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Cytosolic DNA of endogenous or exogenous origin is sensed by

the cGAS-STING pathway to activate innate immune

responses. Besides microbial DNA, this pathway detects self-

DNA in the cytoplasm of damaged or abnormal cells and plays

a central role in antitumor immunity. The mechanism by which

cytosolic DNA accumulates under genotoxic stress conditions

is currently unclear, but recent studies on factors mutated in the

Aicardi-Goutières syndrome cells, such as SAMHD1, RNase

H2 and TREX1, are shedding new light on this key process. In

particular, these studies indicate that the rupture of micronuclei

and the release of ssDNA fragments during the processing of

stalled replication forks and chromosome breaks represent

potent inducers of the cGAS-STING pathway.

Address

Institut de Génétique Humaine, CNRS, Université de Montpellier, Equipe
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Introduction
The innate immune system is the first line of host defense

against a broad range of pathogens, such as viruses,

bacteria, fungi and parasites. It acts by directly sensing

pathogens-associated molecular patterns through a set of

pattern recognition receptors that stimulate downstream

signaling cascades leading to the production of type I

interferons (IFNs) and other pro-inflammatory cytokines.

This system operates on the premise that no free DNA

should be present in the cytosol and therefore recognizes

cytosolic DNA as non-self [1]. This DNA is recognized by

a variety of nucleic acids sensors that converge on STING

(STimulation of Interferon Genes) to transactivate innate

immune response genes [2]. A key player in this process is

the cyclic GMP-AMP synthase (cGAS), which binds
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double-stranded DNA (dsDNA) in a sequence-indepen-

dent manner and produces cyclic-GMP-AMP. This sec-

ond messenger binds STING and induces TBK1 activa-

tion, IRF3 phosphorylation and induction of type I IFNs

and other cytokine genes [1,2].

Besides pathogens, the innate immune system also

responds to tissue damage by sensing damage-associated

molecular patterns, including cytosolic DNA of endoge-

nous origin. The cGAS-STING pathway is activated by

cytosolic DNA accumulating after ionizing radiation [3]

or exposure to a variety of chemotherapeutic agents

targeting DNA replication forks [4–6]. DNA sensing

pathways act as a double-edged sword in cancer devel-

opment in a context-dependent manner. On the one

hand, the cGAS-STING pathway contributes to the

elimination of abnormal cells by different means, includ-

ing induction of senescence and senescence-associated

secretory phenotype (SASP) [7��,8�,9�], the upregulation

of immunoreceptor ligands of natural killer cells [5,6,10]

and the stimulation of adaptive immune responses

[11,12]. On the other hand, the chronic induction of

DNA sensing pathways by genomic instability promotes

metastasis in cancer cells in a STING-dependent man-

ner [13��].

The cGAS-STING pathway is not only triggered by

genotoxic agents, but also by endogenous sources of

DNA damage, such as telomere shortening and onco-

gene-induced DNA damage [14,15,16��]. This pathway is

frequently suppressed in human cancers, enabling malig-

nant cells to escape immune surveillance [15,17]. This is

reminiscent of the inactivation of p53 and other DNA

damage response (DDR) factors in response to oncogene-

induced DNA damage [18]. Since innate immunity and

DDR pathways share multiple components [19], it is

likely that these processes cooperate to prevent tumori-

genesis [20�]. However, the interplay between DDR

factors and the cGAS-STING pathway remains poorly

characterized at the molecular level. Here, we discuss

recent findings on three genes frequently mutated in

human interferonopathies that shed new light on the

mechanism by which DNA damage activates the inter-

feron response.

Insights from the Aicardi-Goutières syndrome
The cGAS-STING pathway is constitutively activated in

a rare Mendelian disorder called the Aicardi-Goutières
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syndrome (AGS) and in other related interferonopathies,

which are characterized by a chronic upregulation of type

I IFNs [21,22]. AGS is caused by germline mutations in

genes encoding factors involved in nucleic acids metabo-

lism, such as TREX1, RNase H2 and SAMHD1.

TREX1 (Three Prime Repair Exonuclease 1) is a major

30-50 exonuclease that is anchored to the outer face of the

nuclear membrane and degrades both single-stranded and

double-stranded DNA (ssDNA and dsDNA), although it

preferentially binds ssDNA [4,23,24]. Trex1�/� mouse

embryonic fibroblasts (MEFs) accumulate cytosolic DNA

of endogenous origin, including endogenous retroele-

ments, and show a chronic activation of type I IFNs

[4,25]. Importantly, TREX1 regulates radiotherapy-

induced tumor immunogenicity by controlling the

amount of IFN-stimulatory DNA present in cancer cells

[26�,27�] and prevents SASP [9�].

RNase H2 plays a central role in the removal of ribonu-

cleotides misincorporated into DNA during DNA repli-

cation and in the resolution of co-transcriptional RNA:

DNA hybrids [28]. RNase H2-deficient cells display

spontaneous replication stress and accumulate DSBs in

a Top1-dependent manner [29,30]. Moreover, recent

evidence indicate that RNase H2-deficient cells accumu-

late micronuclei, which eventually become permeable to

cGAS and trigger IFN production [31�,32��]. These

micronuclei could result from the persistence of
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unrepaired DSBs during mitosis, as recently reported

in gamma-irradiated cells [33��].

SAMHD1 (sterile alpha motif and HD-domain containing

protein 1) is a restriction factor for HIV-1 infection and a

deoxynucleoside triphosphate (dNTP) hydrolase that

depletes intracellular dNTP pools in non-cycling cells

[34,35]. SAMHD1 is also recruited to DNA repair foci in

response to DNA damage [36,37�] and plays a key role in

DSB repair by promoting the resection of DNA ends

[37�,38��]. SAMHD1 is mutated in 17% of AGS patients

[39] and Samhd1 �/� mice show a chronic induction of type

I IFNs in a cGAS-dependent and STING-dependent

manner [40]. Together, these data suggest that SAMHD1

plays a unique function at the interface between DNA

repair and inflammation through the regulation of dNTP

pools and/or the processing of chromosome breaks.

SAMHD1 and the replication stress response
DNA replication is a complex process depending on the

coordinated activation of thousands of replication origins

and the unconstrained progression of replication forks,

through the action of DNA polymerases, helicases and

accessory proteins forming the replisome [41]. This pro-

cess is frequently challenged by events of endogenous or

exogenous origin, collectively referred to as DNA repli-

cation stress, leading to replication fork slowing or stalling

(Figure 1). Stalled forks are detected by the ATR check-

point kinase, which binds RPA-coated ssDNA and
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activates the effector kinase CHK1 to prevent premature

entry into mitosis and promote replication resumption

[30,42].

Depleted or imbalanced dNTP pools represent a com-

mon source of replication stress, caused by genotoxic

drugs or by mutations affecting dNTP metabolism [30].

Since SAMHD1 plays a major role in this process,

efforts have been made to monitor the impact of

SAMHD1 mutations on DNA replication. SAMHD1-

depleted cells show deregulated dNTP pools, impaired

replication fork progression and increased mutagenesis

[38��,43,44]. However, the regulation of dNTP pools is

not the only function of SAMHD1 during the S-phase

of the cell cycle. Indeed, it has been recently reported

that SAMHD1 interacts physically with the MRE11

nuclease and stimulates its exonuclease activity [38��].
MRE11 is recruited to stalled forks to promote the

degradation of nascent DNA strands through its 30-50

exonuclease activity [45]. This activity is impaired in

SAMHD1-depleted cells, which limits the formation of

RPA-coated ssDNA, activation of the ATR�CHK1

pathway and fork restart [38��]. This function of

SAMHD1 at stalled forks is reminiscent of its role in

DNA end resection [37�].

SAMHD1 is phosphorylated on T592 by the cyclin-

dependent kinases CDK1 and CDK2 associated with

cyclin A2 [46] and is dephosphorylated at the M/G1

transition by the PP2A-B55a phosphatase [47]. Phos-

phorylation of T592 leads to the dissociation of

SAMHD1 tetramers upon entry into S phase and was

proposed to downregulate its dNTPase and/or HIV-1

restriction activities [48–51]. Since the phosphorylation

of T592 is also required to activate the MRE11-depen-

dent resection activity of SAMHD1, it may act as a

switch between the nuclease and dNTPase functions

of SAMHD1 (Figure 1). In the absence of SAMHD1,

cells are therefore exposed to a significant level of

endogenous replication stress resulting from both a

deregulated pool of dNTPs and a reduced ability to

signal and repair arrested forks. This may explain why

SAMHD1 is mutated in chronic lymphoid leukemia

(CLL) and in other cancers [36].

SAMHD1 prevents the accumulation of
cytosolic ssDNA
Different sources of replication stress induce the accu-

mulation of cytosolic DNA and the activation of the

cGAS-STING pathway [6,12] but the mechanisms

involved have remained unclear. In Xenopus egg

extracts, the processing of DSBs by the MRE11 nuclease

generates ssDNA oligos that are also detected in human

cells exposed to ionizing radiation and could represent

byproducts of DNA end resection [26�,52]. Moreover,

depletion of the ssDNA binding protein RAD51 and of

factors regulating DNA end resection results in the
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accumulation of cytosolic ssDNA and the activation of

innate immune signaling [24,26�,53]. Since SAMHD1

promotes resection at both DSBs and stalled forks, an

attractive possibility could be that SAMHD1-deficient

cells activate the cGAS-STING pathway because of the

aberrant processing of stalled forks. This view is sup-

ported by the fact that, in the absence of SAMHD1,

nascent DNA is displaced by the RECQ1 DNA helicase,

leading to the formation of a flap that can be cleaved by

the endonuclease activity of MRE11 [38��]. The result-

ing ssDNA fragments would eventually accumulate in

the cytosol and activate the cGAS-STING pathway

(Figure 2). This model is consistent with the fact that

the depletion of RECQ1 with siRNAs or the inhibition

of MRE11 with Mirin prevents the accumulation of

cytosolic ssDNA in SAMHD1-deficient cells [38��].
However, it is worth noting that this study was mostly

performed using transformed cells lines, which often

display a downregulation of STING expression

[15,17,54]. An important question that remains to be

addressed is whether replication stress also contributes

to chronic inflammation in primary cells and in AGS

patients. A Samhd1 morphant zebrafish model recapitu-

lating the brain features of AGS [55] could be instru-

mental to address this question, unlike Samhd1 knockout

mouse models that lack brain phenotypes [56].

Another unanswered question is how cGAS senses

cytosolic ssDNA in SAMHD1-depented cells, consid-

ering that it preferentially binds to dsDNA [1,2]. Since

fork resection operates on both DNA strands and since

repetitive DNA sequences are abundant in the human

genome, it could be that ssDNA fragments reanneal in

the cytosol to form dsDNA duplexes that are long

enough to activate cGAS [57,58]. Alternatively, other

sensors than cGAS could be involved in the detection of

ssDNA fragments resulting from the processing of

DSBs and stalled forks. This is consistent with the fact

that the induction of type I IFNs in SAMHD1-depleted

cells was only partially reduced in the absence of cGAS

[38��]. A non-canonical IFI6-STING pathway inducing

type I IFN production in response to DNA damage has

been recently reported [59��] and could act in parallel

with the cGAS-STING pathway to signal genotoxic

stress.

Conclusion and perspectives
The recent characterization of the molecular function of

several factors mutated in the Aicardi-Goutières syn-

drome has shed new light on the connections between

the DNA damage response and innate immunity in a

pathological context. The next challenge is to understand

how these processes operate in primary cells. The picture

that emerges from the different studies mentioned above

is that self-DNA of different origins (retrotransposons,

damaged mitochondria, DNA repair byproducts . . . ) is

kept under check in the cytosol by the TREX1 nuclease.
www.sciencedirect.com
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Aberrant fork processing in SAMHD1-deficient cells. In the absence of SAMHD1, nascent DNA is displaced by the RECQ1 helicase and is cleaved

by the endonuclease activity of MRE11, leading to the accumulation of cytosolic ssDNA fragments. Despite the presence of the TREX1 nuclease,

these fragments reanneal and activate the cGAS-STING pathway. Intriguingly, the RECQ1-dependent displacement of nascent DNA strands does

not activate the DNA damage checkpoint to the same extent as MRE11-dependent fork resection.
Under replication stress conditions, altered fork proces-

sing and/or chromosome missegregation could increase

the accumulation of cytosolic DNA, overwhelming the

buffering capacity of TREX1. Intriguingly, the presence

of cGAS in the nucleus of cycling cells has recently been

reported [8�,60��]. How cells prevent cGAS from sensing

nuclear DNA is currently unknown, but it may involve its

titration by circular RNA species, as recently found in

long-term hematopoietic stem cells [60��]. Another chal-

lenge is to determine whether nuclear ssDNA fragments

passively diffuse into the cytosol or whether this process is

regulated. Interestingly, it has been recently reported that

RPA and RAD51 sequester ssDNA in the nucleus [24].

Since RPA is present in limiting amount and is rapidly

mobilized by stalled forks under severe replication stress

conditions [61], it is tempting to speculate that RPA

exhaustion helps the immune system detect cells with

a heavily damaged genome by increasing cytosolic DNA

and activating the STING pathway. Along the same line,

many genotoxic agents classically used as chemothera-

peutic agents increase tumor immunogenicity by increas-

ing T cell influx and sensitizing tumors to immune

checkpoint inhibition [62,63]. A better understanding

of the mechanisms by which genotoxic agents induce
www.sciencedirect.com 
type I IFNs and trigger immunogenic cell death should

therefore promote the development of more efficient

anticancer treatments combining the effects of chemo-

therapy and immunotherapy.
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Nilsson Jonas A et al.: DNA damage primes the type I interferon
system via the cytosolic DNA sensor STING to promote anti-
microbial innate immunity. Immunity 2015, 42:332-343.

4. Yang Y-G, Lindahl T, Barnes DE: Trex1 exonuclease degrades
ssDNA to prevent chronic checkpoint activation and
autoimmune disease. Cell 2007, 131:873-886.

5. Lam AR, Le Bert N, Ho SSW, Shen YJ, Tang MLF, Xiong GM,
Croxford JL, Koo CX, Ishii KJ, Akira S et al.: RAE1 ligands for the
NKG2D receptor are regulated by STING-dependent DNA
sensor pathways in lymphoma. Cancer Res 2014, 74:2193-2203.

6. Shen Yu J, Le Bert N, Chitre Anuja A, Koo Christine XE, Nga Xing H,
Ho Samantha SW, Khatoo M, Tan Nikki Y, Ishii Ken J, Gasser S:
Genome-derived cytosolic DNA mediates Type I interferon-
dependent rejection of B cell lymphoma cells. Cell Rep 2015,
11:460-473.

7.
��

Glück S, Guey B, Gulen MF, Wolter K, Kang T-W, Schmacke NA,
Bridgeman A, Rehwinkel J, Zender L, Ablasser A: Innate immune
sensing of cytosolic chromatin fragments through cGAS
promotes senescence. Nat Cell Biol 2017, 19:1061-1070.

See annotation to Ref. [16��].
8.
�

Yang H, Wang H, Ren J, Chen Q, Chen ZJ: cGAS is essential for
cellular senescence. Proc Nat Acad Sci 2017, 114:E4612-E4620.

See annotation to Ref. [16��].
9.
�

Takahashi A, Loo TM, Okada R, Kamachi F, Watanabe Y,
Wakita M, Watanabe S, Kawamoto S, Miyata K, Barber GN et al.:
Downregulation of cytoplasmic DNases is implicated in
cytoplasmic DNA accumulation and SASP in senescent cells.
Nat Commun 2018, 9:1249.

See annotation to Ref. [16��].
10. Ho Samantha SW, Zhang Wendy YL, Tan Nikki Yi J, Khatoo M,

Suter Manuel A, Tripathi S, Cheung Florence SG, Lim Weng K, Tan
Puay H, Ngeow J et al.: The DNA structure-specific
endonuclease MUS81 mediates DNA sensor STING-
dependent host rejection of prostate cancer cells. Immunity
2016, 44:1177-1189.

11. Deng L, Liang H, Xu M, Yang X, Burnette B, Arina A, Li X-D,
Mauceri H, Beckett M, Darga T et al.: STING-dependent
cytosolic DNA sensing promotes radiation-induced type I
interferon-dependent antitumor immunity in immunogenic
tumors. Immunity 2014, 41:843-852.

12. Kitai Y, Kawasaki T, Sueyoshi T, Kobiyama K, Ishii KJ, Zou J,
Akira S, Matsuda T, Kawai T: DNA-containing exosomes derived
from cancer cells treated with topotecan activate a sting-
dependent pathway and reinforce antitumor immunity. J
Immunol 2017, 198:1649-1659.

13.
��

Bakhoum SF, Ngo B, Laughney AM, Cavallo JA, Murphy CJ, Ly P,
Shah P, Sriram RK, Watkins TBK, Taunk NK et al.: Chromosomal
instability drives metastasis through a cytosolic DNA
response. Nature 2018, 553:467-472.

This study shows that the accumulation of cytosolic DNA in cells experi-
encing elevated chromosomal instability promotes metastasis through
the upregulation of the alternative NF-k B pathway in a STING-dependent
manner. It provides the first evidence of the existence of a direct link
between chromosomal instability and metastasis.

14. Li T, Chen ZJ: The cGAS–cGAMP–STING pathway connects
DNA damage to inflammation, senescence, and cancer. J Exp
Med 2018.

15. Chen YA, Shen YL, Hsia HY, Tiang YP, Sung TL, Chen LY:
Extrachromosomal telomere repeat DNA is linked to ALT
development via cGAS-STING DNA sensing pathway. Nat
Struct Mol Biol 2017, 24:1124-1131.

16.
��

Dou Z, Ghosh K, Vizioli MG, Zhu J, Sen P, Wangensteen KJ,
Simithy J, Lan Y, Lin Y, Zhou Z et al.: Cytoplasmic chromatin
triggers inflammation in senescence and cancer. Nature 2017,
550:402-406.

Refs. [7��, 8�, 9�, 16��] show that cGAS drives cellular senescence and
SASP in response to different types of genotoxic stress. Ref. [9�] reports
that this process is counteracted by the cytosolic nucleases DNase2 and
TREX1 and Ref. [16��] further shows that chromatin fragments released
from damaged nuclei are sensed by cGAS and leads to both short-term
Current Opinion in Immunology 2019, 56:24–30 
inflammation restraining activated oncogenes and chronic inflammation
associated with tissue destruction and cancer progression.

17. Xia T, Konno H, Ahn J, Barber GN: Deregulation of STING
signaling in colorectal carcinoma constrains DNA damage
responses and correlates with tumorigenesis. Cell Rep 2016,
14:282-297.

18. Halazonetis TD, Gorgoulis VG, Bartek J: An oncogene-induced
DNA damage model for cancer development. Science 2008,
319:1352-1355.

19. Chatzinikolaou G, Karakasilioti I, Garinis GA: DNA damage and
innate immunity: links and trade-offs. Trends Immunol 2014,
35:429-435.

20.
�

Gulen MF, Koch U, Haag SM, Schuler F, Apetoh L, Villunger A,
Radtke F, Ablasser A: Signalling strength determines
proapoptotic functions of STING. Nat Commun 2017, 8:427.

This work analyzes the outcome of the STING response in distinct cell
types and shows that an intensified STING signaling in response to STING
agonists is associated with the induction of IRF3- and p53-dependent
proapoptotic genes in T cells. This proapoptotic STING response is also
functional in cancerous T cells, revealing a potential for the pharmaco-
logical hyperactivation of STING in preventing tumor growth.

21. Crow YJ, Manel N: Aicardi-Goutieres syndrome and the type I
interferonopathies. Nat Rev Immunol 2015, 15:429-440.

22. Lee-Kirsch MA: The type I interferonopathies. Annu Rev Med
2017, 68:297-315.

23. Huang K-W, Liu T-C, Liang R-Y, Chu L-Y, Cheng H-L, Chu J-W, Y-
Y Hsiao: Structural basis for overhang excision and terminal
unwinding of DNA duplexes by TREX1. PLOS Biology 2018,
16e2005653.

24. Wolf C, Rapp A, Berndt N, Staroske W, Schuster M, Dobrick-
Mattheuer M, Kretschmer S, Konig N, Kurth T, Wieczorek D et al.:
RPA and Rad51 constitute a cell intrinsic mechanism to
protect the cytosol from self DNA. Nat Commun 2016, 7:11752.

25. Stetson DB, Ko JS, Heidmann T, Medzhitov R: Trex1 prevents
cell-intrinsic initiation of autoimmunity. Cell 2008, 134:587-598.

26.
�

Erdal E, Haider S, Rehwinkel J, Harris AL, McHugh PJ: A
prosurvival DNA damage-induced cytoplasmic interferon
response is mediated by end resection factors and is limited
by Trex1. Genes & Development 2017, 31:353-369.

See annotation to Ref. [27�]
27.
�

Vanpouille-Box C, Alard A, Aryankalayil MJ, Sarfraz Y,
Diamond JM, Schneider RJ, Inghirami G, Coleman CN,
Formenti SC, Demaria S: DNA exonuclease Trex1 regulates
radiotherapy-induced tumour immunogenicity. Nat Commun
2017, 8:15618.

Refs. [26�, 27�] show that TREX1 degrades cytosolic ssDNA induced by
chemotherapeutic agents and gamma irradiation. [Ref 28�] also shows
that high doses of irradiation upregulate TREX1 levels, whereas repeated
irradiations at lower doses increase the production of IFNs and mediate
systemic tumor rejection.

28. Williams JS, Gehle DB, Kunkel TA: The role of RNase H2 in
processing ribonucleotides incorporated during DNA
replication. DNA Repair 2017, 53:52-58.

29. SyN Huang, Williams JS, Arana ME, Kunkel TA, Pommier Y:
Topoisomerase I-mediated cleavage at unrepaired
ribonucleotides generates DNA double-strand breaks. EMBO
J 2017, 36:361-373.

30. Zeman MK, Cimprich KA: Causes and consequences of
replication stress. Nat Cell Biol 2014, 16:2-9.

31.
�

Bartsch K, Knittler K, Borowski C, Rudnik S, Damme M, Aden K,
Spehlmann ME, Frey N, Saftig P, Chalaris A et al.: Absence of
RNase H2 triggers generation of immunogenic micronuclei
removed by autophagy. Human Molecular Genetics 2017,
26:3960-3972.

See annotation to Ref. [33��]
32.
��

Mackenzie KJ, Carroll P, Martin C-A, Murina O, Fluteau A,
Simpson DJ, Olova N, Sutcliffe H, Rainger JK, Leitch A et al.: cGAS
surveillance of micronuclei links genome instability to innate
immunity. Nature 2017, 548:461-465.

See annotation to Ref. [33��]
www.sciencedirect.com

http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0015
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0015
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0015
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0015
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0015
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0020
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0020
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0020
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0025
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0025
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0025
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0025
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0030
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0030
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0030
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0030
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0030
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0035
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0035
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0035
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0035
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0040
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0040
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0045
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0045
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0045
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0045
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0045
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0050
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0050
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0050
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0050
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0050
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0050
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0055
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0055
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0055
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0055
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0055
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0060
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0060
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0060
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0060
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0060
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0065
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0065
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0065
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0065
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0070
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0070
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0070
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0075
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0075
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0075
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0075
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0080
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0080
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0080
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0080
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0085
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0085
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0085
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0085
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0090
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0090
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0090
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0095
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0095
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0095
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0100
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0100
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0100
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0105
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0105
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0110
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0110
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0115
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0115
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0115
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0115
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0120
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0120
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0120
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0120
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0125
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0125
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0130
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0130
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0130
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0130
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0135
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0135
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0135
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0135
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0135
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0140
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0140
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0140
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0145
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0145
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0145
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0145
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0150
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0150
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0155
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0155
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0155
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0155
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0155
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0160
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0160
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0160
http://refhub.elsevier.com/S0952-7915(18)30050-5/sbref0160


SAMHD1 links replication stress to inflammation Coquel et al. 29
33.
��

Harding SM, Benci JL, Irianto J, Discher DE, Minn AJ,
Greenberg RA: Mitotic progression following DNA damage
enables pattern recognition within micronuclei. Nature 2017,
548:466-470.

Together with Refs. [31�, 32��], this study reveals that micronuclei
represent a potent source of cytosolic DNA, leading to the activation
of the cGAS-STING pathway. Refs. [31�, 32��] also show that micronuclei
form spontaneously in the absence of RNase H2, a ribonuclease involved
in the clearing of RNA:DNA hybrids and ribonucleotides incorporated into
genomic DNA.

34. Laguette N, Sobhian B, Casartelli N, Ringeard M, Chable-Bessia C,
Segeral E, Yatim A, Emiliani S, Schwartz O, Benkirane M: SAMHD1
is the dendritic- and myeloid-cell-specific HIV-1 restriction
factor counteracted by Vpx. Nature 2011, 474:654-657.

35. Hrecka K, Hao C, Gierszewska M, Swanson SK, Kesik-
Brodacka M, Srivastava S, Florens L, Washburn MP,
Skowronski J: Vpx relieves inhibition of HIV-1 infection of
macrophages mediated by the SAMHD1 protein. Nature 2011,
474:658-661.

36. Clifford R, Louis T, Robbe P, Ackroyd S, Burns A, Timbs AT, Wright
Colopy G, Dreau H, Sigaux F, Judde JG et al.: SAMHD1 is
mutated recurrently in chronic lymphocytic leukemia and is
involved in response to DNA damage. Blood 2014, 123:1021-
1031.

37.
�

Daddacha W, Koyen AE, Bastien AJ, Head PE, Dhere VR,
Nabeta GN, Connolly EC, Werner E, Madden MZ, Daly MB et al.:
SAMHD1 Promotes DNA End Resection to Facilitate DNA
Repair by Homologous Recombination. Cell Rep 2017,
20:1921-1935.

See annotation to Ref. [38��].
38.
��
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