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| INVESTIGATION

Tel1 Activation by the MRX Complex Is Sufficient for
Telomere Length Regulation but Not for the DNA

Damage Response in Saccharomyces cerevisiae
Rebecca Keener,*,† Carla J. Connelly,* and Carol W. Greider*,1

*Department of Molecular Biology and Genetics and †Biochemistry, Cellular and Molecular Biology Graduate Program,
Johns Hopkins University School of Medicine, Baltimore, Maryland 21205

ORCID IDs: 0000-0001-9031-6866 (R.K.); 0000-0002-9218-5609 (C.J.C.); 0000-0002-5494-8126 (C.W.G.)

ABSTRACT Previous models suggested that regulation of telomere length in Saccharomyces cerevisiae by Tel1(ATM) and Mec1(ATR)
would parallel the established pathways regulating the DNA damage response. Here, we provide evidence that telomere length
regulation differs from the DNA damage response in both the Tel1 and Mec1 pathways. We found that Rad53 mediates a Mec1
telomere length regulation pathway but is dispensable for Tel1 telomere length regulation, whereas in the DNA damage response,
Rad53 is regulated by both Mec1 and Tel1. Using epistasis analysis with a Tel1 hypermorphic allele, Tel1-hy909, we found that the
MRX complex is not required downstream of Tel1 for telomere elongation but is required downstream of Tel1 for the DNA damage
response. Our data suggest that nucleolytic telomere end processing is not a required step for telomerase to elongate telomeres.
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TELOMERE length regulation is critical for cell viability and
disruption of length homeostasis leads to disease (Stanley

and Armanios 2015). Telomerase adds telomere repeats
onto chromosome ends and redundant pathways tightly reg-
ulate this addition. In humans, decreased telomerase activity
causes short telomere syndromes (Armanios and Blackburn
2012), while telomerase activation promotes cancer growth
(Greider 1999). Thus, understanding the feedback path-
ways for maintaining telomeres is critical to understanding
disease.

The checkpoint kinases Tel1, the Ataxia Telangiectasia-
Mutated (ATM) homolog, andMec1, the Ataxia-Telangiectasia
and Rad3-related (ATR) homolog, have roles in sensing DNA
damage and maintaining telomeres around an equilibrium
point in yeast (Ritchie et al. 1999) and in mammalian cells
(Lee et al. 2015; Tong et al. 2015; de Lange 2018), yet their
underlying mechanisms remain unclear. In Saccharomyces

cerevisiae, MEC1 and TEL1 mutations shorten telomeres.
MEC1 is an essential gene as mec1D cells are not able to
activate dNTP production (Zhao et al. 1998). mec1D cells
survive only with codeletion of either SML1 or CRT1 (also
called RFX1), and inmec1D sml1D ormec1D crt1D cells, dNTP
production is increased (Gupta et al. 2013; Maicher et al.
2017). mec1D sml1D have telomeres similar to wild type,
while mec1D crt1D have slightly shorter telomeres. This dif-
ference has been attributed to the fact that SML1 and CRT1
regulate different pathways of dNTP production (Maicher
et al. 2017). mec1-21 and mec1-14, Mec1 hypomorphic al-
leles, have telomeres slightly shorter than wild type (Ritchie
et al. 1999; Longhese et al. 2000). While deletion of SML1 is
most commonly used to rescue mec1D lethality, several stud-
ies have suggested that sml1Dmaymask telomere shortening
phenotypes (Ritchie et al. 1999; Longhese et al. 2000), and
these studies conclude that the Mec1 hypomorph telomere
shortening demonstrates a role for Mec1 in telomere length
regulation. TEL1 deletion results in a clear telomere shorten-
ing that is more extensive than anyMEC1 deletion or mutant,
and a TEL1 MEC1 double mutant has an additive effect on
telomere shortening, suggesting the kinases regulate parallel
pathways (Ritchie et al. 1999). Mec1 and Tel1 also both play
a role in the DNA damage response, where Mec1 has the
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greater effect. TEL1 deletion on its own does not show DNA
damage sensitivity, but TEL1 MEC1 double mutants show
higher sensitivity to DNA damage than MEC1 mutants alone
(Morrow et al. 1995). These experiments indicate that TEL1
and MEC1 have parallel roles in both telomere length regu-
lation and the DNA damage response.

The distinct effects of tel1D andmec1D on telomere length
and the DNA damage response suggest Tel1 and Mec1 may
have different critical substrates. Both Tel1 and Mec1 phos-
phorylate proteins on serines and threonines at S/T-Q motifs
(Kim et al. 1999). This identical phosphorylation motif has
made identifying unique substrates of each kinase challeng-
ing. Mass spectrometry approaches have identified specific
Tel1 and Mec1 substrates, in addition to shared substrates
(Bastos de Oliveira et al. 2015), but the biological conse-
quences of these phosphorylation events remain unclear.

While hundreds of Tel1/Mec1 substrates have been iden-
tified, those that are critical for telomere length have not
been defined. We investigated the role of two known sub-
strates, Rad53 and the Mre11-Rad50-Xrs2 (MRX) complex,
which have been shown to be phosphorylated by Tel1 and/or
Mec1 in response to DNA damage (D’Amours and Jackson
2001; Nakada et al. 2003b; Smolka et al. 2007; Albuquerque
et al. 2008; Bastos de Oliveira et al. 2015; Lavin et al. 2015).
In the DNA damage response, both Tel1 and Mec1 phosphor-
ylate Rad53, activating its kinase activity (Figure 1A) (Lee
et al. 2003; Nakada et al. 2003b). However, Tel1 phosphor-
ylation of Rad53 is considered less important relative toMec1
phosphorylation of Rad53 (Usui et al. 2001). In response to a
double-strand break, Tel1 interaction with the MRX complex
activates Tel1 kinase activity and Tel1 subsequently phos-
phorylates all three components of the MRX complex, in ad-
dition to other substrates (D’Amours and Jackson 2001;
Nakada et al. 2003b; Smolka et al. 2007; Albuquerque et al.
2008; Lee et al. 2013; Bastos de Oliveira et al. 2015; Lavin
et al. 2015). The process of end resection is complex and
while the MRX complex is thought to initiate it, additional
nucleases including Sae2 and Exo1 play important roles.
Sae2 modulates Mre11 nuclease activity but is also thought
to independently contribute to end resection (Arora et al.
2017). Exo1 extends the end resection and both Exo1
and Mre11 nuclease activities are required for optimal
double-strand-break repair (Garcia et al. 2011). Several stud-
ies indicate that Tel1 modulates the MRX complex during this
process, but it is unclear whether Tel1 phosphorylation of
the MRX complex contributes to these regulatory mecha-
nisms (Lavin et al. 2015). In this model, the MRX complex
can be considered both upstream and downstream of Tel1 for
the DNA damage response (Figure 1A). Several studies have
suggested that similar regulatory events occur at telomeres
(Nugent et al. 1998; Tsukamoto et al. 2001; Larrivee et al.
2004; Viscardi et al. 2007; Bonetti et al. 2009), although
specific mechanisms are not well established.

In this study, we used mutagenesis and epistasis analysis
and found that RAD53 acts only in theMEC1 telomere length
pathway, not in the TEL1 pathway. In addition, epistasis analysis

showed the MRX complex acts both upstream and down-
stream of Tel1 in the DNA damage response, as characterized
by others. However, strikingly, the MRX complex is only re-
quired upstream of Tel1 in telomere length regulation.
Therefore, while the MRX complex is required to activate
Tel1 kinase activity, it is not required for telomere resection.
These findings demonstrate that the regulation of the MRX
complex in the DNA damage response are distinct from their
regulation in telomere length maintenance and challenge the
assumption that a telomere must be resected for telomere
elongation by telomerase.

Materials and Methods

Molecular cloning

Eachplasmidwas constructedusingGibsonAssembly (Gibson
2011); for detailed explanations of cloning strategies, see
Supplemental Material, File S1. Primers were designed using
Snapgene software (GSL Biotech), products were amplified
with Phusion HS II DNA polymerase (F549; Thermo Fisher),
and Gibson Assembly Master Mix (E5510; New England
Biolabs, Beverly, MA) was used according to the New England
Biolabs recommended protocol. All restriction enzymes and
NEB5a competent cells (C2987H) were from New England
Biolabs. Plasmids were prepared using QIAprep Miniprep Kit
(27106; Qiagen, Valencia, CA) and all sequencing was per-
formed using the Sanger method.

Site-directed mutagenesis

S/T-Qmutations and TEL1-hy909mutationswere introduced
by site-directed mutagenesis using primers designed by
PrimerX.org. Primer sequences are listed in Table S3. In each
case, the plasmid was amplified using PfuTurbo (600252;
Agilent). The product was DpnI-treated, ethanol-precipitated,
and transformed into DH5a cells (18265017; Thermo Fisher).
Clones were isolated and sequence-verified.

Yeast culturing and transformation

Yeast culturing, transformation, and sporulation were con-
ducted as previously described (Green and Sambrook 2012).
Briefly, transformation was carried out on 50 ml of logarith-
mically cultured cells treated with 0.1 M lithium acetate
(L6883; Sigma, St. Louis, MO). DNA was added to a 50 ml
aliquot of cells in addition to 50 mg boiled fish sperm carrier
DNA (11467140001; Roche). Cells were equilibrated at 30�
for 10 min, after which 0.5 ml 40% polyethylene glycol
(PEG4000, P4338; Sigma) containing 0.1 M lithium acetate
was added. Cells were incubated at 30� for 30 min then heat-
shocked at 42� for 15 min. Transformed cells were washed
with sterile water and plated on the appropriate selective
media. In cases where an antibiotic selectable marker was
used, cells were recovered in 1 ml yeast extract, peptone,
dextrose (YPD) at 30� for 3–4 hr before plating. One-step
integration was used for all integrated constructs. After trans-
formation, integration at the desired locus was confirmed
by junction polymerase chain reaction. In cases where
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mutations were introduced, the region was amplified using
Phusion HS II DNA polymerase, the amplicon was purified
using AMPure beads (A63881; Beckman Coulter, Fullerton,
CA), and sequenced to confirm the presence of mutations
in vivo.

Passaging yeast

Because we initiate our experiments with strains that are
heterozygous for multiple alleles of interest, dissection of
20 tetrads often yields all combinations of the alleles. This
makes it possible to obtain experimental and control samples
in parallel. Treating all haploids in parallel is critical for

evaluating telomere lengthas telomere length canbe sensitive
to differences in culturing time. In cases where the diploid
genotype did not allow isolation of an important control, a
second diploid, from which that control can be segregated,
was dissected in parallel. After tetrad dissection and replica
plating to identify segregants of interest, haploids were
streaked to single cell on a YPD plate. This streak was desig-
nated as the first passage and these cells are estimated to have
undergone 40 population doublings. In experiments where
cells were passaged, cells were restreaked on YPD plates
repeatedly to increase the number of cell divisions. Each
passaged plate was incubated for 48 hr at 30�, after which

Figure 1 Rad53 is in the Mec1
telomere length regulation path-
way. (A) Diagram representing a
simplified, current understanding
of Tel1/Mec1 pathways in the
DNA damage response. (B–D)
Southern blot analysis of telo-
meres from segregants with the
indicated genotype. Two inde-
pendent, haploid segregants are
shown for each genotype. Me-
dian telomere length is quanti-
tated in Figure S1, A–C. (B)
Haploid cells were passaged on
solid media for �120 population
doublings to decrease telomere
length heterogeneity. Segregants
are from JHUy937-1. Two biolog-
ical replicates were assayed after
120 population doublings for
each genotype. (C) Segregants are
from yRK6002 and yRK6003. (D)
Both Rad53 and rad53124/9212AQ

are epitope tagged with a 3xFLAG
tag. Haploids were passaged for
�100 population doublings. Segre-
gants are yRK6008-1, yRK6008-2,
yRK6009-1, yRK6009-2, yRK6010-1,
yRK6010-2, yRK6011-1, yRK6011-2,
yRK6012-1, yRK6012-2, yRK6013-1,
yRK6013-2, yRK6014-1, yRK6014-2,
yRK6015-1, and yRK6015-2.
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cells were picked from the streak dilution and restreaked to
single cell again on a fresh plate. Each passage is estimated to
require �20 population doublings. Therefore, a strain pas-
saged five times undergoes a total of �120 population dou-
blings. At the desired number of passages, cells were
inoculated into a 5 ml liquid YPD culture and grown at 30�
overnight or until saturated. Cell pellets were saved at 220�
until all time points had been collected, at which time geno-
mic DNA was extracted. Images of the plates at specific time
points were taken to document potential growth defects.

MRX-tag and mrx-18A strain construction

An yRK1006 MRE11-3HA-URA3 segregant was mated to an
yRK2040 RAD50-G6-V5-LEU2 segregant, yielding yRK1. The
XRS2-13myc-hphMX4 construct (pRK1028) was transformed
into yRK1, yielding yRK60. A MRX-tag haploid (yRK60 seg-
regant) was mated to amec1D sml1D haploid (JHUy816 seg-
regant) to yield yRK79 and yRK80. The mrx-18A parental
diploids were constructed in a manner parallel to the
MRX-tag parental diploids. A yRK1052 mre11-4A-3HA-URA3
segregant was mated to a yRK2082 rad50-10A-G6-V5-TRP1
segregant, yielding yRK26. The xrs2-4A-13myc-hphMX4
construct (pRK1040) was transformed into yRK26, yielding
yRK56. A mrx-18A haploid (yRK56 segregant) was mated
to a mec1D sml1D haploid (yYM242 segregant) to yield
yRK81 and yRK83. Mutations were confirmed again in
yRK81 and yRK83 by sequencing.

rad50S knock-in using CRISPR/Cas9

Guide RNA sequences were chosen using the algorithms
published by Doench et al. via the Benchling (Biology Soft-
ware 2019) interface (Doench et al. 2016). Two guides, RW
670 and RW 671, were individually cloned into pCAS026
using the strategy described previously (Anand et al. 2017).
Guide RNA sequences are listed in Table S3. Double-stranded
homology repair templates were amplified (primers RW
674 and RW 675) using a 90-mer oligonucleotide as the
template. The repair template was designed to both intro-
duce the rad50S mutation (Lys81Ile) (Alani et al. 1990)
and introduce a silent mutation in the protospacer adjacent
motif sequence. The 90-mer oligonucleotide RW 672 was
used as the template for the RW 670 guide and 90-mer oli-
gonucleotide RW 673 was used as the template for the RW
671 guide. Solid Phase Reversible Immobilization beads
(B23318; Beckman Coulter) were used to purify the repair
template before transformation. yRK114 haploid cells were
cultured for transformation as described above, except that
no carrier DNAwas added and 100ml of cells were used in the
transformation reaction. Cells were transformed with 1 mg of
pCAS026 containing the appropriate guide and 4–5 mg of
double-stranded repair template. Cells were grown
on minimal media without uracil to select for cells that con-
tained the pCAS026 plasmid. The rad50S allele was vali-
dated by sequencing. yRK2112 was edited using the RW
670 guide, while yRK2116 was edited using the RW
671 guide. yRK2113 was transformed with pCAS026

containing the RW 670 guide but was not edited and was
used in parallel to serve as a control. Haploids were streaked
on minimal media containing 5-fluoroorotic acid (F595000;
Toronto Research Chemicals) to select against the pCAS026
plasmid, followed by five passages on YPD plates before telo-
mere elongation was observed by Southern blot (data not
shown).

Southern blots and quantitative analysis

Genomic DNA was extracted and used for Southern blot
analysis as described previously (Kaizer et al. 2015). Briefly,
a cell pellet of �50 ml was resuspended in 13 lysis buffer
(10 mM Tris, pH 8.0, 0.5 M EDTA, pH 8.0, 100 mMNaCl, 1%
SDS, 2% Triton X-100) and cells were lysed in the presence of
0.5 mm glass beads (11079105; Biospec Products). Phenol-
chloroform (50:50) was added and cells were vortexed for
8 min (Eppendorf mixer 5432). The DNA was ethanol pre-
cipitated and resuspended in 40–50 ml TE (10 mM Tris, pH
8.0, 1 mM EDTA) with RNaseA (R6513, 10 mg/ml; Sigma) at
37� for 1 hr or 4� overnight.

Samples were cut with the restriction enzyme XhoI and
electrophoresed at 47 V (12 mA) on a 1.0% agarose in 13
TTE buffer (20x = 1.78 M Tris base, 0.57 M taurine,
0.01 M EDTA) for �24 hr. A total of 200 ng of two-log DNA
ladder (N3200; New England Biolabs) was included for ref-
erence. The genomic DNA was transferred to a Hybond N+
membrane (RPN303B; GE Healthcare) by vacuum blotting
(Boekel Appligene vacuum blotter) for 1 hr at 50 mbar with
the gel covered in 103 SSC buffer (1.5 M NaCl, 0.17 M so-
dium citrate). Once transferred, the DNAwas UV cross-linked
(UV Stratalinker 2400; Stratagene, La Jolla, CA). The mem-
brane was prehybridized in Church buffer (0.5 M Tris, pH
7.2, 7% SDS, 1% bovine serum albumin, 1 mM EDTA) at
65�, then a32P-dCTP–radiolabeled (Perkin Elmer, Norwalk,
CT) fragments of the Y’ element and the two-log DNA ladder
were added at 106 cpm/ml and 104 cpm/ml, respectively. The
membrane was incubated with the radiolabeled probe over-
night, washed in 13 SSC, 0.1% SDS buffer at 65�, imaged
with a Storage Phosphor Screen (GE Healthcare) overnight,
and then scanned on a Storm 825 imager (GE Healthcare).
The images were copied from ImageQuant TL (GE Life Sci-
ences) to Adobe PhotoShop CS6 and saved as .tif files. The
images were cropped in Adobe PhotoShop CS6 to show both
internal Y’ elements at the top and the telomere restriction
fragment (TRF) band.

Telomere length was quantified in ImageQuant TL. The
median TRF length was measured as the point of highest
intensity in the Y’ telomere fragment distribution. The length
in base pairs was determined by comparison to the two-log
DNA ladder. Where possible, ladders were loaded in multiple
wells across the gel to account for minor differences in mi-
gration. The length of each TRF was normalized to the length
of the wild-type sample in the same gel. In cases where the
samewild-type sample was run on the Southern blot multiple
times, the average is reported. Samples were only considered
biological replicates if they had been passaged the same
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number of times as passaging may affect telomere length.
Data were graphed using GraphPad Prism 5.0b. An unpaired
two-tailed Student’s t-test was performed between samples
to determine statistical significance.

Western blots

Protein extracts were prepared by trichloroacetic acid extrac-
tion (Link and LaBaer 2011). Samples were resolved on a
NuPAGE 3–8% Tris-Acetate gradient polyacrylamide gel
(EA0375; Invitrogen, Carlsbad, CA) in 13 Tris-Acetate run-
ning buffer (LA0041; Invitrogen) using the Invitrogen
NuPAGE system with protein ladder standards (161-0374;
Bio-Rad, Hercules, CA). The gel was transferred by electro-
blotting to a PVDF membrane (IPFL00010; Thermo Fisher)
using NuPAGE transfer buffer (20x: 40.8 g bicine, 52.4 g
Bis-Tris, 3.0 g EDTA) at 30 V for 1.5 hr. The membrane was
blocked with Odyssey buffer (Li-Cor 927–40000) for 1 hr at
room temperature or overnight at 4�. Primary antibodies
were diluted in blocking buffer and incubated at room tem-
perature for 1 hr [Sigma-Aldrich M2 Flag at 1:1000 (Sigma-
Aldrich); 22C5D8 Pgk1 at 1:6000 (Invitrogen); 12CA5 HA at
1:2000 (Roche); R960-25 V5 at 1:2000 (Invitrogen); and
9E10 c-myc at 1:10,000 (Santa Cruz Biotechnology)]. The
membrane was washed in 13 Tris-buffered saline with
Tween-20 (TBST) buffer (10x TBST: 0.2 M Tris base, 1.5 M
NaCl, 0.1% Tween-20) before incubation at room tempera-
ture for 30 min with a horseradish peroxidase–conjugated
secondary antibody (1706516; Bio-Rad at 1:10,000) in 5%
powdered milk (170-6404; Bio-Rad) resuspended in 13
TBST. The membrane was washed in 13 TBST and then in-
cubated with Forte horseradish peroxidase substrate
(WBLUF0100; Millipore, Bedford, MA) followed by imaging
on ImageQuant LAS 4000 mini biomolecular imager (GE
Healthcare). The images were copied from ImageQuant to
Adobe PhotoShop CS6 and saved as .tif files. Western blots
were quantified using ImageQuant TL. The pixel volume was
calculated for each band using boxes of fixed size across the
blot. The volume for each sample was normalized to the Pgk1
volume for that lane and then taken as a ratio to the first
tagged sample on the blot. Data were graphed using
GraphPad Prism 5.0b. An unpaired two-tailed Student’s
t-test was performed between samples.

Mutagen challenge spotting assay

Strains of interest were inoculated to an initial OD600 of
0.15–0.25 in 8–10ml YPD.Once the density reached anOD600
of 0.5–0.6, the culture was split into untreated and treated
samples. 4-Nitroquinoline (N8141; Sigma) was resuspended
in acetone at a stock concentration of 1 mM. Bleomycin
(15U, C103610; Fresenius Kabi) was dissolved in 10 ml sterile
water and used as a 1 mg/ml stock. Hydroxyurea (H9120;
US Biologicals) was resuspended in sterile water at a stock
concentration of 1 M. Methyl methanesulfonate (MMS)
(129925; Sigma) was treated as 100%. The appropriate
chemical was added to each treated sample and cultured at
30� with slight agitation for 1–2 hr, as indicated in the figure

legends. Untreated samples were cultured in parallel. Cell pel-
lets of equal density were collected for each sample based on
the OD600. The size of the cell pellet varied between experi-
ments from 0.6 OD to 4.0 OD, as indicated in the figure leg-
ends. Each pellet was resuspended in 1 ml YPD and serially
diluted 1:5 in YPD in a 96-well dish. A total of 4 ml of each
dilution was spotted onto a YPD plate and the plates were
cultured at 30� for 48 hr, before being imaged on a Bio-Rad
Gel Doc XR+ Imaging System under white light, using Image
Lab v6.0.1 software.

Quantitative MMS time-course survival assay

Freshly grown strains of interest were inoculated to an initial
OD600 of 0.2–0.3 in 6 ml YPD. Once density reached 0.5–0.6
OD600, an untreated sample was plated for each strain be-
fore cells were treated with 0.01% MMS. Thirty-minute time
points were taken up to 120 min for each strain. A Millipore
Scepter with 40mm tips was used tomeasure cells/ml at each
time point. Approximately 500 cells were plated across five
YPD plates, with �100 cells per plate, for each strain and at
each time point. Samples were blinded before plating and the
plates were incubated at 30� for 48 hr. Colony forming units
were counted for each blinded sample and once all plates
were counted, the results were unblinded. At each time point
the number of colonies was calculated as a proportion: the
total number of colonies for that strain at that time point
relative to the total number of colonies for that strain at the
untreated time point (t = 0). Data were graphed using
GraphPad Prism 5.0b and the SE of the mean is shown.

Plasmid end-joining assay

Cells were cultured and treated as described above for yeast
transformation. Once density reached an OD600 of 0.6–0.8
the cells were transformed with 100 ng of StuI-linearized
pRS317 (Sikorski and Boeke 1991), which generates blunt
ends, or with 100 ng of circular pRS317. A total of 50 mg
boiled fish sperm carrier DNA (11467140001; Roche) was
added to both linear and circular transformation reactions.
Three replicate transformations were performed for both lin-
ear and circular plasmids for each strain. Samples were
blinded and cells were plated on minimal media without
lysine. After 48 hr of incubation at 30�, colony forming units
were counted. Once all plates were counted, samples were
unblinded. The average number of colonies of the three rep-
licates containing circular DNAwas calculated for each strain.
Each linear DNA transformation was treated as a technical
replicate. The number of colonies from each linear DNA
transformation plate was normalized to the average number
of colonies of circular DNA for that strain. Data were plotted
and analyzed in GraphPad Prism 5.0b. An unpaired two-
tailed Student’s t-test was performed between samples.

Data availability

All strains and plasmids are available upon request. Table S1
contains all strains used in this study. Table S2 contains all
plasmids used in this study and a brief description of their
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purpose. Table S3 contains all primers used in this study and a
brief description of their purpose. Table S4 is the reagent table
for this study and provides a reference for all genes, strains,
software, and many reagents used in this study. File S1 has a
detailed explanation of how all plasmids used in this study
were constructed. Supplemental material available at fig-
share: https://doi.org/10.25386/genetics.10029161.

Results

Rad53 regulates telomere length through the
Mec1 pathway

Rad53 kinase is a candidate substrate that could mediate
telomere length, since both Tel1 and Mec1 phosphorylate
Rad53 (Nakada et al. 2003b) and RAD53mutants show telo-
mere shortening (Longhese et al. 2000). We used epistasis
and mutational analyses to examine whether Rad53 func-
tions in the Tel1 or Mec1 telomere length pathway (Figure
1A). We deleted either SML1 or CRT1, regulators of dNTP
pools that were previously shown to suppress the lethality of
mec1D and rad53D (Huang et al. 1998; Zhao et al. 1998).
While it is most common in the literature to use sml1D to
rescue mec1D lethality, there is evidence that SML1 deletion
can mask telomere length phenotypes (Ritchie et al. 1999;
Longhese et al. 2000). Therefore, we initially compared the
effects of deleting sml1D or crt1D on telomere length in tel1D
or mec1D mutants.

All of our experiments were carried out in haploid yeast;
however, to avoid telomere length changes that can occur
with long term propagation of haploids, we standardly gen-
erated fresh haploids by sporulating heterozygous diploids
(see Materials and Methods). We generated diploid strains
that were heterozygous for TEL1/tel1D, MEC1/mec1D,
SML1/sml1D, and CRT1/crt1D and then sporulated to obtain
haploids with specific mutant combinations. To quantitate
subtle telomere length differences, we measured the median
TRF length relative to the wild-type sample in the same
Southern for multiple replicates of the same genotype (see
Materials and Methods). While sml1D (0.994) cells and
mec1D sml1D (0.968) cells had telomeres not significantly
different from wild-type cells (P . 0.05), crt1D cells had
slightly shorter telomeres (0.912) than wild-type cells, and
mec1D crt1D telomeres were significantly shorter (0.875)
(P = 0.0440) (Figure 1B, compare lanes 2–5 to lanes 6 and
7 and to lanes 8 and 9; quantitation in Figure S1A). mec1D
crt1D telomeres were similar to the shorter telomeres
reported in mec1-14 and mec1-21 cells (Ritchie et al. 1999;
Longhese et al. 2000). While tel1D sml1D cells showed short
telomeres (0.826) that were not significantly different from
tel1D mutants (0.827) (P . 0.05), tel1D crt1D telomere
lengths appear even shorter (0.767) than tel1D sml1D, al-
though were not statistically distinct from tel1D (P . 0.05)
(Figure 1B, compare lanes 14 and 15 to lanes 16 and 17 to
lanes 18 and 19; quantitation in Figure S1A). We conclude
that sml1D masks the short telomere phenotype of mec1D
cells, as shown previously (Ritchie et al. 1999; Longhese

et al. 2000). However, crt1D does not, although it does have
a mild telomere shortening effect on its own.

To examine whether Rad53 plays a role in the Tel1 or
Mec1 telomere length pathway, we generated diploids het-
erozygous for TEL1/tel1D, MEC1/mec1D, RAD53/rad53D,
and CRT1/crt1D and sporulated to obtain specific mutant
combinations. We observed that crt1D suppresses rad53D
lethality, consistent with previous reports (Figure S2B)
(Huang et al. 1998). We compared mec1D crt1D telomeres
(0.965) to mec1D rad53D crt1D telomeres (0.959). There
was no apparent additive shortening and no significant dif-
ference (P . 0.05) between the median TRF length (Figure
1C, compare lanes 5 and 6 to lanes 7 and 8; quantitation in
Figure S1B), which is consistent with Rad53 functioning in
theMec1 telomere length regulation pathway. In contrast, we
found there was additive shortening when we compared
tel1D rad53D crt1D telomeres (0.839) to tel1D crt1D telo-
meres (0.888), where tel1D rad53D crt1D telomeres were
significantly shorter (P= 0.0112) (Figure 1C, compare lanes
11 and 12 to lanes 15 and 16; quantitation in Figure S1B),
supporting the conclusion that Tel1 and Rad53 are in differ-
ent length regulation pathways. However, tel1D rad53D
crt1D telomeres (0.839) were slightly, but significantly (P =
0.0111), longer than tel1D mec1D crt1D telomeres (0.795)
(Figure 1C, compare lanes 11 and 12 to lanes 13 and 14;
quantitation in Figure S1B), suggesting that either Rad53
has functions in both the Tel1 and Mec1 telomere length
pathways or that Rad53 acts exclusively in theMec1 telomere
length pathway which also relies on additional Mec1 sub-
strates for telomere length regulation.

Phosphorylation of Rad53 on S/T-Q motifs regulates
telomere length

To examine the role of Rad53 as a Tel1/Mec1 substrate that
mediates telomere length, we examined a Rad53 mutant
where Tel1/Mec1 S/T-Q phosphorylation motifs were mu-
tated to A-Q. Previous work demonstrated that a subset of
the Rad53 S/T-Q motif clusters are critical for Rad53 func-
tion in the DNA damage response and that this mutant,
rad53124/9212AQ, could not respond to Mec1 or Tel1 regula-
tion (Lee et al. 2003). Both Rad53 and rad53124/9212AQ were
viable when expressed off of a plasmid using the endogenous
promoter in rad53D cells and did not require codeletion of
SML1 or CRT1 (Figure S3A and data not shown). We inte-
grated 3xFLAG-tagged rad53124/9212AQ or 3xFLAG-tagged
RAD53 at the endogenous locus in TEL1/tel1D,MEC1/mec1D,
CRT1/crt1D diploid cells to better control the segregation
of these alleles. Rad53 and rad53124/9212AQ were stably
expressed, as shown previously (Lee et al. 2003) (data
not shown). Unlike the plasmid expression system, we
noted that integrated rad53124/9212AQ is lethal unless
it cosegregates with sml1D or crt1D (Figure S3B). While
the RAD53-tag cells had slightly shorter telomeres
(0.977) than wild type, there was additional shortening in
rad53124/9212AQ crt1D cells (0.911) compared to RAD53-tag
crt1D cells (0.946) (Figure 1D, compare lanes 7 and 8 to
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lanes 5 and 6; quantitation in Figure S1C), demonstrating
that phosphorylation of Rad53 contributes to telomere
length regulation.

We did not observe additive shortening in mec1D
rad53124/9212AQ crt1D cells (0.922) compared to mec1D
crt1D cells (0.916) or rad53124/9212AQ crt1D cells (0.911)
(Figure 1D, compare lanes 15 and 16 to lanes 17 and
18 and lanes 13 and 14; quantitation in Figure S1C), consis-
tent with Mec1 targeting these phosphorylation sites. In con-
trast, we observed additive shortening in tel1D rad53124/9212AQ

crt1D cells (0.775) compared to rad53124/9212AQ crt1D cells
(0.911) or to tel1D crt1D cells (0.804) (Figure 1D, compare
lanes 9 and 10 to lanes 7 and 8 and to lanes 11 and 12;
quantitation in Figure S1C), further supporting the conclu-
sion that Tel1 and Rad53 are in different pathways. This
additive telomere shortening suggests that Rad53 is
primarily in the Mec1 telomere length pathway.

Tel1-hy909 requires Rad53 for DNA damage response
but not for telomere length regulation

To directly examine whether Tel1 telomere length regulation
is Rad53-dependent, we performed epistasis analysis with
rad53D crt1D and a Tel1 hypermorphic allele, TEL1-hy909,
which has increased Tel1 kinase activity, increased DNA dam-
age response function, and long telomeres (Baldo et al.
2008). We generated diploids heterozygous for TEL1/TEL1-
hy909, RAD53/rad53D, and CRT1/crt1D and diploids hetero-
zygous for TEL1/TEL1-hy909, MEC1/mec1D, and CRT1/crt1D.
We first examined the DNA damage response in haploid cells
by challenging them with a DNA-damaging agent, MMS.
Consistent with previous data, mec1D crt1D cells were sensi-
tive to DNA damage while TEL1-hy909 mec1D crt1D cells
were not (Figure 2A) (Baldo et al. 2008). This indicates that
the Tel1 hypermorph can rescue the DNA damage response
in amec1Dmutant. Likemec1D crt1D, the rad53D crt1D cells
were also sensitive to DNA damage (Figure 2B). However,
unlike TEL1-hy909 mec1D crt1D cells, TEL1-hy909 rad53D
crt1D cells were still sensitive to MMS challenge (Figure
2B). Further, while TEL1-hy909 was able to rescue mec1D
lethality (Figure S2B), as previously shown (Baldo et al.
2008), TEL1-hy909 was not able to rescue rad53D lethality
(Figure S2A). Western blot analysis showed that there were
similar levels of the 2xFlag-tagged Tel1-hy909 in TEL1-hy909
crt1D cells, TEL1-hy909 mec1D crt1D cells, and TEL1-hy909
rad53D crt1D cells (Figure S4A). These data indicate that
Rad53 mediates the Tel1-hy909 DNA damage response.

We next examined telomere length in TEL1-hy909 and
TEL1-hy909 rad53D crt1D mutants. TEL1-hy909 rad53D
crt1D cells initially had an intermediate telomere length be-
tween TEL1-hy909 and rad53D crt1D (Figure 2C). This indi-
cates that either Rad53 has a partially redundant role in the
Tel1 telomere length regulation pathway or that Rad53 and
Tel1 function in independent pathways. We noted that in-
dependent segregants had variable telomere lengths (Figure
2C, compare lanes 5 and 6). Indeed, even the wild-type telo-
meres were heterogeneous (Figure 2C, lanes 1, 2, 9, and 10).

The TEL1-hy909 allele was reported to be dominant to Mec1
in the DNA damage response (Baldo et al. 2008). Therefore,
we were not surprised to observe that TEL1-hy909 has a
dominant effect on telomere length as TEL1/TEL1-hy909 pa-
rental diploids have significantly longer telomeres than
TEL1/TEL1 diploids (Figure S4B). We attribute the differ-
ences observed in independent haploid segregants to clonal
effects generated by segregation from a very heterogeneous
telomere population in the TEL1-hy909 parental diploid. Be-
cause each segregant begins as a single cell, the initial telo-
meres length could start anywhere along the wide telomere
length distribution. Thus, the new length distribution is
established at a slightly different midpoint for each clone.
This phenomenon of clonal variation in telomere distribu-
tions was previously described (Shampay and Blackburn
1988), and is greatly exacerbated in long telomere mutants.
To reduce the clonal variation and examine the effect of
Rad53, we passaged cells for �120 population doublings
and repeated the Southern blot. Because of the clonal varia-
tion, extensive telomere length variance, and easily apparent
effects on telomere length, we did not use quantification in
experiments with TEL1-hy909. We reasoned that if Rad53
was important for Tel1-hy909 telomere elongation then telo-
meres would not further elongate with increased divisions in
the absence of Rad53. However, we observed that in TEL1-
hy909 rad53D crt1D passaged cells, telomeres elongated
from passage 1 to passage 5 (Figure 2D, compare lanes 9 to
11 and 10 to 12) and the variability in rad53D crt1D cells was
reduced (Figure 2D, compare lanes 5 to 7 and 6 to 8). This
suggests that Rad53 is not required for Tel1-hy909 telomere
lengthening, which is in stark contrast to the Rad53 depen-
dence of Tel1-hy909 for the DNA damage response (Figure
2B). Together, these data suggest that Rad53 functions in the
Mec1 telomere length pathway, but is not required in the Tel1
telomere length pathway.

S/T-Q sites in MRX are not required for DNA damage
response or telomere length regulation

Having found that Rad53 is not essential to mediate the Tel1
telomere length response, we next tested whether the MRX
complex might be a critical Tel1 substrate. In both yeast
and mammalian cells, all three components of the MRX(N)
complex are phosphorylated by Tel1/Mec1 (ATM/ATR)
(D’Amours and Jackson 2001; Nakada et al. 2003b; Smolka
et al. 2007; Albuquerque et al. 2008; Bastos de Oliveira et al.
2015; Lavin et al. 2015). Tel1 and Mec1 have a well-charac-
terized and conserved S/T-Q phosphorylation motif (Kim
et al. 1999). Previous work showed that mutation of all
S/T-Qmotifs in Xrs2 to A-Q had no effect on the DNA damage
response or on telomere length (Mallory et al. 2003). To
further probewhetherMRX phosphorylation affects function,
we mutated all S/T-Q motifs across the entire MRX complex
and examined the effect on DNA damage response and telo-
mere length.

Each MRX gene was epitope-tagged, the S/T-Qs were
mutated to A-Qs, and the constructs were integrated at the
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Figure 2 Tel1-hy909 requires Rad53 for the DNA damage response but not telomere elongation. (A and B) Yeast dilution series of untreated cells or cells
cultured in 0.02% MMS for 1 hr. The genotype is indicated to the left of the panels. (A) Segregants are from yRK5126 and yRK5127. (B) Segregants are from
yRK5028 and yRK5059. (C) Southern blot analysis of telomeres from segregants with the indicated genotype. Two independent, haploid segregants are shown
for each genotype. Additional biological replicates were assayed for each genotype:WT, n = 35; TEL1-hy909, n = 42; TEL1-hy909 rad53D crt1D, n = 6; rad53D
crt1D, n = 5. Because the TEL1-hy909 hypermorph elongates telomeres in the parental diploid (Figure S4B), we observed increased telomere length hetero-
geneity across all genotypes in the haploid segregants and observe the wild-type segregant telomeres were longer compared to other Southern blots.
Segregants are from yRK5028 and yRK5059. (D) Southern blot analysis of telomeres from segregants with the indicated genotype. Segregants were passaged
on solid media for �120 population doublings. Passage number is indicated: 1 = first passage or 5 = fifth passage. Segregants are from yRK5028. Additional
biological replicates examined for P1 samples, see Figure 2C legend. Two biological replicates were assayed for each genotype at P5.
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endogenous locus (Figure 3A). We generated three strains
with each gene individually mutated at all S/T-Q sites,
termedmre11-4A, rad50-10A, and xrs2-4A, as well as a strain
containing all three mutants, termed mrx-18A (see Materials
and Methods). As a control, we generated three strains in
which each protein is epitope-tagged but has wild-type cod-
ing sequence and a strain which has all three MRX complex
components epitope-tagged, referred to asMRX-tag. Individ-
ually, and in combination with one another, the altered pro-
teins were stable as determined by Western blot, indicating
that mutations do not affect protein stability (Figure 3B and
Figure S5A).

To examine the role of Tel1 and Mec1 phosphorylation of
MRX on the DNA damage response, we tested the mrx-18A
mutant for MMS sensitivity. None of the MRX S/T-Q mutants
individually or in combination showed increased sensitivity
to MMS, hydroxyurea, bleomycin, or 4-nitroquinoline (Fig-
ure S5B and data not shown). We noted tel1D alone also does
not have detectable MMS sensitivity (Figure S5B), but there
is an observable increase in MMS sensitivity in tel1D mec1D
sml1D compared to mec1D sml1D (Figure S5C). To take
advantage of this increased sensitivity, we put mrx-18A and
MRX-tag in the sensitized background of mec1D sml1D and
assayed cells for an increased MMS sensitivity compared to
mec1D sml1D alone.

Using the spotting assay, it was difficult to determine
whether the sensitivity of mrx-18A mec1D sml1D cells was
increased compared to MRX-tag mec1D sml1D cells (Figure
S5C). To quantify the subtle DNA damage defect of mrx-18A
mec1D sml1D cells we used a more sensitive time-course mu-
tagen survival assay where colony forming units are counted
after treatment with MMS for increasing lengths of time. In
this quantitative assay we observed no difference in MMS
sensitivity between mrx-18A mec1D sml1D cells compared
to MRX-tag mec1D sml1D (Figure 3C). We also noted in this
assay that MRX-tag mec1D sml1D cells were slightly more
sensitive thanmec1D sml1D, suggesting the tags have a small
effect on MRX complex function (Figure 3C). The epitope
tags do not greatly disrupt function as this small effect was
only observed in a mec1D sml1D sensitized background. No
increased sensitivity was observed by spotting assay in re-
sponse to 4-nitroquinoline, bleomycin, or hydroxyurea (Fig-
ure S6, A–C). As a control, we also examined mrx-18A tel1D,
and found no increased MMS sensitivity (Figure S6D).

In addition to its role in homology-directed repair, MRX
alsoplays a critical role innonhomologousend joining (NHEJ)
in yeast (Moore andHaber 1996).We tested the effect ofmrx-
18A on NHEJ using a plasmid religation assay (Boulton and
Jackson 1996), and found no effect of mrx-18A compared to
MRX-tag (Figure 3D). These data suggest that phosphoryla-
tion of MRX on S/T-Q sites does not play a major role in
NHEJ.

Individual mutant subunits, mre11-4A, rad50-10A, and
xrs2-4A, telomere length was not significantly different
(P . 0.05) from epitope-tagged controls (Figure 3E, quanti-
tation in Figure S7A). We found MRX-tag cells (0.916)

exhibited statistically significant (P , 0.0001) telomere
shortening compared to untagged alleles (1.000), consistent
with a slight defect seen in the DNA damage assay; however,
mre11D telomeres (0.815) were significantly shorter by
comparison (P , 0.0001). We next compared the telo-
mere length phenotype of the mrx-18A (0.916) to MRX-tag
telomere length (0.921) and found no significant effect
(P . 0.05) (Figure 3F; quantitation in Figure S7B). To de-
termine whether a change in telomere length would be
seen after further cell divisions, we passaged mrx-18A cells
for �120 population doublings and still saw no significant
effect on telomere length (Figure S7, C and D). These data
suggest that phosphorylation of the MRX complex by Tel1 or
Mec1 on S/T-Q sites is not critical for telomere length
regulation.

MRX is required downstream of Tel1 for the DNA
damage response but not telomere length

The lack of requirement for MRX phosphorylation by Tel1 or
Mec1 raised the question of whether MRX is required down-
stream of Tel1. Because double mutants of either mre11D,
rad50D, or xrs2D with tel1D produces a short telomere phe-
notype similar to any individual mutant, it is not possible to
establish epistasis. Therefore, we performed epistasis analy-
sis with the TEL1-hy909 hypermorphic allele and mre11D,
rad50D, or xrs2D. As described earlier, TEL1-hy909 elongates
telomeres and provides a stark contrast to the short telomeres
inmre11D, rad50D, or xrs2D cells. Many studies have shown
Tel1 and MRX act in the same pathway and Xrs2 has been
shown to recruit Tel1 to double-strand breaks (Nakada et al.
2003a) and to telomeres (Hector et al. 2007; Sabourin et al.
2007). Current models of DNA repair indicate that MRX first
recruits Tel1 to a DNA double-strand break and activates the
kinase, Tel1 then phosphorylates MRX, and then MRX, with
other nucleases, processes DNA ends for repair (Oh and
Symington 2018; Paull 2018). Analogous pathways have
been proposed for Tel1 and MRX in telomere length regula-
tion, (Nugent et al. 1998; Tsukamoto et al. 2001; Viscardi
et al. 2007; Bonetti et al. 2009) predicting that the MRX
complex is downstream of Tel1 and that the MRX complex
should be epistatic to Tel1 in both the DNA damage response
and telomere length regulation.

To examine the epistasis of MRX and Tel1, we generated
strains heterozygous for TEL1/TEL1-hy909, MEC1/mec1D,
and SML1/sml1D together with individual heterozygous de-
letions of mre11D, rad50D, or xrs2D and initially examined
the DNA damage response. We observed the TEL1-hy909
mre11D double mutants were as sensitive to MMS as
mre11D alone (Figure 4A), consistent with previous work
(Baldo et al. 2008). The other two double mutants, TEL1-
hy909 rad50D and TEL1-hy909 xrs2D, were also both
MMS-sensitive (not shown). These results support a role
for MRX downstream of Tel1 in the DNA damage response,
as previously reported (Moore and Haber 1996; Usui et al.
2001). We found that, surprisingly, TEL1-hy909 mec1D
mre11D spores were inviable, indicating the rescue of
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Figure 3 The mrx-18A S/T-Q mutant does not affect the DNA damage response, NHEJ, or telomere length. (A) Domain structure of the MRX complex
indicating location of S/T-Q motifs with data from Lee et al. 2013; Shima et al. 2005; Becker et al. 2006 and are consistent with NCBI annotation
(Mre11: BAA02017.1, Rad50: CAA65494, Xrs2: AAA35220.(1). S/T-Q motifs are indicated with a bar and the corresponding S or T residue number. (B)
Western blots examining stability of the MRX complex in MRX-tag and mrx-18A strains. Quantitation was performed relative to Pgk1 loading control
and normalized to the second lane of the Western blot. The average relative protein level in MRX-tag cells was 1.11 for Mre11-3HA, 1.07 for Rad50-G6-
V5, and 0.88 for Xrs2-13myc. The average protein level in mrx-18A cells was 1.01 for mre11-4A-3HA, 1.02 for rad50-10A-G6-V5, and 0.69 for xrs2-4A-
13myc. By unpaired two-tailed Student t-test there was no significant difference between the tagged and mutant-tagged protein for any MRX complex
component. Strains used in the Western blot are derived from yRK79, yRK80, yRK81, and yRK83. (C) Proportion of colonies on cells treated with 0.01%
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mec1D lethality by TEL1-hy909 is MRX-dependent (Figure
S8). This was also true for TEL1-hy909 mec1D rad50D and
TEL1-hy909 mec1D xrs2D (not shown).

We next examined telomere length in TEL1-hy909
mre11D, TEL1-hy909 rad50D, and TEL1-hy909 xrs2D double
mutants and found that, surprisingly, in all three cases the
double mutants had long telomeres, similar to TEL1-hy909
alone (Figure 4B). This indicates that, unlike the DNA dam-
age response, MRX is not epistatic to Tel1 for telomere
length. Because this result differs from previous findings,
we repeated the experiment in the strain background
(W303) used in the previous study (Baldo et al. 2008). In
this separate analysis, again all three independently derived
double mutants TEL1-hy909 mre11D, TEL1-hy909 rad50D,
and TEL1-hy909 xrs2D showed long telomeres consistent
with our initial findings (Figure S9A). We also passaged
TEL1-hy909 xrs2D for 120 population doublings to see if
shortening might occur with further divisions. Instead, we
found telomeres elongated further with passaging (Figure
S9B). This was also true for TEL1-hy909 mre11D and TEL1-
hy909 rad50D cells in the BY andW303 backgrounds (Figure
S9C and not shown). These data suggest that MRX is not
required downstream of Tel1-hy909 to carry out telomere
elongation.

To further investigate the requirement of nuclease activity
at the telomere, we tested the epistatic relationship between
TEL1-hy909 and deletion of Sae2 (CtIP), which stimulates
Mre11 (Lengsfeld et al. 2007), or Exo1, which extends
Mre11-initiated resection at a double-strand break (Garcia
et al. 2011) and has been suggested to play a role in telomere
processing (Moreau et al. 2001). We generated diploid
strains that were heterozygous for TEL1/TEL1-hy909,
MRE11/mre11D, and EXO1/exo1D, and diploid strains that
were heterozygous for TEL1/TEL1-hy909, MRE11/mre11D,
and SAE2/sae2D. Both the double mutant TEL1-hy909
exo1D and the triple mutant TEL1-hy909 mre11D exo1D
had long telomeres similar to TEL1-hy909 alone (Figure 4C,
compare lanes 5 and 6 to lanes 7 and 8 and to lanes 11 and
12). We found a similar result with sae2D: both the double
mutant TEL1-hy909 sae2D and the triple mutant TEL1-hy909
mre11D sae2D cells had long telomeres, similar to
TEL1-hy909 alone (Figure 4D, compare lanes 5 and 6 to lanes
7 and 8 and to lanes 11 and 12). As compared to TEL1-hy909

cells, which exhibit a single, continuous telomere distribu-
tion, we noted that many segregants derived from these het-
erozygous diploids had multimodal telomere length
distributions. Because the multimodal distribution was pre-
sent in wild-type haploids, in addition to haploids lacking
Mre11, Exo1, and/or Sae2, we attribute this to an increase
in telomere or subtelomere recombination during meiosis.
The long telomeres in both triple mutants indicate that nei-
ther Exo1 nor Sae2 is compensating for the loss of Mre11.
These data support the conclusion that telomere resection by
Mre11/Sae2 or Exo1 is not required for telomere elongation.

rad50S activates Tel1 for telomere length maintenance

The ability of Tel1-hy909 to generate long telomeres in the
absence of MRX suggests that this hypermorph is constitu-
tively active as it does not require activation by MRX. As an
independent approach to determine whether MRX is only
required upstream of Tel1 in telomere length regulation,
we performed a similar epistasis experiment using tel1D
and a previously identified MRX complex mutant, rad50S
(Alani et al. 1990). rad50S produces a long telomere pheno-
type that has been attributed to increased Tel1 activation
(Kironmai andMuniyappa 1997). rad50Smutants are reported
to have a sporulation defect (Usui et al. 2001), therefore
we initiated these experiments in haploid cells. We used
CRISPR/Cas9 to knock-in the rad50S allele at the endoge-
nous RAD50 locus (Anand et al. 2017). Elongated telomeres
were observed after cells were passaged for�120 population
doublings (Figure 5A). In these haploids, we subsequently
introduced a tel1D or TEL1-hy909 allele at the TEL1 locus.
As a control, parallel strains were generated where amre11D
allele was introduced at the MRE11 locus. Without Mre11,
rad50S should not be able function in the MRX complex and
the hypermorph activity will not be observed. Telomere
shortening was observed in rad50Smre11D cells, as expected
(Figure 5A). rad50S tel1D double mutants showed short telo-
meres, similar in length to tel1D (Figure 5A), indicating that
Tel1 is required for the telomere elongation seen in rad50S
cells. We also found that rad50S TEL1-hy909 had very long
telomeres, similar to TEL1-hy909 (Figure 5B) and consistent
with both mutant alleles acting in the same pathway. Our
data indicate that MRX activates Tel1 but does not contribute
to processing of telomeres to allow telomere lengthening

MMS over 120 min (see Materials and Methods). Proportion is calculated as the number of colonies at a given time point relative to the number of
colonies for that genotype at t = 0. The average and SE of the mean of six technical replicates is plotted for each genotype with error bars only going
upward for clarity. Strains included are yRK114, yRK128, yRK104, and yRK92. (D) Plasmid end-joining assay results with three technical replicates for
each of two biological replicates (see Materials and Methods). Black circles correspond to the first biological replicate and pink triangles correspond to
the second biological replicate. An unpaired two-tailed Student’s t-test comparing MRX-tag to mrx-18A had a P-value = 0.068 and was not significant
(n.s.). Comparison of mrx-18A to mre11D had a P-value , 0.0001 (***). Strains included are segregants from yRK79, yRK80, yRK81, yRK83, and
yRK5064. (E) Southern blot analysis of telomeres from strains with the indicated genotype. Two independent, haploid segregants are shown for each
genotype. The rad50D haploid was yRK2024 and was passaged for 200 generations. All other genotypes were segregants of yRK3018, yRK35, or yRK36
and were not passaged. Additional biological replicates were assayed for each genotype: WT, n = 12; MRE11-3HA, n = 6; mre11-4A-3HA, n = 6;
RAD50-G6-V5, n = 6; rad50-10A-G6-V5, n = 6; XRS2-13myc, n = 6; xrs2-4A-13myc, n = 4. (F) Southern blot analysis of telomeres from strains with the
indicated genotype. The median telomere lengths are reported in Figure S7A. Themre11D haploids were yRK1018 and yRK1019 and were passaged for
�200 population doublings. WT, MRX-tag, and mrx-18A haploids were segregants from yRK79, yRK80, yRK81, and yRK83. Additional biological
replicates were assayed for each genotype: WT, n = 12; MRX-tag, n = 6; mrx-18A, n = 8.
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Figure 4 Tel1-hy909 requires the MRX complex for the DNA damage response but not for telomere elongation. (A) Yeast dilution series of untreated
cells or cells treated with 0.02% MMS for 1 hr. The genotype is indicated to the left of the panels. To account for growth differences between the
genotypes different amounts of cells were collected for the initial dilution. A total of 0.5 OD of cells were collected for WT and TEL1-hy909, 1.5 OD of
cells were collected for mre11D, and 8.0 OD of cells were collected for TEL1-hy909 mre11D. Strains used in this assay were yRK114, yRK126, yRK128,
yRK104, yRK141, yRK92, yRK93, and yRK122. (B–D) Southern blot analysis of telomeres from strains with the indicated genotype. Two independent,
haploid segregants are shown for each genotype. (B) Segregants are from JHUy816, yRK79, yRK80, yRK81, and yRK83. Cells underwent minimal
propagation before genomic DNA was prepared. Additional biological replicates were assayed for each genotype: WT, n = 35; TEL1-hy909, n = 42;
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after Tel1 activation. In contrast, the MRX complex is crit-
ical downstream of Tel1 for the DNA damage response
(Figure 6).

Discussion

Telomere elongation and DNA damage response are
regulated through different mechanisms

We found that, in contrast to published models, the MRX
complex is not required after Tel1 activation for telomere
elongation. Our data suggest a new model in which Tel1
activation by MRX is sufficient for telomere length regulation
but not for the DNA damage response (Figure 6). We note
that studies of mre11(ts), a temperature-sensitive, separa-
tion-of-function allele, also concluded that the MRX complex
may play a different role in DNA damage and telomere length
regulation (Chamankhah et al. 2000). Previous work has
shown that Mec1 and Rad53 play a major role in the DNA
damage response, while Tel1 plays a minor role acting
through Rad53 and the MRX complex. In the DNA damage
response, the MRX complex is thought to act both upstream
and downstream of Tel1 (Usui et al. 2001; Paull 2015). MRX
binds to double-strand breaks and recruits Tel1, activating its
kinase activity. Previously, a parallel model for telomere
length regulation suggested that MRX recruits and activates
Tel1 at the telomere, then MRX processes telomere ends to
promote telomerase elongation (Larrivee et al. 2004; Bonetti
et al. 2009). In this model, Mec1 is considered secondary to
Tel1 for telomere length regulation and its function was pre-
sumed to be redundant. In contrast, we show that Mec1 and
Rad53 act in a separate, non-overlapping pathway from
Tel1 for telomere length maintenance. Together these data
demonstrate that the Tel1 and Mec1 pathways differ signif-
icantly for the DNA damage response and telomere length
regulation.

Dysregulation of dNTP pools can mask telomere
length phenotypes

The role of Mec1 in telomere length regulation has
remained poorly understood, in part because of discrep-
ancies in reported telomere length phenotypes. mec1D
sml1D telomeres appear similar to wild type, while mec1D
crt1D telomeres are shorter than wild type (Figure 1B).
Both sml1D and crt1D suppress the lethality of mec1D
through upregulation of different pathways that regulate
nucleotide pools (Huang et al. 1998; Zhao et al. 1998).
Several studies suggest that the increased telomere length
in mec1D sml1D compared to mec1 mutants is due to in-
creased telomerase processivity with increased dGTP levels

(Gupta et al. 2013). Recent work has suggested that, while
both sml1D and crt1D increase nucleotide pools, they each
have different effects on the specific ratio of dGTP to other
dNTPs (Maicher et al. 2017). Because dGTP is limiting for
telomerase processivity in vitro (Greider and Blackburn
1987; Hammond and Cech 1997), it was proposed that
an increased dGTP/dNTP ratio would elongate telomeres
(Maicher et al. 2017). However, we note that increased
dNTP levels are not sufficient to lengthen telomeres, as
sml1D and crt1D mutants do not show increased telomere
length on their own. Also, crt1D does not lengthen telo-
meres in either a tel1D or mec1D background (Figure 1B).
Therefore, while changes in dNTP pools in mec1D sml1D
cells may mask telomere length phenotypes (Longhese
et al. 2000), the data are not consistent with altered telo-
merase processivity as the mechanism.

Rad53 phosphorylation by Mec1 contributes to
telomere length regulation

Previous work has shown that Tel1 or Mec1 phosphorylation
of Rad53 is critical for the DNA damage response. Our data
demonstrate an additional role for Rad53 phosphorylation in
telomere length regulation. This phosphorylation is likely
primarily performed by Mec1, as our data indicate that
Rad53 is in the Mec1 telomere length pathway and previous
work demonstrated that Mec1 phosphorylation of Rad53 is
predominant in the DNA damage response (Usui et al. 2001).
We cannot exclude the possibility that Tel1 phosphorylation
of Rad53 contributes in a small way to telomere length reg-
ulation. However, the TEL1-hy909 hypermorphic allele
showed telomere elongation in the absence of Rad53 (Figure
2, C and D), suggesting that Tel1 does not require Rad53 for
telomere length regulation. Our model suggests there are as
yet unknown substrates that mediate the Tel1 effect on telo-
mere length (Figure 6).

Rad53 is a critical mediator of Mec1 in telomere
length regulation

The TEL1-hy909 hypermorphic allele can rescue the lethal-
ity of mec1D, as shown previously (Baldo et al. 2008). How-
ever, we found that TEL1-hy909 did not rescue rad53D
lethality (Figure S2A). Rad53 is a substrate of both Tel1
and Mec1 (Sanchez et al. 1996; Smolka et al. 2007). Both
mec1D and rad53D are thought to be lethal due to an in-
ability to upregulate ribonucleotide reductases for DNA re-
pair. Tel1-hy909 has increased catalytic activity in vitro and
is able to phosphorylate Rad53 more efficiently than Tel1
(Baldo et al. 2008). Tel1-hy909 likely rescuesmec1D lethal-
ity because of its increased ability to activate Rad53.
Our finding that TEL1-hy909 cannot rescue rad53D places

TEL1-hy909 mre11D, n = 21; mre11D, n = 18; TEL1-hy909 rad50D, n = 18; rad50D, n = 15; TEL1-hy909 xrs2D, n = 4; xrs2D, n = 4. (C) Segregants are
from yRK5150 and yRK5151. Cells underwent minimal propagation before genomic DNA was prepared. Additional biological replicates were assayed
for each genotype: WT, n = 35; exo1D, n = 4; TEL1-hy909 exo1D, n = 4; TEL1-hy909 exo1D mre11D, n = 4; TEL1-hy909 mre11D, n = 21; TEL1-hy909,
n = 42; mre11D exo1D, n = 2; mre11D, n = 18. (D) Segregants are from yRK5152 and yRK5153. Cells underwent minimal propagation before genomic
DNA was prepared. Additional biological replicates were assayed for each genotype: WT, n = 25; sae2D, n = 6; TEL1-hy909 sae2D, n = 6; TEL1-hy909
mre11D sae2D, n = 4; TEL1-hy909 mre11D, n = 21; TEL1-hy909, n = 42; mre11D sae2D, n = 2; mre11D, n = 18.
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Rad53 as the critical mediator of Mec1. Mec1 loss can be
compensated for by Tel1-hy909. but this hypermorph can-
not compensate for loss of Rad53.

The TEL1-hy909 allele is dominant as shown previously
in the DNA damage response (Baldo et al. 2008) and as we
saw in telomere length regulation (Figure S4B). While we
cannot rule out that this allele has altered function other
than increased kinase activity, those functions are likely
limited to the Tel1 and Mec1 pathways since theMRX com-
plex is epistatic to TEL1-hy909 in the DNA damage re-
sponse. TEL1-hy909 mre11D cells were just as sensitive
as mre11D to MMS challenge (Figure 4A). This was also
true for TEL1-hy909 rad50D and TEL1-hy909 xrs2D (data
not shown). We unexpectedly found that TEL1-hy909
mec1D mre11D is lethal while TEL1-hy909 mec1D is viable
(Figure S8). It is unclear why the TEL1-hy909 rescue of
mec1D viability is MRX-dependent. Taken together, our
data suggest that the primary effect of the point mutations
in TEL1-hy909 allele is to make the kinase constitutively
active.

MRX complex phosphorylation by Tel1/Mec1 on S/T-Q
sites is not required for DNA damage response, NHEJ, or
telomere length regulation

Multiple studies have reported that Tel1/Mec1-dependent
phosphorylation of the MRX complex occurs in response to
DNA damage. Thus, were surprised to find that the mrx-18A

mutant did not have a DNA damage response phenotype
or affect NHEJ (Figure 3). While phosphoproteomic
experiments have identified Tel1/Mec1-dependent phos-
phorylation sites that are not on S/T-Q motifs, these are
thought to be due to downstream kinases and are consid-
ered indirect targets of Tel1/Mec1 (Bastos de Oliveira et al.
2015). We further found that there was no effect of the
mrx-18A mutant on telomere length, suggesting that
MRX is not the substrate that mediates the Tel1 pathway
of telomere length regulation.

Telomere elongation can occur in the absence of
MRX complex

Our finding that Tel1-hy909 telomere elongation can occur
in the absence of the MRX complex indicates that telomere
elongation is possible without telomere end processing by
MRX. Further, this indicates that the Tel1-hy909 hyper-
morph has bypassed the need to interact with MRX for its
activation, and that the point mutations in the TEL1-hy909
allele promote constitutive catalytic activity. This finding,
combined with the fact that the mrx-18A mutant has no
telomere length defect, suggest that Tel1 does not require
MRX for telomere length regulation after it is activated.
Models have proposed that telomere end processing is sim-
ilar to double-strand-break end processing (Nugent et al.
1998; Tsukamoto et al. 2001; Larrivee et al. 2004; Viscardi
et al. 2007; Bonetti et al. 2009; Pfeiffer and Lingner 2013).

Figure 5 rad50S telomere elongation is dependent
on Tel1. (A and B) CRISPR/Cas9 was used to
knock-in the rad50S allele into a wild-type haploid
strain (yRK114). A transformant that was not edited
at the RAD50 locus but was transformed with the
Cas9 plasmid was used as a control and is referred
to as RAD50 (A, lane 2). Both RAD50 and rad50S
transformants were passaged on solid media for
�120 population doublings (see A, lanes 2–4,
yRK2112-5, yRK2113-5, and yRK2116-5). rad50S
or RAD50 cells were transformed to introduce
tel1D, mre11D (A, lanes 5–10), or TEL1-hy909 (B,
lanes 4–7). Cells were passaged on solid media for
�120 population doublings. The strains used were
yRK2118-5, yRK2120-5, yRK2121-5, yRK2122-5,
yRK2123-5, yRK2124-5, yRK2125-5, yRK2126-5,
yRK2127-5, and yRK2128-5. Biological replicates
were assayed for each genotype: rad50S, n = 5;
rad50S tel1D, n = 2; tel1D, n = 3; mre11D, n = 1;
rad50S mre11D, n = 2; rad50S TEL1-hy909, n = 2;
TEL1-hy909, n = 2.
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At a double-strand break, Ku binds to the DNA ends
and then MRX recruitment allows end processing to pro-
duce substrates for either homology-directed repair or
NHEJ. For homology-directed repair, Mre11 interacts with
Sae2 to produce a 39 overhang, by first endonuclease cleav-
age of the strand with a 59 end near the break, followed by
Mre11 39 to 59 exonuclease activity to remove the short
region of double strand DNA and thus generate a 39 over-
hang (Paull 2018). Exo1 then can extend the 39 overhang
through its 59 to 39 exonuclease function (Garcia et al.
2011).

Several lines of evidence suggest that these end process-
ing events are not required for telomere elongation by
telomerase. Mre11 nuclease dead (mre11-ND) mutants
have previously been shown to have no effect on telomere
length (Moreau et al. 1999; Tsukamoto et al. 2001). Dele-
tion of SAE2 or EXO1 do not affect telomere length, suggest-
ing that they are not essential for telomere end processing to
allow elongation (Bonetti et al. 2009). It was shown that
sae2D sgs1D generated by transformation of haploid cells
have short telomeres (Bonetti et al. 2009). However, this
telomere shortening effect was later attributed to suppres-
sor mutations arising in YKU70 and not because of sae2D
sgs1D (Mimitou and Symington 2010; Hardy et al. 2014).
Exo1 can resect a DNA break in the absence of Mre11, al-
though less efficiently (Cejka 2015). However, we observed
that Tel1-hy909 was able to elongate telomeres in the ab-
sence of both Exo1 and Mre11 (Figure 4C) and overexpres-
sion of Exo1 does not rescue mre11D short telomeres
(Chamankhah et al. 2000). Exo1 has been demonstrated
to contribute to telomerase-independent telomere length
regulation and in resecting deprotected telomeres
(Bertuch and Lundblad 2004); however, a role in telomer-
ase mediated telomere elongation has not been described
to our knowledge. Together these data demonstrate that
Mre11, Sae2, and Exo1 nuclease activity are not required
for telomerase-dependent telomere length regulation.

MRX acts upstream of Tel1 for telomere
length regulation

Our data support previous studies that place MRX action
upstream of Tel1 but also suggest that for telomere length
regulation MRX is not required downstream. First, the
mutants in MRX that decrease telomere length are those
that decrease the MRX complex interaction with Tel1 (i.e.,
Xrs2 C-terminal truncation) (Nakada et al. 2003a; Ma and
Greider 2009). Second, MRX mutants that decrease the
catalytic functions of the complex are required for the
DNA damage response, but not for telomere length regula-
tion. For example, alleles of Mre11 that lack nuclease func-
tion do not show a telomere length phenotype (Moreau
et al. 1999; Tsukamoto et al. 2001) but do inhibit the
DNA damage response (Buis et al. 2008). Taken together
with our evidence that TEL1-hy909 is epistatic to MRX com-
ponents, we conclude that cells with deletions of MRX com-
plex components have short telomeres because of the
reduction in Tel1 activation, and not because the cell lacks
the resection functions.

Our finding that MRX is not required downstream of
Tel1 for telomere elongation has important implications for
telomere elongation models. Most models suggest that after
replication of the telomere, the leading strand telomere is
processed by a nuclease before telomerase can elongate it.
The presumption that leading strand replication leaves a
blunt end that requires processing is an assumption that
has not been directly tested (Lingner and Cech 1998;
Pfeiffer and Lingner 2013). In contrast to those models,
our data suggest telomerase can efficiently elongate telo-
meres without end processing by MRX, Sae2, or Exo1. This
suggests that telomerase may extend existing 39 overhangs
at the telomere. Tel1(ATM) and the MRX(N) complex are
thought to function by similar mechanisms in S. cerevisiae
and mammalian cells (Oh and Symington 2018; Paull
2018). Therefore, the data presented here suggest that

Figure 6 Tel1 regulates telomere length in a path-
way distinct from the DNA damage response. Dia-
gram demonstrating the distinctions between Tel1
pathways in the DNA damage response and telo-
mere length regulation. (A) The DNA damage re-
sponse is most strongly regulated by Mec1 and
Rad53 as indicated with the bold arrows, although
Tel1 signaling through Rad53 and MRX plays a role.
The MRX complex is both upstream and down-
stream of Tel1 in the DNA damage response. (B)
For telomere length regulation, Tel1 does not re-
quire MRX after activation and Rad53 does not plan
a role in the Tel1 telomere length regulation path-
way. The Tel1/MRX pathway plays the major role
in telomere length compared to a minor role of
Mec1/Rad53 pathway.
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we should rethink the requirements for telomere resec-
tion preceding telomere elongation broadly across all
organisms.
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