increases were
observed in both the nucleolus and nucleoplasm (Figure
4C). Over expression of the RNA-DNA hybrid suppres-
sor human RNaseH1, but not empty vector control, signifi-
cantly countered nuclear R-loop accumulation in ATXN2-
deficient cells (Figure 4D and E). Thus, similar to yeast
Pbpl, loss of human ATXN?2 triggers nuclear R-loop ac-
cumulation.

We next asked if supplementing human cells with Mg>*
suppresses aberrant R-loop accumulation and promotes
genome stability. Titration experiments revealed that 10
mM Mg?* supplementation countered R-loop accumula-
tion in ATXN2-deficient cells without altering ATXN2
knockdown efficiency or ATXN?2 localization (Figure SA
and B). Mg>* supplementation regimens higher than 10
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Figure 3. Mg?* increases rDNA stability and cellular lifespan by countering R-loop buildup. (A) TAP-tagged Pifl and Rnhl are physically located at

R-loop-accumulating rDNA loci in pbpl A cells under Mg+

enrichments (Mean + SD) for RFB and E-pro are shown below gels. (B) Mg?*

supplementation. R-loop-stabilizing/enriched Stm1-TAP control is included and relative fold
counters deleterious rDNA USCE in pbpl A cells by operating via Pifl and

Rnh1/201. (C) Mg?* supplementation does not decrease rDNA USCE in phpl A cells lacking the R-loop stabilizer Stm1. (B and C) Shown are rates (N
= 5000-25 000; Mean =+ SD) and #-test *P < 0.05 with full data and statistics in Supplementary Table S1. Not statistically significant indicated by n.s.
(D-G) Mg?" supplementation increases the replicative lifespan of cells lacking (D) Pbp1, even in the absence of (E) Pifl or (F) Rnh1/201, (G) but not both.

(H) Combining Mg?*

supplementation with stml A extends the replicative lifespan of pbpl A cells. (D-H) Shown are replicative lifespan curves and mean

lifespans (N = 80) in parentheses with full data and Wilcoxon’s rank-sum test statistics in Supplementary Table S2.

mM did not confer increased R-loop suppression and actu-
ally exhibited elevated toxicity above 50 mM (not shown).
Importantly, ATXN?2 deficient cells exhibited elevated levels
of the DNA damage marker yH2AX (Figure 5C). This el-
evated genome instability was significantly decreased upon
10 mM Mg?* supplementation (Figure 5C). Thus, an Mg?*
supplementation regimen (10 mM) less substantial than
that used in our yeast experiments (100 mM) efficiently
counters R-loop accumulation and genome instability in
ATXN2-deficient human cells.

Based on the knowledge gained from our work in yeast,
we next set out to identify the mechanistic requirements for
Mg?* to counter human R-loop accumulation. We found
that RNaseH1 knockdown abolished Mg?*-dependent sup-
pression of R-loop accumulation (Figure 5D and E). PIF1
deficiency did not compromise R-loop repression by Mg>*
despite globally decreasing R-loop levels likely due to com-
pensation by other R-loop suppressors (Figure 5D). On an-

other front, ALS patients from Guam, a Territory of the
United States located in the northwestern Pacific Ocean,
carry mutations in the TRPM7 Mg?* transporter (41).
Knockdown of TRPM7 in ATXN2-deficient cells did not
alter R-loop levels but disrupted R-loop repression by Mg?*
(Figure S5F and G). Knockdown of the ALS-unrelated con-
trol MAGT1 Mg?* transporter in ATXN2-deficient cells
actually lowered R-loop levels likely due to confounding
compensation by other Mg?* transporters in the cell (Fig-
ure 5F). As a potentially similar compensation is not seen
when we knockdown TRPM7, this highlights a potentially
unique role for TRPM7 in Mg?*-dependent human R-loop
repression (Figure 5F). We note that unlike yeast Alrl/2,
transcript levels of the Mg?* transporter TRPM?7 were al-
ready elevated in ATXN2 deficient cells regardless of Mg>*
supplementation, indicating the existence of genetic inter-
actions between ATXN2 and Mg?* homeostasis in human
cells (Figure SF and G). Cells deficient in RNaseH1 or
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Figure 4. Human ATXN?2 deficiency triggers nuclear R-loop accumulation. (A) Double immunofluorescence coupled to confocal microscopy reveals an
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vertical slice and volume views are shown. Bar, 5 pm. (C) Short hairpin RNA (shRNA)-mediated stable knockdown of ATXN2 in HeLa cells resulted in
R-loop accumulation as revealed by anti-RNA-DNA hybrid immunofluorescence and quantification of 2D images obtained by projecting confocal stacks
onto a single plane. Shown are representative 2D projection images with quantification presented as a scatter plot to better capture cell population data
(N = 150 per condition; Mean £ Quartiles; ****P < 0.0001, ***P < 0.001 for the Mann—Whitney test). (D) Overexpression of human RNaseH1 (+), but
not empty vector control (—), counters R-loop accumulation in sShATXN2 HeLa cells as revealed by anti-RNA-DNA hybrid immunofluorescence (N =
150 per condition; Mean =+ Quartiles; ****P < 0.0001, ***P < 0.001, *P < 0.05 for the Mann—Whitney test). (E) Quantification analysis of nuclear signal
from anti-RNaseH1 immunofluorescence indicating that overexpression of RNaseH1 (+), but not empty vector control (—), increases RNaseH1 protein
levels in shCtl. and shATXN2 HeLa cells (N = 150 per condition; Mean + Quartiles; ****P < 0.0001, *P < 0.05 for the Mann—Whitney test).

TRPM?7 alone did not exhibit significant R-loop accumu- DISCUSSION
lations in our assays (not shown). We also successfully used
Mg?* to decrease R-loop buildup in cells deficient in the R-
loop-repressing BRCA2 tumor suppressor indicating that
Mg?* can counter R-loop accumulations triggered by the
loss of other disease-linked R-loop suppressors (Figure SH
and I) (42). We conclude that Pbp1/ATXN2 and Mg?* sup-
plementation acting via Mg?* transporters, RNaseH en-
zymes and potentially other Mg?*-sensitive factors such as
Pif1 counter deleterious R-loop accumulation in yeast and
human cells evolutionary separated by over a billion years.

Our work uncovers a conserved Mg>*-dependent path-
way that acts alone or in response to calorie restriction to
counter deleterious RNA-DNA hybrids or R-loops (Figure
6). We propose that direct Mg?* supplementation, which
can engage this pathway, offers a simple and effective ap-
proach to counter genome-destabilizing R-loop buildup
pertinent to different human diseases. The herein identified
components of this pathway, including Mg?* transporters
and R-loop suppressors, also constitute novel targets for
the development of future therapeutics focusing on the sup-
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Figure 5. Mg>" counters human R-loop accumulation by relying on RNaseH1 and the TRPM7 Mg?* transporter. (A) Anti-RNA-DNA hybrid im-
munofluorescence indicates that 10 mM Mg?" supplementation significantly decreases nuclear R-loop buildup in shATXN2 HeLa cells as shown in the
scatter plot to better represent cell population data (N = 150 per condition; Mean + Quartiles; ****P < 0.0001 for the Mann—Whitney test). (B) Repre-
sentative anti-ATXN2 immunofluorescence images from cells transiently transfected with siCtl. or siATXN2 in the presence or absence of 10 mM Mg>*
supplementation. Note how Mg?" supplementation does not alter ATXN2 levels or localization. (C) Anti-y H2AX immunofluorescence imaging and quan-
titation indicate that 10 mM Mg?* supplementation counters y H2AX accumulation in shATXN2 HeLa cells (N = 150 per condition; Mean =+ Quartiles;
**¥*P < 0.0001 for the Mann—Whitney test). (D) Anti-RNA-DNA hybrid immunofluorescence reveals that transient knockdown of RNaseH]1, but not
PIF1, abolishes the R-loop-suppressing effect of 10 mM Mg?* supplementation in shATXN2 HeLa cells (N = 150 per condition; Mean =+ Quartiles;
*FHEEP < 0.0001, ¥**P < 0.001 for the Mann—Whitney test; n.s. not statistically significant). (E) Immunoblots showing transient knockdown of RNaseH1
in ATXN2-deficient HeLa cells. Anti-B-Actin immunoblotting served as loading control. (F) Anti-RNA-DNA hybrid immunofluorescence reveals that
transient knockdown of TRPM7, but not MAGT1, abolishes the R-loop-suppressing effect of 10 mM Mg?* supplementation in shATXN2 HeLa cells (N
= 150 per condition; Mean + Quartiles; ****P < 0.0001, * P < 0.05 for the Mann—Whitney test; n.s. not statistically significant). (G) RT-qPCR measuring
TRPM7 RNA levels reveals that TRPM7 and MAGT1 RNA levels are unexpectedly already increased in shATXN2 HeLa cells and illustrates the efficacy
of sSiTRPM7 in our knockdown experiments. (H) Anti-RNA-DNA hybrid immunofluorescence indicates that 10 mM Mg2* supplementation counters
nuclear R-loop buildup in siBRCA2 HeLa cells (N = 150 per condition; Mean + Quartiles; ****P < 0.0001 for the Mann—Whitney test). (I) Immunoblots
confirming the efficacy of siRNA-mediated BRCA2 knockdown. Anti-B-Actin immunoblotting served as loading control.
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pression of deleterious R-loop accumulation. As many cel-
lular processes are Mg?* sensitive, we expect that elevated
intracellular Mg?* levels, especially under calorie restric-
tion, may modulate pathways unrelated to R-loop control
(43). Thus, future work should assess the potentially broad
impact of increased Mg>* levels especially under calorie re-
striction. This should include a detailed characterization of
the potential impact of magnesium on metabolic processes
in both the nucleus and cytoplasm.

Despite the potentially wide impact of Mg?*, our findings
indicate that rDNA-stabilization by Mg>* is specific to its
role in R-loop suppression. First, Mg”*-dependent R-loop
repression and rDNA stabilization is additively and fully
abolished in the absence of Pifl and Rnh1/201. Second,
that Mg?* but not Ca?* counters R-loop buildup is consis-
tent with the structure and function of these R-loop sup-
pressing enzymes. Third, Mg>*-sensitive R-loop suppres-
sors are directly detected at R-loop-accumulating loci under
Mg?* supplementation conditions. Fourth, Mg?* did not al-
ter local chromatin, RNA Pol II or IncRNA features at sites
where R-loop repression is observed. Fifth, the relative sta-
bilization of rDNA by Mg?* is fully lost if R-loops are al-
ready independently destabilized via Stm1 deletion. In addi-
tion, consistent with our observations, a recent study iden-
tified specific roles for Mg?" in cellular timekeeping (44).

Overall, we find that Mg?*, much like hydrogen ions, can
elicit specific biological responses.

We do observe similarities and differences between CR
and Mg”" supplementation in yeast. Common features in-
clude dependence on Mg>*-sensitive R-loop suppressors
and increases in Mg>* levels. Main differences are that CR
more substantially increases intracellular Mg?* levels and
completely abolishes R-loop accumulation. Despite these
distinctions, the level of R-loop repression that we observe
correlates very well with changes in intracellular Mg?* lev-
els. CR in pbpl A cells, Mg?* supplementation in php1 A cells
and CR in pbpl A alrl A alr2 A cells triggers a 20%, 10% and
6% increase in intracellular Mg?* levels matched by a 90—
100%, 50-70% and 25% decrease in R-loop levels, respec-
tively.

In humans, R-loop repression is emerging as a central
function for various disease-linked gene products includ-
ing ATXN2 (yeast Pbpl; ALS and SCA2; shown here),
SETX (yeast Senl; ALS and occulomotor apraxia type
2 (AOA2)), BRCA1/2 (breast/ovarian cancer), RNaseH2
(yeast Rnh201; Aicardi-Goutieres Syndrome) and PIF1
(yeast Pifl; cellular transformation) (15,20,39,42,45-53).
Mutations in the TRPM7 Mg>* transporter are found in
ALS patient populations (41). We propose that direct Mg>*
supplementation should be considered as an option to



counter R-loop accumulation pertinent to several human
diseases.

Taken together, our findings identify Mg”* as a biochem-
ical signal of beneficial calorie restriction, establish Mg>*
as an R-loop suppressing biological metal, and indicate
that Mg?" supplementation should be considered for pa-
tients suffering from various R-loop accumulation-linked
diseases.
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