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Functional telomeres are critically important to eukaryotic genetic stability. Scores of proteins

and pathways are known to affect telomere function. Here, we report a series of related genome-wide  DNA damage
genetic interaction screens performed on budding yeast cells with acute or chronic telomere defects. telomere
Genetic interactions were examined in cells defective in Cdc13 and Stnl, affecting two components of CST,  yeast

a single stranded DNA (ssDNA) binding complex that binds telomeric DNA. For comparison, genetic

interactions were also examined in cells with defects in Rfa3, affecting the major ssDNA binding protein,

RPA, which has overlapping functions with CST at telomeres. In more complex experiments, genetic
interactions were measured in cells lackingEXO1 or RADY, affecting different aspects of the DNA damage

response, and containing a cdc13-1 induced telomere defect. Comparing tness pro les across these data
sets helps build a picture of the speci ¢ responses to different types of dysfunctional telomeres. The
experiments show that each context reveals different genetic interactions, consistent with the idea that
each genetic defect causes distinct molecular defects. To help others engage with the large volumes of
data, the data are made available via two interactive web-based tools: Pro lyzer and DIXY. One particularly
striking genetic interaction observed was that the chkl mutation improved tness of cdc13-1 exol cells
more than other checkpoint mutations (ddcl , rad9 , radl7 , and rad24 ), whereas, incdc13-1 cells, the
effects of all checkpoint mutations were similar. We show that this can be explained by Chk1 stimulating
resection—a new function for Chk1 in the eukaryotic DNA damage response network.

The mostimportant function of telomeres is to shield chromosome endgnome stability, ageing, and cancer (Gunes and Rudolph 2013; Artandi
from being recognized as DNA double-strand breaks (DSBs). The DNehd DePinho 2010; Aubert and Lansdorp 2008; Blackeuah2015).
damage response (DDR) to dysfunctional telomeres strongly affebisbudding yeast, thetness of cells with defective telomeres can be
increased, or decreased, by mutations affecting scores of different
processes (Addinadt al.2011). Analogous genetic interactions in hu-
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man cells presumably affect ageing and cancer.

Two broadly different classes of protein bind telomeres (Figure 1A).
Proteins that directly bind telomeric DNA of normal cells are generally
important for physiological telomere function. A different set of pro-
teins, principally components of the DDR network, binds defective
telomeres, exempkd by those interacting at telomeresooic13-1
mutants (Figure 1A). However, these two classes of protein are not
distinct. For example, in most contexts, Ku, MRX, and Tell are con-
sidered DDR proteins, but, at telomeres, they protect from the DDR,
and are important for maintaining normal telomere length (Wellinger
and Zakian 2012; Lydall 2009).
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Dividing cells need to overcome the end replication problem tof mutations. We then used quantitativeness analysis (QFA) to
maintain telomere length and function. Defects in telomerase, MRXjeasure tness of these strains at temperatures that induced
NMD, Ku, or Tell cause short telonger, while defects in Rif1 or Rif2 chronic low-level defects orane acute defects. We assessadss
cause long telomeres (Lydall 2009; Wellinger and Zakian 2012f.strains with defects in Cdc13, Stnl, and Rfa3. In additioress
Many proteins that affect telomere length, are not critical to yeasif cdc13-1 exoland cdc13-1 rad9 strains was measured. The
telomere function, since they can be deleted and cells remain viabteeasurements illustrate the complexity of the networks that re-
In contrast, the CST complex, consisting of Cdc13, Stnl, and Tershond to telomere defects. Each genetic defect was affected differ-
is essential. CST binds telomeric single stranded DNA (ssDNA), aeditly by other second site mutatis. Among many interactions,
plays a critical role in telomere gtection and telomerase recruit- the screens idented a new role for Chk1 in the response to uncap-
ment (Wellinger and Zakian 2012). The analogous complex in plaped telomeres.
and animal cells is encoded 6 C1 STN]1 andTEN1(Bertuch and
Lundblad 2006; Cheet al.2012; Pricest al.2010; Surovtseet al.

2009). CST also has nontelomeric roles, and was originallygalri

from human cells a8DNA Polymerasa accessory facto(Goulian  gyrains

et al.1990). _ _ All experiments were performed in W303 or S288C background strains

Defective telomeres engage nucleases, helicases, and kinase Qﬁfe 1).

“repai’ the damage and stimulate cell cycle arrest while repair

occurs. RPA, the major eukaryotic single-stranded DNA bindin

protein 'S’. like CST, a heterotrimer, and plays critical role.s Ireguery strains used are described in Table 2. SGA (synthetic genetic

DNA repair and the DNA damage checkpoint pathway (Sugitani . - )

and Chazin 2015). Interestingly, RPA, also functions at telomereasr'ray) was performed as previously described, crosseig-1cdcl3-1
. ! ! rad9 , cdcl3-1 exol stn1-13rfa3-313 lypl , andura3 with the

for example, RPA binds telomeric sSDNA and promotes telomeraaeenome-wide single gene deletion knock-out collection (Tong and

activity (Luciancet al.2012). One view of the relationship betweenBoone 2006: Tongt al. 2001).cdc13-1stn1-13 and rfa3-313were

.RPA e_md CST is that RPA binds ssDNA through_out_ the genome’anked by the selectable HphMX abBU2markers. Each strain also
including at telomeres, whereas CST more spadly binds telo- contains a third selectable marker, NATM3tn1-13and rfa3-313
meric SSDNA (Gaet al.2007). But much remains to be learnt about '

how CST and RPA function at telomeres, and elsewhere in tiE <" strains contained NATMX integrated at th¥P1 Jocus. In
. . L cdc13-1rad9andcdc13-1 exolquery strainsRAD9andEXO1lwere
genome. For example, there is evidence that different components

. : . replaced by NATMX.
of the CST complex perform different functions (Holsteinal. . . . - L
2014; Luest al.2014; Leet al.2016). For QFA, strains were inoculated into 2@ liquid medium in

Inactivation of Cdcl3 usingdcl3-+-a temperature-sensitive 22'5\’(\:’535(;&;;?[:)2(1 ?:v;r(;;c;r) 2 A(fjt:rt fgst:suér?;zimgég Sr;:ijvsz)r/es
allele—results in extensiveds39telomeric DNA resection by two nu- rytal ' P ’

clease activities, Exol and Dna2-Sgs1 (Ngo and Lydall 2016t Algo were spotted onto solid agar_plates, either d_irectly, or after diluting_in
2014). The sSDNA generated, which extends to single copy, subte (f_z)i_ter, and. agar plates were incubated and imaged as before (Addinall
meric loci, stimulates the DNA damage checkpoint kinase cascad ,al.2011, Dubarnet al. 2015). Eomrt)as (;Jp-%%wnh(U?)” anddtr;)e
which phosphorylates many downstream targets to facilitate cell cy(g%ds'lum assays, plates were incubated {865 hr, fo owed by
arrest and DNA repair. The checkpoint responsednl3-ktrains is for5 hr, three times, then plates were kept athOthe remaining
; time. Forthead9 cdc13-1UD) assay, plates were incubated atf@86

dependent on checkpoint sensors (the 9-1-1 complex, Ddc1, Mec3, ) ; S
Rad17 in budding yeast), an adaptor (Rad9), a central kinase (Me(azéf)a,"r’ followed by incubation at 23or the remaining time.
and effector kinases (Rad53 and Chk1). Checkpoint proteingite
resection, as well as cell cycle arrest, notably the 9-1-1 complex stﬁr@a”_sc,ale Spot tests ) ) )
ulates resection, while Rad9 and Rad53 inhibit resectioet@i2004; |0 €xamine colony morphology, size, and heterogeneity, yeassstrain
Zubkoet al.2004; Morinet al.2008). were struck for single colonies. _To measure a Stratne_ss pheno- _

Many gene deletions suppress or enhancel@l 3-linduced type by spot test,_several colonies were pooled _and |nqculated into
growth defect. Broadly, gene deletions that affect normal telomefeM! YEPD, and incubated on a wheel at 28ernight until satu-
maintenance enhanaelc13-Jrowth defects, while deletions that ration. Fivefold serial dilutionsfsaturated cultures were spotted
disable checkpoint responses suppreds13-1growth defects ONtO agar plates using a 48- or 96-prong replica plating device.
(Lydall 2009). Suppressor andhamcer interactions have been Plgtes were incubated at different temperatures & @ before
measured genome-wide in cells expected to contain telomere d&ing photographed.
fects €dc13-Iandyku70 ), or more general DNA replication de- )
fects (defective in Pal, Pold, and Pole) (Addinall et al.2011; Cell cycle analysis
Dubarryet al.2015). These genome-wide experiments cona  W303 strains containingdc13-1 cdc15-2 barinutations were grown
pattern seen in earlier experiments, that checkpoint pathways i@t 23, and arrested in G1 using-factor. Strains were then released
hibit growth of cells with telomere defects, but improve growth ofrom G1 at 36 to induce telomere uncapping. Samples were taken
cells with general replication defects (Weinertal. 1994). This periodically, and cell cycle position was determined using DAPI stain-
pattern can be rationalized by the fact that telomeric DNA idng (Zubkoet al.2004).
comparatively unimportant in comparison with the rest of the
genome. Quantitative ampli  cation of single-stranded DNA

To better understand the network that responds to telomere defecssDNA levels were determined using quantitative aroglion of
additional mutations, expected to cause telomere, or more genesihgle-stranded DNA (QAOS), as previously described (Holstein and
chromosome damage have been combined with genome-wide libradigsiall 2012).
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Pro lyzer and DIXY colocated. In particular, mutations affecting the checkpoint clamp/
Pro lyzer and DIXY are web-based tools for visualizing and comparirigader, or NMD, caused similar increasestimess ostn1-13trains
results from multiple QFA screens atonce (Dubatgl.2015). Prolyzer  (located near the top of Figure 1B). On this basis, we conclude that
consists of various custom-built R functions inside a Shiny framewotke stnl1-13genome-wide experiment reports meaningful genetic
(Changet al.2015). A live instance of Prtyzer for this manuscript can  interactions.

be found at: . The DIXY in- Itis possible to speculate on the molecular basis for some of these
stance for this manuscript can be accessed at: genetic interactions. For example, disabling the NMD pathway leads
. Data and source code underlying these instances, can be fodadverexpression of the CST components, Tenl and Stnl (Dahlseid
on GitHub: ) et al.2003; Addinalket al.2011), and an increase in Stnl or Tenl
levels could readily suppresteil-13andcdc13-Inutations (Figure
Data availability 1, B and C). The suppressive effects of mutations affecting the

Tab-delimited text les containing the rawtness measurements and Checkpoint clamp/loader are most likely because telomere defects
estimates of genetic intetin strengths underlyingyures from this article  in stn1-13cells stimulate the DNA damage checkpoint pathway to
can be found in the following GitHub repository: inhibit cell growth. Curiously, inactivation of the Ku complex
. All yeast strains listed in Table 1 are available on request{Yku70 andyku80 ), or telomerasesstl andest3) resulted in
comparatively minor reduction of thetness ofstnl-13cells, in
comparison with their effects ardc13-Istrain tness (Figure 1, B
Previous comparisons between genome-wide geneticinteraction scre%r?% C). One interpretation of the difference is tisth1-13cells

of cdc13-landyku70 strains revealed similarities and differences incontaln more defects thardcl_S—l:eIIs at nontelomeric loci.
Reassuringly, thetn1-13high-throughput screen reproduced

the types of interactions observed (Addirelbl.2011). For example, the ob tion thatt defect d &l mutati

the exol mutation suppressasic13-land yku70 induced growth eho se(;vg '039 aF.ness 1; eCPS tcau:; flgoorgu "Ttpn?karle

defects, whilemd mutations suppressdc13-but enhance/ku70 enhanced bya (Figure 1B) (Petreacet al. ). Itis likely
informative thatrad9 enhances, whereaadl7 , rad24 , and

growth defects. Therefore, this genome-wide genetic interaction a dic1 mildly suppressstni-13 tness defects (Figure 1B). In con
roach was extended to examine interactions with new mutations. - : )
P trast, rad9 , radl7 , rad24 , and ddcl each suppresedcl13-1

STN1 (Figure 1C). We corrmed thatrad9 enhances whileadl7
We rst examined genetic interactions affectimgess obtn1-13mu-  andrad24 mildly suppresstnl1-13n the different, W303, genetic
tants. Stnl, like Cdc13, is an essential component of the CST comgbeckground (Figure S1 in ). These genetic interactions sug-
(Cdc13-Stn1-Tenl) that binds telomeric ssDNA and affects DNA regest a different function for Rad9 #tn1-13andcdc13-kells. Fur-
lication. There is also evidence that Cdc13 and Stnl perform differethiermore, previous experiments showed thad9 and rad24
functions. For example, stn1-186ttruncated allele is synthetically mutations were synthetically lethal with a truncasénil-186allele,
lethal with therad9 mutation (Petreacat al.2007), whereas, in con- suggesting thaRAD9/RAD24dependent checkpoint function is
trast, thecdc13-Inutation is suppressed bgd9 (Zubkoet al.2004). essential instn1-186tcells (Petreacat al. 2007). In this respect,
Similarly, mutations that completely bypass the requirement fatnl-186appears to be a mutation causing general DNA replication
CDC13and permitcdc13 cells to grow, do not bypass the requirementdefects, rather than telomere defects, because it interacts more sim-
for STN1(Holsteinet al.2014). If Stn1 and Cdc13 perform different ilarly to mutations affecting Pal, Pold, or Pole, than tocdc13-1
functions then these functions might be revealed by speggnetic  (Addinall et al.2011; Dubarryet al.2015). Overall, it is clear that
interactions. there are similarities and differences in the genetic interactions
Atemperature sensitiwtn1-13s allele was crossed to a genome-observed incdc13-1stn1-13 and stn1-186tstrains, presumably
wide collection of mutationsyfg ), and tness of the resulting re ecting the fact that each mutation causes similar, but distinct,
double mutants was measured by QBfm1-13has a higher per- molecular defects.
missive temperature thardc13-1and, therefore, double mutants
were cultured at 33 a temperature that modately inhibits growth RFA3
of stnl-13strains. The overall pattern of genetic interactions obThe heterotrimeric Replication Protein A (RPA), consisting of Rfal,
served instnl-13cells is different to that previously reported Rfa2, and Rfa3, binds ssDNA, and plays critical roles in DNA replication
for cdc13-Icells, with a tighter clustering otness measurements and the DNA damage response. To explore the functional relationship
(Figure 1, B and C). The different patterns could be due to diffebetween CST and RPA, genetic interactions were measured in strains
ent functions of Cdcl13 and Stnl, the different properties of thdefective in the small subunit of RPA containing the temperature
two alleles, or technical differences between the genome-wide sgnsitivafa3-313allele (Figure 1D).
periments (see Table 2), vehi were performed more thanve It is clear that deletions of members of the NMD complex
years apart. (nam7 , nmd2 , andupf3 ) caused a decrease imess inrfa3-
To help assess the technical quality ofgtre -13experiment, we 313 mutants (Figure 1D), the opposite effect to that observed in
highlight the positions of 19 diagnostic gene deletions that plag ro stn1-13andcdc13-Inutants (Figure 1, B and C). Checkpoint mu-
in telomere physiology, or in telcene-defective strains (Table 3). In tations ¢€hkl , rad9 , radl17 , rad24 , and ddcl) slightly en-
particular, among these 19, aree sets of gene deletions affectinghanced tness defects, or were comparatively neutraifdB-313
the checkpoint sliding clamp, nonsense-mediated mMRNA decayutants. We conrmed thatnmd mutations enhance, whereas the
(NMD), the Ku complex, the MRX complex, or telomerase (Figuread9 checkpoint mutation is comparatively neutral in W3a3-
1A). In principle, if members of a protein complex always functior813cells (Figure S2 in ). nmd mutations increase levels of
together, then each individual deletion should show similar genet&tnl and Tenl (Dahlseét al.2003), the CST subunits equivalent to
interactions to other deletions affecting the same complex. ReassRIPA subunits Rfa2 and Rfa3. Therefore, itis plausible thatincreased
ingly, individual deletions affecting ale complexes were similarly levels of Stn1/Tenl exacerbateess defects caused by tfe8-313
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Figure 1 Genome-wide analysis of genetic interactions affecting the function of proteins that bind to ssDNA. (A) Molecules that interact at normal
telomeres (left) or cdc13-1 telomeres (right). Multi-component complexes are highlighted. Most proteins illustrated directly interact w ith telomeric DNA,
and/or at DNA damage. The NMD complex affects telomere length, indirectly , at least in part by affecting the levels of Stnl and Tenl. Black text refers
to proteins removed by the 19 gene deletions highlighted in (B -D). Blue text labels gene products not shown in B-D. These are Mec3 and Tlc1, which
were missing from the genome-wide knock out collection used, Est2 which behaved differently from its partners Estl and Est3 in most screens, and
Sgsl which was comparatively unt in most screens. Red text labels essential genes, which cannot be deleted. (B) Fitness jpit showing genetic
interactions between members of the yeast knockout collection and stn1-13. Each point summarizes the effect ofyfg mutations on STN1 lypl or stn1-13
strain tness at 33. The colored points label gene deletions affecting proteins highlighted in (A). Fitness is measured as Maximum Doubling Rate-
Maximum Doubling Potential (MDR - MDP, units are doublings squared per day, d?/day), as previously described (Addinall et al. 2011). The dashed gray
line represents the line of equal tness in both strain backgrounds, and solid gray is the predicted tness assuming genetic independence. (C) Same as in
(B) but in CDC13 ura3 or cdcl3-1 backgrounds, and at 27 . (D) Same as in (B) but irRFA3 lypl and rfa3-313 contexts, and at 30 .
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Table 1 Strains used in this study

Genetic
Strain Background Genotype Related Figures
DLY640 W303 MATa Figure 4, and Figure S1 and
Figure S3 in
DLY1195 W303 MATa cdcl13-1 Figure 4
DLY1255 W303 MATa rad9::HIS3 cdc13-1 Figure S2 in
DLY1256 W303 MATa rad9::HIS3 cdc13-1 Figure S2 in
DLY1273 W303 MATa exol::LEU2 Figure 5
DLY1296 W303 MATa exol::LEU2 cdc13-1 Figure 4
DLY1543 W303 MATa tell::TRP1 cdc13-1 Figure S3 in
DLY1544 W303 MATa tell::TRP1 cdc13-1 Figure S3 in
DLY1585 W303 MATa rad9::KANMX Figure S1 in
DLY2234 W303 MATa rad9::LEU2 Sland S2in
DLY2787 W303 MATa yku70::LEU2 Figure 4
DLY2988 W303 MATa cdc13-1 rad53::HIS3 smil::KANMX Figure 5
DLY3001 W303 MATa Figure S1 and Figure S2 in
DLY4528 W303 MATa nmd2::HIS3 Figure S1 in
DLY4557 W303 MATa cdc13-1 int Figure 5
DLY4625 W303 MATa cdc13-1 int nmd2::HIS3 Figure 4
DLY4647 W303 MATa cdc13-1 rad9::HIS3 Figure 5 and Figure S3 in
DLY4921 W303 MATa cdc13-1 int exol::LEU2 Figure 5
DLY4922 W303 MATa cdc13-1 rad9::HIS3 exol:LEU2 Figure 5
DLY4931 W303 MATa cdcl13-1 rad24::TRP1 Figure 5
DLY5007 W303 MATa yku70::LEU2 nmd2::HIS3 Figure 4
DLY5097 W303 MATa cdc13-1 exo0l::LEU2 rad24::TRP1 Figure 5
DLY5255 W303 MATa rad9::LEU2 nmd2::HIS3 cdc13-1 int Figure 4
DLY5260 W303 MATa cdc13-1 cdcl5-2 barl::hisG Figure 6
DLY5261 W303 MATa cdc13-1 cdcl5-2 barl::hisG Figure 6
DLY5266 W303 MATa cdc13-1 cdcl5-2 barl::hisG exol::LEU2 Figure 6
DLY5386 S288C MATa LEU2::cdc13-1 int::HPHMX rad9::NATMX Figure 2 and Figure S4 in
lypl canl::MFA1pr-HIS3 ura3 leu2 his3 LYS2+
DLY5688 S288C MATa LEU2::cdc13-1 int::HPHMX lypl canl:MFAlpr-HIS3 Figure 1, Figure 2, and Figure S4
ura3 leu2 his3 LYS2+ in
DLY6720 S288C MATa LEU2::cdc13-1 int::HPHMX ex0l::NATMX lypl Figure 2 and Figure S4 in
canl::STE2pr-his5 ura3 leu2 his3 LYS2+
DLY7106 W303 MATa chk1::HIS3 Figure 5
DLY7108 W303 MATa ex02::LEU2 chk1::HIS3 Figure 5
DLY7110 W303 MATa cdc13-1 chk1::HIS3 Figure 5
DLY7112 W303 MATa cdc13-1 exol::LEU2 chk1::HIS3 Figure 5
DLY7143 W303 MATa cdc13-1 cdcl5-2 barl::hisG chk1::HIS3 Figure 6
DLY7145 W303 MATa cdc13-1 cdcl5-2 barl::hisG exol:LEU2 chk1::HIS3 Figure 6
DLY7146 W303 MATa cdc13-1 cdcl5-2 barl::hisG exol::LEU2 chk1::HIS3 Figure 6
DLY7747 W303 MATa exol::LEU2 nmd2::URA3 cdc13-1 Figure 4
DLY8460 W303 MATa Figure 5
DLY8767 S288C MATa LEUZ2::stn1-13::HPHMX lyp1::NATMX canl::STE2pr-his5 Figure 1
ura3 leu2 his3 metl5 LYS2+
DLY9181 S288C MATa LEUZ2::rfa3-313::HPHMX lyp1::NATMX canl::STE2pr-his5 Figure 1
ura3 leu2 his3 metl5 LYS2+
DLY9326 S288C MATa lypl::HPHMX::LEU2::NATMX canl::STE2pr-his5 ura3 Figure 1
leu2 his3 metl5 LYS2+
DLY9866 W303 MATa rad9::LEU2 cdc13-1 Figure 4 and S3 in
DLY11098 W303 MATa stn1-13 Figure S1 in
DLY11099 W303 MATa stn1-13 Figure S1in
DLY11100 W303 MATa stn1-13 rad9::LEU2 Figure S1in
DLY11101 W303 MATa stnl1-13 rad9::LEU2 Figure S1 in
DLY11102 W303 MATa stnl-13 rad24::TRP1 Figure S1 in
DLY11103 W303 MATa stn1-13 rad24::TRP1 Figure S1 in
DLY11104 W303 MATa stn1-13 rad17::TRP1 Figure S1 in
DLY11105 W303 MATa stn1-13 rad17::TRP1 Figure S1 in
DLY11215 W303 MATa nmd2::URA3 stn1-13 Figure 4
DLY11216 W303 MATa stn1-13 Figure 4
DLY11637 W303 MATa rfa3-313::KANMX Figure S2 in
DLY11696 W303 MATa rfa3-313::KANMX nmd2::HIS3 Figure S2 in
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Table 1, continued

Genetic )
Strain Background Genotype Related Figures
DLY11697 W303 MATa rfa3-313::KANMX nmd2::HIS3 Figure S2 in
DLY11729 W303 MATa rfa3-313::KANMX rad9::HIS3 Figure S2 in
DLY11730 W303 MATa rfa3-313::KANMX rad9::HIS3 Figure S2 in
DLY11182 W303 Mata rad9::HIS3 tell::TRP1 cdc13-1 Figure S3 in
DLY11183 W303 Mata rad9::HIS3 tell: TRP1 cdc13-1 Figure S3 in

allele, causing a dose-dependent dominant-negative interactidkcute telomere defects

Overall, it is noteworthy that the pattern of genetic interactiongulturing cdc13-Icells at semipermissive temperaturesy(27)
observed infa3-313strains, presumably with more global chromo-allows assessment of the effects of genestoess of cells with
some defects, is markedly different to that seemalzl3-Dbrstn1-13  chronic, low-level, defects. In this asgyD9and EXO1lhave very

strains, which presumably have more telomere-spgetéfects. similar effects (Figure 1C). A complementary approach is to identify
genes that affect the viability ofic13-Imutants after acute, high-

The effects of Rad9 and Exol on the response to level damage (Addinadit al.2008). After acute damagRAD9and

cdc13-1 defects EXO1have opposite effects. Exol reduces, while Rad9 protects,

A large network of proteins coordinates the response of cells tdgability of cdc13-Icells (Zubkoet al.2004). The different effects
damaged telomeres. DeletionROAADY a checkpoint gene, &@X0O1  of RAD9 EXOJ and other genes can be explained by their effects on
a nuclease gene, similarly improve th@ess ofcdc13-1strains ssDNA accumulation at uncappeddmeres, with Exol stimulating
grown at semipermissive temperature (Figure 1C). However, Rag8DNA production and Rad9 inhibiting production (Zubko al.
and Exo1l contribute in very distinct ways tmess oftdc13-Inu- 2004, Jiat al.2004).
tants (Zubkoet al.2004). Rad9 is critical for the cell cycle arrest To identify genes that affect celiness after acute exposure to
pathway that responds todc13-Idefects and binds chromatin to telomere defects, we performed genome-wide experiments, in which
inhibit nucleases that generate ssDNA at defective telomeres. Exells were exposed to acute periods of incubation afdB6wed by
is one of the nucleases that generate ssDNduil3-1and other  recovery at 23 We call this type of temperature cycling protocol an
telomere defective strains. Therefore, we screened the genome-wigelown (UD) assay. Importantly, the previously reported opposing
knock-out library for genes interacting witkol or rad9 in a effects ofad9 andexol on viability ofcdc13-Icells in UD assays
cdc13-lbackground, aiming to better dee the structure of the were conrmed in the genome-wide experiments, wétkol strains
DDR network that is active indc13-Tells. being among the most, andrad9 strains being among the leasgt
Figure 2 allows us to compare the effects of gene deletions(fFigure 3A) (Zubket al.2004; Addinalkt al.2008). The genome-wide
cells with thecdc13-Imutation, with or withoutexol or rad9 experiments also cormed thatrad9 strains were less viable than
mutations.cdc13-1 rad9 strains are checkpoint defective, butrad17 , ddcl, andrad24 strains in thecdc13-XUD) context, con-
nuclease hyperactive, whitelc13-1 exolcells are checkpoint sistent with what has been reported fad24 (Figure 3A) (Zubko
pro cient, but nuclease hypoactive. The general effecadd et al.2004).
on the library ofcdc13-1 yfg mutants was to improvetness, as Itis informative to compare genetic interactions observedai3-1
seen by the increasedness of most library strains. The global(UD) and cdc13-1 rad9 (UD) screens, since thed9 mutation
effects ofexol are harder to discern, because thmess of strongly sensitizesdc13-5trains to acute high temperature. Perhaps
cdcl3-1 exolstrains was measured at 3@ higher temperature the most notable difference is in the effects of mutations affecting the
than 27, to better assess the effects of the telomere defect). It9sl-1 complexyadl7 , ddcl, andrad24 are among the leastt
interesting to compare the 19 gene deletions from Figure 1A in thefrains in thecdc13-1(UD) context, but among the most in the
different contexts. For example, deletions affecting the 9-1-1 corodc13-1 rad9 (UD) context (Figure 3A). Figure 3B directly compares
plex (adl17 ,rad24 , andddcl ), or NMD (nam7 ,nmd2 , and tness in the twadc13-1UD contexts, and comms that mutations
upf3 ), are similarly strong suppressorscoic13-1Butincdc13-1  affecting the 9-1-1 complex are outliers. In contrast, most gene dele-
rad9 and cdcl3-1 exolstrains,nmd mutations are clearly tions of the 19 from Figure 1A lie along the regression line in Figure 3B.
tter than 911 checkpoint mutations. It is also notable that The differential effects of the 9-1-1 complex in the two situations can be
chkl had a stronger suppressive effect than other checkpoieplained by the fact that 9-1-1 has two important functiorsdicl 3-1
gene deletions itdc13-1 exolstrains, and this is investigated strains. The 9-1-1 complex is critical for protecting cell viability of
further in Figure 6. cdcl13-Istrains because it is necessary for checkpoint arrest. On the
Perhaps as expected, numerous deletions affecting telomeragker hand, icdc13-1 rad9strains, where there is no cell cycle arrest,
the Ku complex, the MRX complex and Rif1, known to play impor9-1-1 contributes to cell death by facilitating nuclease activities (Ngo
tant roles in telomere function, strongly reducedess incdc13-1  and Lydall 2015; Zubket al.2004).
cdcl13-1 rad9, andcdc13-1 exolstrains (Figure 2). Interestingly, That most gene deletions have similar effectstarss ofcdc13-1
tell showed a different pattern, it reducethess incdc13-land  andcdcl13-1 rad9strains after UD assays suggests that there is com-
cdcl13-1 exolstrains, but less so in tleelc13-1 rad9context (right  paratively little difference between the structure of telomeres in the two
column Figure 2). Whether these differences are due to the absence catexts. For example, suppressor mutationsebkd. , or enhancers,
functional checkpoint pathway otc13-1 rad9cells, or other reasons, like yku70 andyku80 , seem to be similarly important in both con-
is unclear. Nevertheless, we coned the effects ¢él1 andrad9 in  texts. Onthe other hand, in addition to those affecting 9-1-1, there were
cdcl13-ktrains in small-scale W303 spot tests (Figure $3 in ). other gene deletions that behaved differentlydeal3-1 rad9vs. cdc13-1
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Table 2 QFA screens

Screen No. Query Strain Spotting Media Temperature
QFA0141 ura3 Dilute SDM_rhk_CTGN 27 ,UD_X3
QFA0132 lypl Concentrated SDM_rhlk_CTGNH 30, 33
QFA0140 cdc13-1 Dilute SDM_rhlk_CTGH 27, UD_X3
QFA0142 rad9oD cdc13-1 Dilute SDM_rhlk_CTGNH 27 ,UD_X1
QFA0051 exolD cdc13-1 Dilute SDM_rhlk_CTGNH 27,30
QFA0136 stn1-13 Concentrated SDM_rhlk_CTGNH 33
QFA0131 rfa3-313 Concentrated SDM_rhlk_CTGNH 30
strains:rifl  strongly enhanced, andam?7 , nmd2 , and upf3 Pro lyzer also permits identtation of gene deletions witliness

strongly suppressed, in th@d9 cdc13-1UD) context. In summary, pro les most similar to any query gene deletion across some or all
there are informative similarities and differences in the effects of gesereens. To illustrate this, the 11 most similar s toradl7 are
deletions of the viability ofdc13-Jland cdc13-1 rad9 strains after shown in Figure 5B. Reassuringly, given their known functiad24
acute exposure to telomere defects. andddcl had the closest prdes toradl7 , andrad9 and chkl

In UD assaysyku70 andyku80 mutations, affecting the Ku het- were among the top 100 most similar ples, out of 5000 (Figure 5B).
erodimer, reduced thetness ofcdc13-land cdc13-1 rad9 cells more
thanestl andest3 mutations, affecting telomerase (Figure 3A). ThigChkl affects ssSDNA production
pattern contrasts to what was seen at aiter chronic low leveldc13-1 chkl had a notably stronger suppressive effect ttidol , rad9 |,
telomere damage, when the effectgkni70 , yku80 , estl, andest3 rad17 , andrad24 mutations inexol cdcl3-Istrains (Figure 5A).
were all similar to each other. The effects of the Ku heterodineeicit3-1  Additionally, in the W303 genetic backgrouneiol and chkl
strains cultured at 36may be because the Ku heterodimer protectslouble mutations strongly suppressed the temperature sensitivity of
telomeres from the Exol nuclease, particularly at high temperatucdc13-ktrains, permitting some growth at 3@igure 5C). Consistent
(Maringele and Lydall 2002), and because Ku and Cdc13 functiovith the genome-wide experimentbkl was also a stronger suppres-

redundantly to cap the telomere (Polotniardtzal. 1998). sor ofcdc13-1 exol tness defects in comparison wit/d9 |, rad24 ,
mecl, or rad53 checkpoint mutations, in W303 (Figure 5D). We

Effects of different gene deletions across several conclude thathkl is an unusually strong suppressocd€13-1 exol

telomere defective strains growth defects, and this is most likely due to Chk1 having a checkpoint-

The data in Figure 1, Figure 2, and Figure 3 shows thousandsinflependent role(s).

genetic interactions that are potentially informative about telomere DNA resection is a critically important DNA damage response in
and chromosome biology. Out of nesigs only a tiny fraction of these cdc13-Zells, and, therefore, we hypothesized that Chk1 might stimu-
interactions have been highlighted. Therefore, to allow others to expldege resection. To test this, we examined resection in synchronous
these data, to identify other poteniyainformative genetic interactions, cultures ofcdc13-trains at high temperature. sSSDNA was measured
the data are available via two interactive web tools (Duleaal2015).  atY’600andY’5000located in the Ysubtelomeric elements, present on
One of these, DIXY (Dynamic Interactive XY plots), shotmess data two-thirds of budding yeast chromosome ends (including the right
in a format similar to Figure 1. { ).DIXY  telomere of chromosome V, Figure 6A). In addition, sSDNA accumu-
also allows generation of scatter plots, and for any gene, or genes, tdatien at a single copy loc¥EER186C15 kb from the right telomere of
highlighted across plots. For example, Figure S4 i1 shows a chromosome V, was measured (Figure 6A). Consistent with previous
number of pairwise comparisons of the data in Figure 2. ndings, accumulation ofd3sDNA atY’600and Y’5000in wild-type

A second tool, Prdyzer ( ),  strains was detected after 1 hr, and/ BR186@fter 2 hr (Figure 6B)
shows the effects of mutations across more than two screens, and d&@ubkoet al.2004). Importantly, lower levels of sSDNA were observed
erates interactive plots similar to Figure 2. Figure 4A illustrates useinfchkl mutants at all loci examined, suggesting that Chk1 does in-
Pro lyzer to show tness proles of three gene deletions affecting NMDdeed stimulate telomere resection. The effech&fl. was clearly
(nam7 , nmd2 , andupf3 mutations) across 12 independent, but re-not as strong aexol , which helps explain why previous experi-
lated, genome-wide screens. Tined mutations had minor effects on ments did not report an effect of Chk1l on resectioncioic13-1

tness of control strainsi@3 andlypl ), increasedtness otdcl3-1 strains (Jiaet al.2004). DeletingZHK1in cdc13-1 exolmutants
stn1-13cdc13-1 exol and cdcl3-1 rad9 strains, andad9 cdcl3-1 further reduced ssDNA, especially 4600, suggesting that Chk1
strains after UD treatments. In contrast, tirad mutations exacerbated may stimulate Sgs1-dependengeetion. The small effect of Chk1l

tness defects gku70 andrfa3-313trains. Figure 4B cormsthatthe  on resection is possibly becauselSdependent resection is weak
nmd2 mutation recapitulates many digse interactions in the W303 in cdc131 andcdc13-1 exolstrains (Ngoet al.2014; Ngo and
genetic background. Lydall 2010).

Pro lyzer was used to compare thmess proles ofchkl , ddc1 , To search for additional evidence supporting a role of Chk1 in
rad9 , rad17 , andrad24 , deletions affecting the checkpoint re- Sgsl-dependent resection, we examined Rad53 phosphor#ation
sponse. As expectatticl ,rad17 , andrad24 ,i.e, mutations affect- downstream product of resection. We previously showed that Sgs1
ing the 9-1-1 complex, showed the most similar patterns, whereas otlstimulates Rad53 phosphorylation adc13-1 exolstrains (Ngo
checkpoint mutationschkl andrad9 , were somewhat different and Lydall 2010). Consistent with previousdings, we detected
(Figure 5A). For examplehkl behaved differently to 9-1-1 com- strong Rad53 phosphorylation @gdc13-Istrains after 2 hr at 36
plex mutations, particularly in the contextafc13-1cdc13-1exo0l  and this was slightly reduced auc13-1 exolstrains (Figure 6C)
or cdc13-1 rad9 mutations (Figure 5A). (Ngo and Lydall 2010)chkl did not strongly reduce Rad53
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Table 3 List of proteins affected by gene deletions highlighted in QFA screens

Standard Name

Complex

Description from SaccharomycesGenome Database

Ddcl

Rad17

Rad24

Mrell

Rad50

Xrs2

Nam7

Nmd2

Upf3

Yku70

Yku80

Estl

Est2

Est3
Rifl

Rif2

9-1-1 sliding clamp

9-1-1 sliding clamp

9-1-1 sliding clamp

MRX complex

MRX complex

MRX complex

NMD

NMD

NMD

Ku heterodimer

Ku heterodimer

Telomerase

Telomerase

Telomerase

Rapl interacting factor

Rap1 interacting factor

DNA damage checkpoint protein; part of a PCNA-like complex required for
DDR, required for pachytene checkpoint to inhibit cell cycle in response to
unrepaired recombination intermediates; potential Cdc28p substrate;
forms nuclear foci upon DNA replication stress

Checkpoint protein; involved in the activation of the DNA damage and
meiotic pachytene checkpoints; with Mec3p and Ddc1p, forms a clamp
that is loaded onto partial duplex DNA; homolog of human and Schizo-
saccharomyces pombe Radl and Ustilago maydis Recl proteins

Checkpoint protein; involved in the activation of the DNA damage and
meiotic pachytene checkpoints; subunit of a clamp loader that loads
Rad17p-Mec3p-Ddclp onto DNA; homolog of human and S. pombe
Rad17 protein

Nuclease subunit of the MRX complex with Rad50p and Xrs2p; complex
functions in repair of DNA DSBs and in telomere stability; Mrellp
associates with Ser/Thr-rich ORFs in premeiotic phase; nuclease activity
required for MRX function; widely conserved; forms nuclear foci upon DNA
replication stress

Subunit of MRX complex with Mrellp and Xrs2p; complex is involved in
processing DNA DSBs in vegetative cells, initiation of meiotic DSBs,
telomere maintenance, and nonhomologous end joining; forms nuclear
foci upon DNA replication stress

Protein required for DNA repair; component of the Mrell complex, which is
involved in DSBs, meiotic recombination, telomere maintenance, and
checkpoint signaling

ATP-dependent RNA helicase of the SFI superfamily; involved in NMD;
required for ef cient translation termination at nonsense codons and
targeting of NMD substrates to P-bodies; binds to the small ribosomal
subunit via an interaction with Rps26; forms cytoplasmic foci upon DNA
replication stress

Protein involved in the NMD pathway; interacts with Nam7p and Upf3p;
involved in telomere maintenance

Component of the NMD pathway; along with Nam7p and Nmd2p; involved
in decay of mMRNA containing nonsense codons; involved in telomere
maintenance

Subunit of the telomeric Ku complex (Yku70p-Yku80p); involved in telomere
length maintenance, structure, and telomere position effect; required for
localization of telomerase ribonucleoprotein to nucleus via interaction with
the TLC1 guide RNA,; relocates to sites of double-strand cleavage to
promote nonhomologous end joining during DSB repair

Subunit of the telomeric Ku complex (Yku70p-Yku80p); involved in telomere
length maintenance, structure, and telomere position effect; required for
localization of telomerase ribonucleoprotein via interaction with the TLC1
guide RNA,; relocates to sites of double-strand cleavage to promote
nonhomologous end joining during DSB repair

TLC1 RNA-associated factor involved in telomere length regulation; re-
cruitment subunit of telomerase; has G-quadruplex promoting activity
required for telomere elongation; possible role in activating telomere-
bound Est2p-TLC1-RNA; EST1 has a paralog, EBS1, that arose from the
whole genome duplication

Reverse transcriptase subunit of the telomerase holoenzyme; essential for
telomerase core catalytic activity, involved in other aspects of telomerase
assembly and function; mutations in human homolog are associated with
aplastic anemia.

Component of the telomerase holoenzyme; involved in telomere replication
Protein that binds to the Raplp C-terminus; acts synergistically with Rif2p to
help control telomere length and establish telomeric silencing; involved in
control of DNA replication; contributes to resection of DNA DSBs; deletion

results in telomere elongation

Protein that binds to the Raplp C-terminus; acts synergistically with Riflp to
help control telomere length and establish telomeric silencing; deletion
results in telomere elongation; RIF2 has a paralog, ORC4, that arose from
the whole genome duplication
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Table 3, continued

Standard Name Complex Description from SaccharomycesGenome Database

Rad9 DNA damage-dependent checkpoint protein; required for cell-cycle arrest in
G1/S, intra-S, and G2/M, plays a role in postreplication repair (PRR)
pathway; transmits checkpoint signal by activating Rad53p and Chk1p;
hyperphosphorylated by Meclp and Tellp; multiple cyclin dependent
kinase consensus sites, and the C-terminal BRCT domain contribute to
DNA damage checkpoint activation; Rad9p Chk1 Activating Domain
(CAD) is phosphorylated at multiple sites by Cdc28p/Clb2p

Chk1 Serine/threonine kinase and DNA damage checkpoint effector; mediates cell
cycle arrest via phosphorylation of Pdsl1p; phosphorylated by checkpoint
signal transducer Meclp; homolog of S. pombe and mammalian Chk1l
checkpoint kinase

Tell Protein kinase primarily involved in telomere length regulation; contributes
to cell cycle checkpoint control in response to DNA damage; acts with
Red1p and Meclp to promote interhomolog recombination by phos-
phorylation of Hop1; functionally redundant with Mec1p; regulates P-body
formation induced by replication stress; homolog of human ataxia-
telangiectasia mutated (ATM) gene

Exol 53-39exonuclease and ap-endonuclease; involved in recombination, DSB
repair, MMS2 error-free branch of the PRR pathway and DNA mismatch
repair; role in telomere maintenance; member of the Rad2p nuclease
family, with conserved N and | nuclease domains; relative distribution to
the nucleus increases upon DNA replication stress; EXO1 has a paralog,
DIN7, that arose from the whole genome duplication

phosphorylation incdc13-1strains, but did so ircdc13-1 exol mild checkpoint defects, with 10% of cells failing to maintain
strains. Thus, in this Rad53 asselykl mimicssgsl, suggesting arrest by 2 hr. At later timeghkl strains showed a more severe
that Chkl stimulates Sgsl-daplent resection, and thereby checkpoint defect thaaxol strains, such that, by 4 hr,80% of
Rad53 phosphorylation (Ngo and Lydall 2010). chkl cells escaped arrest. We conclude that Chkl is critical for
Previously, it was shown that inactivation of Exol and SgsDNA damage checkpoint activation @dc13-1 exolcells.
dependent pathways of resection was insigit to permitcdc13-1
(exol sg4 ) cells to grow at 36 because Rad9-dependent cell
cycle arrest was still activatedgd and Lydall 2010). Therefore, Yeast telomeres resemble mammalian telomeres in many respects,
we wondered howdc13-1 exolchkl cells could grow so well at most notably relying on telomerase as a means to overcome the end
36 (Figure 5C). We hypothesized that Chk1, like Rad9, is importameplication problem. Here, we systematically explored genetic in-
for cell-cycle arrest afdc13-1 exolstrains. Indeed, when we ex- teractions that suppress or enhance different types of genetic defect
amined cell-cycle arrest ofic13-1 exolchkl strains, assessing in budding yeast. Most of the genetic defects examined here are
the fraction of cells arrested at medial nuclear division, we saw r@sociated with changes to telomeric DNA structure, and, on this
evidence for arrest (Figure 6D). In contrastc13-Xells remained basis, we classify them as cagsielomere defects. However, the
fully arrested for at least 4 hr, whig®ol or chkl strains showed association of particular mutations with telomere defects cannot

Figure 2 Effects of rad9 or exol on the tness of
cdc13-1 strains. Fitness pro le showing the effects of

5000 yfg library mutations on the tness of ura3 ,
cdcl13-1, cdcl3-1 rad9 , and cdcl3-1 exol strains. Each
point represents the tness of one gene deletion strain in
each combination of genetic background and tem-
perature. Fitness is measured as in Figure 1. Nineteen
telomere-related genes from Figure 1A are highlighted
with colored symbols.
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Figure 3 The effects of a library of yfg mutations on tness of cells after exposure to chronic or acute telomere defects. (A) Fithess prole
comparing the effects of 5000 yfg library mutations on the tness of strains indicated after chronic (27) or acute (UD) exposure to telomere
defects. In UD experiments, cells were exposed to short periods of incubation at 36 (seeMaterials and Methods). Data are plotted as in Figure 2.
(B) Fitness plot comparing evidence for genetic interactions between rad9 and 5000 yfg deletions in a cdc13-1 background after acute
telomere uncapping. Data are plotted as in Figure 1.

exclude the possibility that the mutations also cause other defegggneral, chromosome stability defects caused by each mutation.
elsewhere in the genome. Indeed, the genome-wide genetic intédfe also examined interactions with a mutation affecting RPA,
actionsreported here may be diagnostic oftelomere-spexnimore  the central ssSDNA binding protein, expected to affect general
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Figure 4 Effects of gene deletions affecting the NMD pathway across a range of telomere defective backgrounds. (A) Pro lyzer tness pro les

comparing the effects of nam7 , nmd2 , and upf3 mutations on tness across all the genome-wide screens presented in Figure 1, Figure 2, and
Figure 3. (B) Saturated cultures of the yeast strains indicated (see Table 1) werevefold serially diluted in water, spotted onto YEPD agar plates,

and incubated at the indicated temperatures for 2 d before being photographed.

chromosome stability. The new data extend from previous analysgesumably, at least in part, because other inherited mutations suppress
of telomere defectivedc13-land yku70 yeast strains (Addinall or enhance phenotypes (Armaniesal.2007; Holoharet al.2014).
etal.2011). Our work also clearly illustrates that a complex network of interactions
Overall, the experiments clearly show that each telomere defeesponds to telomere defects, and that inactivation of genes that play
shows distinct genetic interactions, with only partially conserved supnportant roles in this networkg.g. RAD9and EXOJ, changes the
pressor and enhancer interactions. This strengthens a similar concluséffects of other genes in the network. Consistent with tus13-1
drawn previously after analysisaafc13-Andyku70 strains (Addinall mutants lackindRAD9or EXOlretain the ability to adapt to low-level
et al.2011). Thus, it seems clear that there is no universal responsdaétomere damage (Markiewicz-Potoczny and Lydall 2016).
telomere defects, and that no single mechanism can overcome theThere were many interesting patterns across the genome-wide data-
adverse effects of telomere dysfunction. These observations in ysast. Thexol andnmd mutations suppress most telomere defects, but
are consistent with data from humans showing that mutations affectiraye comparatively neutral, or enhande3-313 and are more likely to
telomere maintenance proteins cause different diseases. Individwffect general DNA replicatioexol and nmd mutations reduce
inheriting identical mutations can present with variable symptomssDNA levels near telomeresanfc13-Istrains (Holsteiret al. 2014);
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Figure 5 Effects of gene deletions affecting the DNA damage checkpoint pathway across a range of telomere defective backgrounds. (A)
Pro lyzer tness pro les comparing the effects of ddcl ,rad24 ,radl7 ,rad9 , and chkl mutations on tness across all the screens presented
in Figure 1, Figure 2, and Figure 3. (B) List of gene deletions with most similar tness pro les torad17 outof 5000 examined, including rad9
(position 27) and chkl (position 82). (C, D) Yeast cultures treated as in Figure 4B.

this mechanism most likely explains wayol andnmd mutations mutants growing with chronic telomere defects, but enhancess
suppress the chronic and acutdomere defects examined here. defects in nearly every other situation we tested, includited 3-1

Itis interesting thatad9 , a checkpoint mutation affecting the yeaststrains exposed to acute telomere defects,samt-13andrfa-313
homolog of human 53BP1, suppressds13-itelomere defective cells growing with chronic defects. Other checkpoint mutations, most
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Figure 6 Chk1 stimulates resection, Rad53 phosphorylation and checkpointactivation in response to telomere defects. (A) Map of the right
arm of Chromosome V. (B) Quanti cation of 39ssDNA accumulation at loci indicated following telomere uncapping. All strains contain
cdcl3-1 cdcl5-2 barl mutations (Table 1). Cells were arrested in G1 witha-factor at 23 , then released at 36 (Lydall and Weinert 1995).
ssDNA was measured using QAOS (Boothet al. 2001). The data and error bars plotted are the mean and SEM from two independent
experiments. (C) Yeast strains with the indicated genotypes (all incdc13-1 cdc15-2 barl background) were subjected to western blot
analysis with anti-Rad53 and anti-tubulin antibodies at the times indicated. (D) Cell cycle position of the indicated cdc13-1 cdcl15-2 barl
strains was assessed by counting DAPI-stained cells.
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