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Abstract
The ataxia-telangiectasia mutated/ATM and Rad3-related (ATM/ATR) family proteins are evolutionarily conserved serine/
threonine kinases best known for their roles in mediating the DNA damage response. Upon activation, ATM/ATR phos-
phorylate numerous targets to stabilize stalled replication forks, repair damaged DNA, and inhibit cell cycle progression to 
ensure survival of the cell and safeguard integrity of the genome. Intriguingly, separation of function alleles of the human 
ATM and MEC1, the budding yeast ATM/ATR​, were shown to confer widespread protein aggregation and acute sensitivity to 
different types of proteotoxic agents including heavy metal, amino acid analogue, and an aggregation-prone peptide derived 
from the Huntington’s disease protein. Further analyses unveiled that ATM and Mec1 promote resistance to perturbation in 
protein homeostasis via a mechanism distinct from the DNA damage response. In this minireview, we summarize the key 
findings and discuss ATM/ATR as a multifaceted signalling protein capable of mediating cellular response to both DNA 
and protein damage.
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Introduction

The maintenance of protein homeostasis or proteostasis is 
crucial for cellular function and survival. Key processes that 
impact proteostasis include protein translation, modification, 
trafficking, and degradation. In addition, the protein qual-
ity control (PQC), an ancient cytoprotective mechanism for 
minimizing misfolded, damaged and aggregated proteins 
play a crucial role in safeguarding integrity of the cellu-
lar proteome (Díaz-Villanueva et al. 2015; Hill et al. 2017). 
In humans, deficits in proteostasis are linked to a range of 
diseases including neurodegeneration and cancer (Kurtishi 
et al. 2018; Van Drie 2011). Currently, relatively little is 

known about the ways in which perturbation in proteosta-
sis is sensed and signaled. Here, we discuss recent findings 
implicating the ATM/ATR DNA damage response (DDR) 
network in mediating cellular response to proteotoxic stress.

Emergence of DDR‑independent functions 
of ATM/ATR kinases

ATM (ataxia-telangiectasia mutated) and ATR (ATM and 
Rad3-related) are serine/threonine kinases belonging to 
the phosphatidylinositol 3-kinase-related kinases (PIKKs) 
superfamily (Lovejoy and Cortez 2009). ATM/ATR proteins 
are found in all eukaryotes examined to date, including Sac-
charomyces cerevisiae (Tel1/Mec1), S. pombe (Tel1/Rad3), 
D. melanogaster (Tel1/Mei41) and A. thaliana (ATM/ATR) 
(Hari et al. 1995; Greenwell et al. 1995; Bentley et al. 1996; 
Elledge 1996; Garcia et al. 2000). These proteins orchestrate 
the DNA damage response (DDR) in the respective organ-
ism, a highly complex and interconnected set of processes 
that safeguard integrity of the genome and promote survival 
of the cell in response to DNA damage or perturbation in 
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genome duplication (Harper and Elledge 2007; Moriel-Car-
retero et al. 2018).

At the cellular level, loss of ATM/ATR function results in 
genome instability and acute sensitivity to genotoxic agents. 
In humans, inactivation of ATM or ATR leads to ataxia-
telangiectasia (A-T) or Seckel syndrome, respectively, a rare 
autosomal recessive disease characterized by a constellation 
of symptoms including cerebellum ataxia, cancer, diabetes, 
growth retardation and/or microcephaly (O’Driscoll et al. 
2003; Llorens-Agost et al. 2018). While deficits in the DDR 
underpin some of these conditions, they do not adequately 
account for all clinical manifestations of A-T and Seckel 
syndrome. Therefore, it was not surprising when evidence 
for DDR-independent functions of ATM/ATR proteins (e.g., 
glucose metabolism and neuronal vesicle trafficking) began 
to emerge (Dahl and Aird 2017; Cheng et al. 2018; Botch-
karev and Haber 2018; Harari and Kupiec 2018).

Essential function(s) of Mec1 in proteostasis

Structurally, budding yeast Mec1 and Tel1 resemble the 
mammalian ATR and ATM, respectively. However, Mec1 
performs most functions of both ATR and ATM, while dele-
tion of TEL1 does not confer an obvious phenotype (Weinert 
et al. 1994; Mallory and Petes 2000). In response to DNA 
damage or replication stress, Mec1 phosphorylates Rad53, 
an essential effector kinase and an ortholog of the mam-
malian CHK1. Activated Rad53, in turn, phosphorylates 
Dun1 (Chen et al. 2007). The Mec1–Rad53–Dun1 signaling 
cascade increases dNTP production via Dun1-phosphoryl-
ation-dependent destruction of Sml1, an allosteric inhibitor 
of Rnr1, the major catalytic subunit of the budding yeast 
ribonucleotide reductase (RNR) (Zhao et al. 1998, 2001; 
Chabes et al. 1999) (Fig. 1a). The Mec1, Rad53, and Dun1-
dependent removal of Sml1 and the ensuing increase in 
dNTP abundance is crucial for accurate repair of damaged 
DNA and survival of the cell (Zhao et al. 2001).

Mec1 is required for viability. The fact that Sml1 inactiva-
tion bypasses this requirement and that Mec1 promotes Sml1 
degradation at the onset of S phase (Zhao and Rothstein 
2002; Earp et al. 2015) suggests that an essential Mec1 func-
tion is to activate dNTP production necessary for genome 
duplication (Zhao et al. 1998, 2001; Zhao and Rothstein 
2002). To confirm the hypothesis, we directly assessed the 
impact of Mec1-inactivation on dNTP abundance utilizing 
mec1-4, a conditional lethal allele (Cha and Kleckner 2002; 
Earp et al. 2015). Surprisingly, the extent of reduction in 
dNTP pool was insufficient to account for mec1 lethality, 
implying that the cell death was attributable to a different 
defect(s) (Earp et al. 2015).

To gain a fuller understanding of Mec1’s functional 
repertoire, we performed synthetic genetic array (SGA) 

analysis of mec1-4, the above-mentioned conditional lethal 
allele (Corcoles-Saez et al. 2018). SGA is a high throughput 
technique for identifying genetic interactors of a gene of 
interest (Baryshnikova et al. 2010). As expected, the screen 
identified numerous genes involved in well-established 
function of Mec1, for example, DNA damage checkpoint 
response, genome duplication, and DNA recombination. 
In addition, the screen identified a number of novel mec1 
interactors, including those involved in proteostasis, such 
as JJJ3, encoding for a member of the Hsp40/DnaJ fam-
ily of molecular chaperones (Walsh et al. 2004), TIM18 
involved in mitochondrial protein homeostasis (Kerscher 
et al. 2000), and KTI12 required for tRNA modification 
and protein translation (Fichtner et al. 2002). Furthermore, 
the mec1-4 mutation conferred acute sensitivity to differ-
ent types of proteotoxic stresses including; (1) azetidine-
2-carboxylic acid (AZC), a proline analogue, which induces 
protein misfolding upon incorporation into nascent polypep-
tides (Weids and Grant 2014). (2) Htt103Q, an aggregation-
prone poly glutamate (polyQ) model peptide derived from 
the Huntingtin’s disease protein (Meriin et al. 2002). And 
(3) heat, which induces widespread protein denaturation and 
misfolding. The mec1-4 lethality caused by AZC, Htt103Q 
or heat was accompanied by widespread protein aggregation, 
and autophagy activation rescued the lethality by facilitating 
aggregate resolution (Corcoles-Saez et al. 2018). Remark-
ably, sml1Δ also rescued the temperature- and AZC-sensitiv-
ity of mec1-4 cells by minimizing the steady-state aggregate 
level, implicating a role of Sml1 in proteostasis. In further 
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Fig. 1   Essential roles of the Mec1 signaling network in mediat-
ing resistance to replication, genotoxic, and proteotoxic stresses. a 
The canonical Mec1-dependent DDR. DNA damage and replication 
stress, exemplified by a DNA double strand break (DSB) and repli-
cation block, respectively, activate the Mec1–Rad53–Dun1 signaling 
cascade. Sml1 is an allosteric inhibitor of Rnr1, the major catalytic 
subunit of budding yeast RNR, which comprise a Rnr1 homodimer, 
Rnr2, and Rnr4. The Mec1–Rad53–Dun1-dependent destruction of 
Sml1 promotes de novo dNTP synthesis necessary for genome dupli-
cation and DNA damage repair. b Differential requirement of MEC1, 
RAD53, and DUN1 in mediating resistance to AZC, heat, Htt103Q, 
and CHX (Corcoles-Saez et  al. 2018). Genes shown in black are 
required for survival. Genes shown in light grey are dispensable. *Not 
tested
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support, we found that genetic interactors of SML1 identified 
by SGA analysis were enriched for genes involved in protein 
translation (Costanzo et al. 2010; Corcoles-Saez et al. 2018).

Intriguingly, the mec1-4 mutation confers robust resist-
ance to cycloheximide (CHX), a potent inhibitor of protein 
synthesis (Corcoles-Saez et al. 2018). The mec1-4 pheno-
type (i.e., resistant to CHX and sensitive to heat) is rem-
iniscent of a group of mutants collectively referred to as 
cycloheximide-resistant, temperature sensitive lethal (crl) 
mutants (McCusker and Haber 1988a, b). A subsequent 
study found that majority of the crl mutations reside in the 
genes encoding for a component of the proteasome (Ger-
linger et al. 1997). The phenotypic similarities between the 
crl and mec1-4 mutants suggest that the mec1-4 mutation 
might also impact proteosome function.

Genotoxic‑ versus proteotoxic‑stress 
response pathways

During the DNA damage- or replication stress-checkpoint 
response, Mec1, Rad53, and Dun1 work together as a func-
tional unit. As such, inactivation of each impairs Sml1 
removal and confers sensitivity to both MMS and HU 
(Zhao et al. 2001). In contrast, we find that mec1, rad53, 
and dun1 mutants exhibit a unique sensitivity profile against 
different types of proteotoxic stresses (Corcoles-Saez et al. 
2018) (Fig. 1b). mec1-4 cells are sensitive to heat, AZC, 
and Htt103Q but resistant to CHX. Similarly, dun1Δ cells 
exhibit sensitivity to AZC and Htt103Q and resistance to 
CHX; however, unlike mec1-4, dun1Δ cells are resistant 
to heat. rad53-K277A, a kinase dead allele impaired in the 
DDR, differs from both mec1-4 and dun1Δ in that it confers 
acute sensitivity to CHX (Fig. 1b). These results indicate 
that the Mec1-dependent survival under each condition is 
mediated via a distinct pathway. The human ATM is also 
shown to promote resistance to proteotoxic stress by a DDR-
independent mechanism (Lee et al. 2018).

Limited “target specificity” of replication, 
genotoxic and proteotoxic stresses

Several studies have shown or suggested a crosstalk 
between the DDR and proteostasis. For example, the 
Mec1–Rad53–Dun1 signaling cascade promotes survival 
in response to cadmium, a proteotoxic metal, and perturba-
tion in the copper or iron homeostasis (Dong et al. 2013; 
Baek et al. 2012; Sanvisens et al. 2016). In yeast, HU or 
MMS exposure leads to changes in the location and/or 
abundance of proteins involved various aspects of proteo-
stasis, including protein translation, folding and degradation 
(Tkach et al. 2012). Mec1, Rad53, and the human ATM/

ATR phosphorylate proteins involved in protein homeostasis 
in response to genotoxic stress (Matsuoka et al. 2007; Zhou 
et al. 2016). It was also shown that pre-mRNA splicing fac-
tors play a role in detecting, signaling, and repairing dam-
aged DNA (Mikolaskova et al. 2018).

The crosstalk between the DDR and proteostasis is not 
unexpected given that most genotoxic and replication stress-
inducing agents exert profound impact on proteostasis. For 
example, HU, a widely utilized replication stress-inducing 
agent, is a radical scavenger that inhibits dNTP production 
by extracting a critical iron from the active site (Nyholm 
et al. 1993). Evidence indicates that HU cytotoxicity is 
linked to perturbation in proteostasis and remarkably, can 
be uncoupled from its impact on RNR (Davies et al. 2009; 
Liew et al. 2016). Furthermore, molecular chaperons Hsp70 
and Hsp90, key components of the PQC, impact RNR func-
tion (Knighton et al. 2018). MMS, a popular genotoxic 
agent, covalently modifies amino acids and perturbs cellular 
redox homeostasis, which in turn impacts protein folding 
and function (Gasch et al. 2001; Jiang et al. 2012). Ioniz-
ing radiation, another widely utilized genotoxic agent, is a 
potent proteotoxic agent (Radman 2016). Proteotoxic agents 
(e.g., heavy metals) may also exert a profound impact on 
genome stability by perturbing the proteostasis of proteins 
involved in genome maintenance, including the RNR and 
DNA polymerases α, δ, and ε, whose function depends on 
iron homeostasis (Nyholm et al. 1993; Stehling et al. 2012).

Conclusion and perspectives

Given the apparent lack of target specificity among geno-
toxic and protoetoxic agents, it would make an economi-
cal sense for a cell to utilize the same signaling network 
to respond to both DNA and protein damage. Evidence 
suggests that the ATM/ATR signaling network fulfills this 
function. Several outstanding questions remain, including 
the molecular mechanism(s) by which ATM/ATR proteins 
sense and signal proteotoxic stress and restore proteostasis. 
Importantly, the multifaceted nature of the ATM/ATR sign-
aling provides a new conceptual framework in understanding 
the complex cellular phenotypes and clinical manifestations 
associated with ATM/ATR inactivation.

Acknowledgements  This work was supported by Grants from North 
West Cancer Research to RC (CR961 and CR1024).

Open Access  This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat​iveco​
mmons​.org/licen​ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


660	 Current Genetics (2019) 65:657–661

1 3

References

Baek IJ, Kang HJ, Chang M, Choi ID, Kang CM, Yun CW (2012) Cad-
mium inhibits the protein degradation of Sml1 by inhibiting the 
phosphorylation of Sml1 in Saccharomyces cerevisiae. Biochem 
Biophys Res Commun 424:385–390. https​://doi.org/10.1016/j.
bbrc.2012.06.103

Baryshnikova A, Costanzo M, Dixon S, Vizeacoumar FJ, Myers CL, 
Andrews B, Boone C (2010) Synthetic genetic array (SGA) analy-
sis in Saccharomyces cerevisiae and Schizosaccharomyces pombe. 
Methods Enzymol 470:145–179. https​://doi.org/10.1016/S0076​
-6879(10)70007​-0

Bentley NJ, Holtzman DA, Flaggs G, Keegan KS, DeMaggio A, Ford 
JC, Hoekstra M, Carr AM (1996) The Schizosaccharomyces 
pombe rad3 checkpoint gene. EMBO J 15(23):6641–6651 (PMID: 
8978690)

Botchkarev VV, Haber JE (2018) Functions and regulation of the 
Polo-like kinase Cdc5 in the absence and presence of DNA dam-
age. Curr Genet 64(1):87–96. https​://doi.org/10.1007/s0029​
4-017-0727-2

Cha RS, Kleckner N (2002) ATR homolog Mec1 promotes fork pro-
gression, thus averting breaks in replication slow zones. Science 
297(5581):602–606. https​://doi.org/10.1126/scien​ce.10713​98

Chabes A, Domkin V, Thelander L (1999) Yeast Sml1, a protein inhibi-
tor of ribonucleotide reductase. J Biol Chem 274(51):36679–
36683. https​://doi.org/10.1074/jbc.274.51.36679​

Chen SH, Smolka MB, Zhou H (2007) Mechanism of Dun1 activation 
by Rad53 phosphorylation in Saccharomyces cerevisiae. J Biol 
Chem 282(2):986–995. https​://doi.org/10.1074/jbc.M6093​22200​

Cheng A, Zhao T, Tse KH, Chow HM, Cui Y, Jiang L, Du S, Loy 
MMT, Herrup K (2018) ATM and ATR play complementary 
roles in the behavior of excitatory and inhibitory vesicle popula-
tions. Proc Natl Acad Sci USA 115(2):E292–E301. https​://doi.
org/10.1073/pnas.17168​92115​

Corcoles-Saez I, Dong K, Johnson AL, Waskiewicz E, Costanzo M, 
Boone C, Cha RS (2018) Essential function of Mec1, the budding 
yeast ATM/ATR checkpoint-response kinase, in protein homeo-
stasis. Dev Cell 46(4):495–503. https​://doi.org/10.1016/j.devce​
l.2018.07.011

Costanzo M, Baryshnikova A, Bellay J et  al (2010) The genetic 
landscape of a cell. Science 327(5964):425–431. https​://doi.
org/10.1126/scien​ce.11808​23

Dahl ES, Aird KM (2017) Ataxia-telangiectasia mutated modulation 
of carbon metabolism in cancer. Front Oncol 7:291. https​://doi.
org/10.3389/fonc.2017.00291​

Davies BW, Kohanski MA, Simmons LA, Winkler JA, Collins JJ, 
Walker GC (2009) Hydroxyurea induces hydroxyl radical-medi-
ated cell death in Escherichia coli. Mol Cell 36(5):845–860. https​
://doi.org/10.1016/j.molce​l.2009.11.024

Díaz-Villanueva JF, Díaz-Molina R, García-González V (2015) 
Protein folding and mechanisms of proteostasis. Int J Mol Sci 
16(8):17193–17230. https​://doi.org/10.3390/ijms1​60817​193

Dong K, Addinall SG, Lydall D, Rutherford JC (2013) The yeast 
copper response is regulated by DNA damage. Mol Cell Biol 
33(20):4041–4050. https​://doi.org/10.1128/MCB.00116​-13

Earp C, Rowbotham S, Merényi G, Chabes A, Cha RS (2015) S 
phase block following MEC1ATR inactivation occurs without 
severe dNTP depletion. Biol Open 4(12):1739–1743. https​://doi.
org/10.1242/bio.01534​7

Elledge SJ (1996) Cell cycle checkpoints: preventing an identity 
crisis. Science 274:1664–1672. https​://doi.org/10.1126/scien​
ce.274.5293.1664

Fichtner L, Frohloff F, Jablonowski D, Stark MJ, Schaffrath R 
(2002) Protein interactions within Saccharomyces cerevi-
siae Elongator, a complex essential for Kluyveromyces lactis 

zymocicity. Mol Microbiol 45(3):817–826. https​://doi.org/10.10
46/j.1365-2958.2002.03055​.x

Garcia V, Salanoubat M, Choisne N, Tissier A (2000) An ATM homo-
logue from Arabidopsis thaliana: complete genomic organisation 
and expression analysis. Nucleic Acids Res 28(8):1692–1699 
(PMID: 10734187)

Gasch AP, Huang M, Metzner S, Botstein D, Elledge SJ, Brown PO 
(2001) Genomic expression responses to DNA-damaging agents 
and the regulatory role of the yeast ATR homolog Mec1p. 
Mol Biol Cell 12(10):2987–3003. https​://doi.org/10.1091/
mbc.12.10.2987

Gerlinger UM, Gückel R, Hoffmann M, Wolf DH, Hilt W (1997) 
Yeast cycloheximide-resistant crl mutants are proteasome 
mutants defective in protein degradation. Mol Biol Cell 
8(12):2487–2499 (PMID: 9398670)

Greenwell PW, Kronmal SL, Porter SE, Gassenhuber J, Obermaier 
B, Petes TD (1995) TEL1, a gene involved in controlling tel-
omere length in S. cerevisiae, is homologous to the human 
ataxia telangiectasia gene. Cell 82(5):823–829. https​://doi.
org/10.1016/0092-8674(95)90479​-4

Harari Y, Kupiec M (2018) Mec1ATR​ is needed for extensive tel-
omere elongation in response to ethanol in yeast. Curr Genet 
64(1):223–234. https​://doi.org/10.1007/s0029​4-017-0728-1

Hari KL, Santerre A, Sekelsky JJ, McKim KS, Boyd JB, Hawley 
RS (1995) The mei-41 gene of D. melanogaster is a struc-
tural and functional homolog of the human ataxia telangiec-
tasia gene. Cell 82(5):815–821. https​://doi.org/10.1016/0092-
8674(95)90478​-6

Harper JW, Elledge SJ (2007) The DNA damage response: ten years 
after. Mol Cell 28:739–745. https​://doi.org/10.1016/j.molce​
l.2007.11.015

Hill SM, Hanzén S, Nyström T (2017) Restricted access: spatial 
sequestration of damaged proteins during stress and aging. EMBO 
Rep 18(3):377–391. https​://doi.org/10.15252​/embr.20164​3458

Jiang Y, Zhang XY, Sun L, Zhang GL, Duerksen-Hughes P, Zhu XQ, 
Yang J (2012) Methyl methanesulfonate induces apoptosis in 
p53-deficient H1299 and Hep3B cells through a caspase 2- and 
mitochondria-associated pathway. Environ Toxicol Pharmacol 
34(3):694–704. https​://doi.org/10.1016/j.etap.2012.09.019

Kerscher O, Sepuri NB, Jensen RE (2000) Tim18p is a new compo-
nent of the Tim54p-Tim22p translocon in the mitochondrial inner 
membrane. Mol Biol Cell 11(1):103–116. https​://doi.org/10.1091/
mbc.11.1.103

Knighton LE, Delgado LE, Truman AW (2018) Novel insights into 
molecular chaperone regulation of ribonucleotide reductase. Curr 
Genet. https​://doi.org/10.1007/s0029​4-018-0916-7

Kurtishi A, Rosen B, Patil KS, Alves GW, Møller SG (2018) Cellular 
proteostasis in neurodegeneration. Mol Neurobiol. https​://doi.
org/10.1007/s1203​5-018-1334-z

Lee JH, Mand MR, Kao CH, Zhou Y, Ryu SW, Richards AL, Coon 
JJ, Paull TT (2018) ATM directs DNA damage responses and 
proteostasis via genetically separable pathways. Sci Signal. https​
://doi.org/10.1126/scisi​gnal.aan55​98

Liew LP, Lim ZY, Cohen M, Kong Z, Marjavaara L, Chabes A, Bell 
SD (2016) Hydroxyurea-mediated cytotoxicity without inhibition 
of ribonucleotide reductase. Cell Rep 17(6):1657–1670. https​://
doi.org/10.1016/j.celre​p.2016.10.024

Llorens-Agost M, Luessing J, van Beneden A, Eykelenboom J, 
O’Reilly D, Bicknell LS, Reynolds JJ, van Koegelenberg M, 
Hurles ME, Brady AF, Jackson AP, Stewart GS, Lowndes NF 
(2018) Analysis of novel missense ATR mutations reveals new 
splicing defects underlying Seckel syndrome. Hum Mutat. https​
://doi.org/10.1002/humu.23648​

Lovejoy CA, Cortez D (2009) Common mechanisms of PIKK regula-
tion. DNA Repair 8(9):1004–1008. https​://doi.org/10.1016/j.dnare​
p.2009.04.006

https://doi.org/10.1016/j.bbrc.2012.06.103
https://doi.org/10.1016/j.bbrc.2012.06.103
https://doi.org/10.1016/S0076-6879(10)70007-0
https://doi.org/10.1016/S0076-6879(10)70007-0
https://doi.org/10.1007/s00294-017-0727-2
https://doi.org/10.1007/s00294-017-0727-2
https://doi.org/10.1126/science.1071398
https://doi.org/10.1074/jbc.274.51.36679
https://doi.org/10.1074/jbc.M609322200
https://doi.org/10.1073/pnas.1716892115
https://doi.org/10.1073/pnas.1716892115
https://doi.org/10.1016/j.devcel.2018.07.011
https://doi.org/10.1016/j.devcel.2018.07.011
https://doi.org/10.1126/science.1180823
https://doi.org/10.1126/science.1180823
https://doi.org/10.3389/fonc.2017.00291
https://doi.org/10.3389/fonc.2017.00291
https://doi.org/10.1016/j.molcel.2009.11.024
https://doi.org/10.1016/j.molcel.2009.11.024
https://doi.org/10.3390/ijms160817193
https://doi.org/10.1128/MCB.00116-13
https://doi.org/10.1242/bio.015347
https://doi.org/10.1242/bio.015347
https://doi.org/10.1126/science.274.5293.1664
https://doi.org/10.1126/science.274.5293.1664
https://doi.org/10.1046/j.1365-2958.2002.03055.x
https://doi.org/10.1046/j.1365-2958.2002.03055.x
https://doi.org/10.1091/mbc.12.10.2987
https://doi.org/10.1091/mbc.12.10.2987
https://doi.org/10.1016/0092-8674(95)90479-4
https://doi.org/10.1016/0092-8674(95)90479-4
https://doi.org/10.1007/s00294-017-0728-1
https://doi.org/10.1016/0092-8674(95)90478-6
https://doi.org/10.1016/0092-8674(95)90478-6
https://doi.org/10.1016/j.molcel.2007.11.015
https://doi.org/10.1016/j.molcel.2007.11.015
https://doi.org/10.15252/embr.201643458
https://doi.org/10.1016/j.etap.2012.09.019
https://doi.org/10.1091/mbc.11.1.103
https://doi.org/10.1091/mbc.11.1.103
https://doi.org/10.1007/s00294-018-0916-7
https://doi.org/10.1007/s12035-018-1334-z
https://doi.org/10.1007/s12035-018-1334-z
https://doi.org/10.1126/scisignal.aan5598
https://doi.org/10.1126/scisignal.aan5598
https://doi.org/10.1016/j.celrep.2016.10.024
https://doi.org/10.1016/j.celrep.2016.10.024
https://doi.org/10.1002/humu.23648
https://doi.org/10.1002/humu.23648
https://doi.org/10.1016/j.dnarep.2009.04.006
https://doi.org/10.1016/j.dnarep.2009.04.006


661Current Genetics (2019) 65:657–661	

1 3

Mallory JC, Petes TD (2000) Protein kinase activity of Tel1p and 
Mec1p, two Saccharomyces cerevisiae proteins related to 
the human ATM protein kinase. Proc Natl Acad Sci USA 
97(25):13749–13754. https​://doi.org/10.1073/pnas.25047​5697

Matsuoka S, Ballif BA, Smogorzewska A, McDonald ER 3rd, Hurov 
KE, Luo J, Bakalarski CE, Zhao Z, Solimini N, Lerenthal Y, 
Shiloh Y, Gygi SP, Elledge SJ (2007) ATM and ATR substrate 
analysis reveals extensive protein networks responsive to DNA 
damage. Science 316(5828):1160–1166. https​://doi.org/10.1126/
scien​ce.11403​21

McCusker JH, Haber JE (1988a) Cycloheximide-resistant temperature-
sensitive lethal mutations of Saccharomyces cerevisiae. Genetics 
119(2):303–315 (PMID: 3294103)

McCusker JH, Haber JE (1988b) crl mutants of Saccharomyces cerevi-
siae resemble both mutants affecting general control of amino acid 
biosynthesis and omnipotent translational suppressor mutants. 
Genetics 119(2):317–327 (PMID: 3294104)

Meriin AB, Zhang X, He X, Newnam GP, Chernoff YO, Sherman MY 
(2002) Huntington toxicity in yeast model depends on polyglu-
tamine aggregation mediated by a prion-like protein Rnq1. J Cell 
Biol 157(6):997–1004. https​://doi.org/10.1083/jcb.20011​2104

Mikolaskova B, Jurcik M, Cipakova I, Kretova M, Chovanec M, Cipak 
L (2018) Maintenance of genome stability: the unifying role of 
interconnections between the DNA damage response and RNA-
processing pathways. Curr Genet 64(5):971–983. https​://doi.
org/10.1007/s0029​4-018-0819-7

Moriel-Carretero M, Pasero P, Pardo B (2018) DDR Inc., one busi-
ness, two associates. Curr Genet. https​://doi.org/10.1007/s0029​
4-018-0908-7

Nyholm S, Thelander L, Gräslund A (1993) Reduction and loss of the 
iron center in the reaction of the small subunit of mouse ribonu-
cleotide reductase with hydroxyurea. Biochemistry 32(43):11569–
11574. https​://doi.org/10.1021/bi000​94a01​3

O’Driscoll M, Ruiz-Perez VL, Woods CG, Jeggo PA, Goodship JA 
(2003) A splicing mutation affecting expression of ataxia-telan-
giectasia and Rad3-related protein (ATR) results in Seckel syn-
drome. Nat Genet 33(4):497–501. https​://doi.org/10.1038/ng112​9

Radman M (2016) Protein damage, radiation sensitivity and aging. 
DNA Repair 44:186–192. https​://doi.org/10.1016/j.dnare​
p.2016.05.025

Sanvisens N, Romero AM, Zhang C, Wu X, An X, Huang M, Puig S 
(2016) Yeast dun1 kinase regulates ribonucleotide reductase small 
subunit localization in response to iron deficiency. J Biol Chem 
291(18):9807–9817. https​://doi.org/10.1074/jbc.M116.72086​2

Stehling O, Vashisht AA, Mascarenhas J, Jonsson ZO, Sharma T, 
Netz DJA, Pierik AJ, Wohlschlegel JA, Lill R (2012) MMS19 
assembles iron-sulfur proteins required for DNA metabolism 

and genomic integrity. Science 337(6091):195–199. https​://doi.
org/10.1126/scien​ce.12197​23

Tkach JM, Yimit A, Lee AY, Riffle M, Costanzo M, Jaschob D, Hendry 
JA, Ou J, Moffat J, Boone C, Davis TN, Nislow C, Brown GW 
(2012) Dissecting DNA damage response pathways by analysing 
protein localization and abundance changes during DNA replica-
tion stress. Nat Cell Biol 14(9):966–976. https​://doi.org/10.1038/
ncb25​49

Van Drie JH (2011) Protein folding, protein homeostasis, and can-
cer. Chin J Cancer 30(2):124–137. https​://doi.org/10.5732/
cjc.010.10162​

Walsh P, Bursać D, Law YC, Cyr D, Lithgow T (2004) The J-protein 
family: modulating protein assembly, disassembly and transloca-
tion. EMBO Rep 5(6):567–571. https​://doi.org/10.1038/sj.embor​
.74001​72

Weids AJ, Grant CM (2014) The yeast peroxiredoxin Tsa1 protects 
against protein-aggregate-induced oxidative stress. J Cell Sci 
127(Pt 6):1327–1335. https​://doi.org/10.1242/jcs.14402​2

Weinert TA, Kiser GL, Hartwell LH (1994) Mitotic checkpoint genes 
in budding yeast and the dependence of mitosis on DNA replica-
tion and repair. Genes Dev 8(6):652–665. https​://doi.org/10.1101/
gad.8.6.652

Zhao X, Rothstein R (2002) The Dun1 checkpoint kinase phospho-
rylates and regulates the ribonucleotide reductase inhibitor 
Sml1. Proc Natl Acad Sci USA 99(6):3746–3751. https​://doi.
org/10.1073/pnas.06250​2299

Zhao X, Muller EG, Rothstein R (1998) A suppressor of two essential 
checkpoint genes identifies a novel protein that negatively affects 
dNTP pools. Mol Cell 2(3):329–340. https​://doi.org/10.1016/
S1097​-2765(00)80277​-4

Zhao X, Chabes A, Domkin V, Thelander L, Rothstein R (2001) The 
ribonucleotide reductase inhibitor Sml1 is a new target of the 
Mec1/Rad53 kinase cascade during growth and in response 
to DNA damage. EMBO J 20(13):3544–3553. https​://doi.
org/10.1093/emboj​/20.13.3544

Zhou C, Elia AE, Naylor ML, Dephoure N, Ballif BA, Goel G, Xu 
Q, Ng A, Chou DM, Xavier RJ, Gygi SP, Elledge SJ (2016) Pro-
filing DNA damage-induced phosphorylation in budding yeast 
reveals diverse signaling networks. Proc Natl Acad Sci USA 
113(26):E3667–E3675. https​://doi.org/10.1073/pnas.16028​27113​

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1073/pnas.250475697
https://doi.org/10.1126/science.1140321
https://doi.org/10.1126/science.1140321
https://doi.org/10.1083/jcb.200112104
https://doi.org/10.1007/s00294-018-0819-7
https://doi.org/10.1007/s00294-018-0819-7
https://doi.org/10.1007/s00294-018-0908-7
https://doi.org/10.1007/s00294-018-0908-7
https://doi.org/10.1021/bi00094a013
https://doi.org/10.1038/ng1129
https://doi.org/10.1016/j.dnarep.2016.05.025
https://doi.org/10.1016/j.dnarep.2016.05.025
https://doi.org/10.1074/jbc.M116.720862
https://doi.org/10.1126/science.1219723
https://doi.org/10.1126/science.1219723
https://doi.org/10.1038/ncb2549
https://doi.org/10.1038/ncb2549
https://doi.org/10.5732/cjc.010.10162
https://doi.org/10.5732/cjc.010.10162
https://doi.org/10.1038/sj.embor.7400172
https://doi.org/10.1038/sj.embor.7400172
https://doi.org/10.1242/jcs.144022
https://doi.org/10.1101/gad.8.6.652
https://doi.org/10.1101/gad.8.6.652
https://doi.org/10.1073/pnas.062502299
https://doi.org/10.1073/pnas.062502299
https://doi.org/10.1016/S1097-2765(00)80277-4
https://doi.org/10.1016/S1097-2765(00)80277-4
https://doi.org/10.1093/emboj/20.13.3544
https://doi.org/10.1093/emboj/20.13.3544
https://doi.org/10.1073/pnas.1602827113

	Versatility of the Mec1ATMATR​ signaling network in mediating resistance to replication, genotoxic, and proteotoxic stresses
	Abstract
	Introduction
	Emergence of DDR-independent functions of ATMATR kinases
	Essential function(s) of Mec1 in proteostasis
	Genotoxic- versus proteotoxic-stress response pathways
	Limited “target specificity” of replication, genotoxic and proteotoxic stresses
	Conclusion and perspectives
	Acknowledgements 
	References


