
RESEARCH PAPER

CGAS is a micronucleophagy receptor for the clearance of micronuclei
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ABSTRACT
Micronuclei are constantly considered as a marker of genome instability and very recently found to be 
a trigger of innate immune responses. An increased frequency of micronuclei is associated with many 
diseases, but the mechanism underlying the regulation of micronuclei homeostasis remains largely 
unknown. Here, we report that CGAS (cyclic GMP-AMP synthase), a known regulator of DNA sensing and 
DNA repair, reduces the abundance of micronuclei under genotoxic stress in an autophagy-dependent 
manner. CGAS accumulates in the autophagic machinery and directly interacts with MAP1LC3B/LC3B in 
a manner dependent upon its MAP1LC3-interacting region (LIR). Importantly, the interaction is essential 
for MAP1LC3 recruitment to micronuclei and subsequent clearance of micronuclei via autophagy 
(micronucleophagy) in response to genotoxic stress. Moreover, in contrast to its DNA sensing function 
to activate micronuclei-driven inflammation, CGAS-mediated micronucleophagy blunts the production 
of cyclic GMP-AMP (cGAMP) induced by genotoxic stress. We therefore conclude that CGAS is a receptor 
for the selective autophagic clearance of micronuclei and uncovered an unprecedented role of CGAS in 
micronuclei homeostasis to dampen innate immune surveillance.

Abbreviations: ATG: autophagy-related; CGAS: cyclic GMP-AMP synthase; CQ: chloroquine; GABARAP: 
GABA type A receptor-associated protein; GFP: green fluorescent protein; LAMP1: lysosomal associated 
membrane protein 1; LAMP2: lysosomal associated membrane protein 2; LIR, MAP1LC3-interacting region; 
MAP1LC3B/LC3B: microtubule associated protein 1 light chain 3 beta; NDZ: nocodazole; STING1: stimulator 
of interferon response cGAMP interactor 1
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Selective macroautophagy is a cellular process that forms dou-
ble-layered membrane vesicles to sequester macromolecules, 
organelles, or intracellular pathogens for lysosomal degradation 
[1]. A number of molecules including autophagy-related (ATG) 
proteins orchestrate signaling events that regulate autophagy 
flux including autophagosome initiation, elongation, maturation 
and fusion with lysosomes [2,3]. Of these ATGs, ATG7 and 
Atg8-family proteins are core parts of the autophagy process 
[4,5]. Unsuccessful delivery or degradation of various cargoes is 
associated with a variety of human diseases [6–9].

Generation of micronuclei under genotoxic stress is a hallmark 
of genomic instability [10,11]. Very recently, micronuclei are also 
found to be a trigger of innate immune responses [12,13]. 
Micronuclei usually originate from mis-segregation of DNA dur-
ing cell division and appear as small membrane-enclosed cyto-
plasmic bodies containing whole or fragmented chromosomes 
that are surrounded by its own nuclear membrane [14]. 
Increased frequency of micronuclei is associated with many dis-
eases including cancer [15], inflammation and autoimmune dis-
eases [16,17], neurodegenerative diseases [18], metabolic diseases 

[19,20] and cardiovascular diseases [21]. Though recent work 
indicate that micronuclei can be subjected to autophagic degrada-
tion [22,23], the autophagy receptor responsible for the clearance 
of micronuclei remains unknown.

CGAS (cyclic GMP-AMP synthase) has been identified as 
a sensor of double-stranded DNA (dsDNA) located in the cyto-
plasm or micronuclei to induce innate immunity and cellular 
senescence [12,13,24,25]. Upon DNA binding, CGAS is activated 
to generate cGAMP from guanosine triphosphate (GTP) and 
adenosine triphosphate (ATP) [24–26]. The second messenger 
cGAMP then binds with and activates STING1/MITA/MPYS/ 
ERIS/TMEM173 (stimulator of interferon response cGAMP 
interactor 1) [27–30]. The activated STING1 translocates from 
the endoplasmic reticulum to endoplasmic reticulum-Golgi inter-
mediate compartment (ERGIC) to activate the downstream effec-
tors TBK1 (TANK binding kinase 1) and IRF3 (interferon 
regulatory factor 3) to produce type I interferon (IFN) [31]. 
Type I IFN act as a critical regulator in innate immunity by 
inducing the expression of a number of interferon-stimulated 
genes (ISGs) [32]. Very recently, CGAS has been found to sense 
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chromosomes upon mitotic nuclear envelope breakdown and 
trigger transcription-independent induction of apoptosis upon 
mitotic aberrations [33]. Moreover, phosphoinositide interac-
tions-mediated CGAS positioning at the plasma membrane has 
been revealed as a mechanism that ensure efficient discrimination 
of self and non-self DNA [34]. Intriguingly, CGAS is also found to 
be located in the nucleus [35–39] and nuclear CGAS has been 
reported to be an inhibitor of DNA damage repair to fuel genome 
instability [36,38].

CGAS has been previously reported to be recruited to micro-
nuclei [12,13,23,39–42]. We have sought to charcterize the func-
tional role of CGAS in the regulation of homeostasis of 
micronulcei. Our results showed that CGAS reduced the abun-
dance of microculei in an autophagy-dependent manner. 
Moreover, CGAS directly interacts with ATG8 to recruit micro-
nuclei for subsequent clearance via autophagy (micronucleo-
phagy). Strikingly, CGAS-mediated micronucleophagy blunts 
micronuclei-mediated CGAS activation as demonstrated by the 
generation of cGAMP. Therefore, CGAS is considered as an 
autophagic receptor for the clearance of micronuclei to dampen 
micronuclei-mediated innate immune responses.

Results

CGAS reduced the abundance of micronuclei

To find out whether CGAS affects the abundance of micronuclei, 
we transfected HEK293 cells with GFP-CGAS and induced 
micronucleation in these cells with available tools to examine 
the frequency of micronucleated cells using confocal micro-
scopy. Overexpression of CGAS significantly reduced the fre-
quency of cell with micronuclei in resting HEK293 cells (Figure 
1A,B)). Treatment with nocodazole (NDZ) [22,43], paclitaxel 
[44], camptothecin [45], cisplatin [46] or doxorubicin [47] 
markedly enhanced the frequency of micronuclei-positive cells 
as expected (Figure 1A,B, S1A and S1B), which was significantly 
inhibited by CGAS overexpression as well (Figure 1A,B, S1A and 
S1B). We then generated CGAS knockout U2OS human osteo-
sarcoma cell by using CRISPR–Cas9 genome editing (Figure 
1C). Deletion of CGAS markedly increased the frequency of 
micronuclei in U2OS cells either left untreated or treated with 
NDZ, paclitaxel, camptothecin, cisplatin or doxorubicin (Figure 
1D,E, S1C and S1D), which is supported by previous finding that 
the deletion of CGAS in replicative crisis human lung fibroblasts 
leads to accumulation of micronuclei [48]. Of note, the comple-
mentation of CGAS−/- U2OS with WT CGAS, DNA-binding 
mutant CGASΔ171–174 or enzyme-inactive mutant 
CGASE225A,D227A [24,25], instead of pcDNA3.1-HA vector con-
trol all markedly reduced the frequency of micronuclei (Figure 
S1E and S1F), indicating that the role of CGAS in the regulation 
of micronuclei abundance is uncoupled from its canonical role 
in triggering type I IFN response. Together, these results sug-
gested CGAS may reduce the abundance of micronuclei inde-
pendent of the induction of type I IFN.

Of note, it has been implicated that micronuclei harboring 
signs of DNA damage are prone to be subjected to autophagic 
clearance [22]. Moreover, CGAS has been reported to be 
recruited to membrane ruptured micronuclei [12,13]. We 
therefore examined whether CGAS is more prone to regulate 

the abundance of micronuclei harboring γH2AX, a hallmark of 
DNA damage [49]. However, our data demonstrated that 
CGAS inhibited the frequency of γH2AX-positive and - 
negative micronuclei with similar potency (Figure S2A and 
S2B), indicating that CGAS may not selectively regulate the 
homeostasis of DNA damaged micronuclei. Moreover, FACS 
analysis of ANXA5/annexin-V and propidium iodide (PI) 
staining in WT and CGAS−/- U2OS cells treated with NDZ 
demonstrated that the deficiency of CGAS did not significantly 
affect NDZ-induced cell death in U2OS cells (Figure S2C and 
S2D), indicating that CGAS-mediated regulation of micronu-
clei homeostasis was not caused by dysregulated cell death. We 
further measured the diameters of the micronuclei in WT and 
CGAS−/- U2OS cells, and observed that the deletion of CGAS 
did not significantly affect the diameters of micronuclei 
(Figure S2E).

We then checked whether CGAS modulates the abundance of 
micronuclei in vivo. Both WT and cgas KO mice were treated with 
NDZ at a dose of 5 mg/kg intraperitoneally for 24 h, followed by 
quantification of the abundance of micronuclei in reticulocytes in 
peripheral blood by staining with FITC-CD71 and PI [50,51]. 
FACS analysis revealed that the deficiency of CGAS markedly 
enhanced the frequency of micronuclei-positive reticulocytes 
induced by NDZ (Figure 1F,G), indicating that CGAS regulates 
micronuclei homeostasis in vivo as well.

CGAS interacted with LC3

The abundance of proteins and cellular organelles is usually 
controlled by selective autophagy, a process mediated by 
autophagy receptors that simultaneously bind the cargoes 
and MAP1LC3/LC3 (microtubule associated protein 1 light 
chain 3) or GABARAP (GABA type A receptor-associated 
protein) proteins on phagophore membranes [52]. CGAS 
contains 5 LC3-interacting regions (LIRs) as analyzed by 
iLIR web server [53], 2 among which are conserved among 
various species (Figure 2A). LIR is generally required for the 
autophagy receptors to bind with LC3/GABARAP, a hallmark 
of autophagy [52,54]. Co-IP experiment also demonstrated 
the interaction of cGAS with Atg8-family proteins including 
yellow fluorescent protein (YFP)-tagged LC3A, LC3B, LC3C, 
GABARAP, GABARAPL1 and GABARAPL2, and the binding 
affinity of LC3B was strongest, suggesting that CGAS may 
interact with Atg8-family proteins with various binding affi-
nity (Figure S3A). By purifying SUMO-tagged CGAS and 
GST-tagged Atg8-family proteins, GST affinity-isolation 
assay further demonstrated a direct interaction between 
CGAS and various Atg8-family proteins, and of highest bind-
ing affinity with LC3B (Figure S3B). Co-IP experiment with 
GFP-CGAS and Flag-LC3B further demonstrated that CGAS 
interacted with LC3B (Figure 2B). By purifying SUMO-tagged 
CGAS and His-tagged LC3B, an affinity-isolation assay 
further demonstrated a direct interaction of CGAS with 
LC3B (Figure 2C). Surface plasmon resonance (SPR) assay 
also revealed that the binding affinity of CGAS with LC3B is 
at a KD of 170 nM (Figure 2D). Moreover, treatment with 
NDZ enhanced the endogenous interaction of CGAS with 
LC3B in U2OS cells, and inhibition of autophagy by CQ 
increased the interaction (Figure 2E), indicating a stimuli- 
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dependent interaction. Furtherly, we checked the interaction 
of CGAS with LC3B in U2OS cells left untreated or treated 
with NDZ in the absence or presence of CQ by proximity 
ligation assay [55]. The data demonstrated that NDZ treat-
ment markedly enhanced the interaction of CGAS with LC3B, 
which was further enhanced by blockade of autophagy with 
CQ (Figure 2F and 2G). Taken together, CGAS interacted 
with LC3B in response to genotoxic stress involving the 
induction of autophagy.

LIR domain of CGAS was required for CGAS-LC3 
interaction

We next investigated whether LIR of CGAS is responsible for 
the binding of CGAS with LC3. Deleting LIR355-360 from 
CGAS or mutating evolutionarily conserved phenylalanine 
357 and valine 360 of CGAS to alanine abolished the inter-
action between CGAS and LC3B (Figure 3A and S3C). We 
then purified SUMO-tagged WT CGAS and CGASF357A, 
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Figure 1. CGAS reduced the abundance of micronuclei. (A and B) Immunofluorescence assay showing the micronuclei in HEK293 cells stably transfected with GFP 
and GFP-CGAS in the absence or presence of NDZ (300 nM) treatment for 24 h followed by 48-h recovery (A). The quantification data were shown in (B). (C) 
Immunoblot of the lysates of U2OS cells stably transfected with control gRNA or gRNA targeting CGAS. (D and E) Immunofluorescence assay showing the micronuclei 
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G). n = 3 independent experiments (A, C, D, F). Nuclei were stained with DAPI (blue). One-way ANOVA with Bonferroni post hoc test were used for statistical analysis. 
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V360A, the mutation largely impaired the direct interaction of 
CGAS with LC3B as demonstrated by an affinity-isolation 
assay (Figure 3B). Consistently, the deletion or mutation of 
LIR motif also impaired the interaction of CGAS with endo-
genous LC3B in response to NDZ treatment (Figure 3C). 
Together, these results suggested that the LIR motif of CGAS 
mediates its interaction with LC3B.

CGAS regulated the autophagy of micronuclei

Given that CGAS interacts with LC3B, a key autophagy regulator, 
we next examined whether CGAS regulates the selective autopha-
gy of micronuclei. Confocal microscopy assay showed 
a colocalization of LC3B with micronuclei (Figure 4A), which is 
consistent with previous findings of LC3B-positive micronuclei 
[22]. Furthermore, we observed a colocalization of CGAS with 
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LC3B at micronuclei by confocal microscopy assay (Figure 4A). 
Importantly, immunogold electron microscopy assay demon-
strated a localization of CGAS in the micronuclei embedded in 
autophagosome (Figure 4B). Moreover, proximity ligation assay 

demonstrated that NDZ treatment resulted in colocalization of 
CGAS with LC3B at the micronuclei, while CQ treatment mark-
edly enhanced this process (Figure 4C,D). In addition, overexpres-
sion of CGAS markedly increased LC3B-positive micronuclei in 
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CGAS−/- U2OS cells left untreated or treated with NDZ (300 nM) for 24 h followed by 48-h recovery (I). The quantification data is shown in (J). Data are expressed as 
mean ± (SEM) of 3 independent experiments (D, F, J). Data are representative of n = 3 independent experiments (A-C, E, G-I). Nuclei were stained with DAPI (blue). 
One-way ANOVA with Bonferroni post hoc test were used for statistical analysis. Scale bar: 2.5 μm (A and H), 10 μm (C and I), 200 nm (B).
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HEK293 cells left untreated or treated with NDZ (Figure S4A and 
S4B). Consistently, knockout of CGAS dramatically reduced 
LC3B-positive micronuclei in U2OS cells left untreated or treated 
with NDZ (Figure 4E,F), indicating that CGAS played an essential 
role in regulating the autophagy of micronuclei.

Autophagic cargoes are delivered to the lysosomes for break-
down and eventual recycling [52], we therefore next examined 
whether CGAS accumulates in the lysosome. By using a method 
for the rapid isolation of mammalian lysosomes described pre-
viously [56,57], we generated GFP-TMEM192 stable U2OS cells 

to purify lysosomes. We successfully purified lysosomes as 
detected by lysosome markers LAMP1 and LAMP2, which are 
not contaminated by other cellular organelles including Golgi, 
peroxisome, endoplasmic reticulum and mitochondria as mon-
itored by corresponding markers GOLGA1/Golgin-97, CAT 
(catalase), CALR (calreticulin) and VDAC1 (voltage dependent 
anion channel 1), respectively (Figure 4G). An enrichment of 
CGAS and LMNB1 (lamin B1) in lysosomes was observed in 
cells treated with NDZ which induces micronuclei (Figure 4G), 
suggesting that CGAS may target the micronuclei to lysosome. 
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Considering that the proteins delivered to lysosomes may be 
degraded immediately by the hydrolases, we further performed 
the lysosome immunoprecipitation assay with lysosome hydro-
lases inhibitor E64D+pepstatin A [58]. We found that the pre-
sence of E64D+pepstatin A increased the abundance of CGAS 
and LMNB1 which are supposed to be subjected to lysosomal 
degradation by hydrolases (Figure S5A). However, NDZ treat-
ment consistently induced the accumulation of CGAS and 
LMNB1 in the lysosomes in the presence of E64D+pepstatin 
A (Figure S5A). Moreover, CGAS was found to colocalize with 
LAMP2 at LC3B-positive micronuclei (Figure 4H). Of note, 
overexpression of CGAS markedly increased the LC3B and 
LAMP2-positive micronuclei in HEK293 cells (Figure S5B and 
S5C), while knockout of CGAS dramatically reduced the colo-
calization of LAMP2 with LC3B positive micronuclei (Figure 4I, 
J). Together, these results suggested that CGAS may facilitate the 
delivery of autophagic micronuclei to lysosome.

CGAS promoted the clearance of micronuclei through 
autophagy

We next investigated whether CGAS regulates the abundance of 
micronuclei through autophagy. Initiation of selective autopha-
gy depends on ATGs to drive the biogenesis of the autophago-
somal membrane [54]. To interrogate whether the classical 
autophagy pathway is involved in CGAS-mediated regulation 
of micronuclei homeostasis, we depleted ATG14 which are 
important for classical autophagy initiation [59,60] in U2OS 
cells by CRISPR-Cas9-mediated genome editing (Figure S5D) 
and analyzed its effect on CGAS-mediated micronucleophagy. 
Of note, the deletion of ATG14 markedly enhanced micronu-
cleophagy in WT U2OS cells but not CGAS KO cells (Figure S5E 
and S5F), indicating that CGAS-mediated micronucleophagy is 
occurring via classical autophagy and distinctive from STING1- 
mediated autophagy via an ULK1 (unc-51 like autophagy acti-
vating kinase 1), ULK2 (unc-51 like autophagy activating 
kinase 2) and BECN1 (beclin 1)-independent pathway [61]. 
However, genotoxic compounds including NDZ, camptothecin, 
cisplatin, paclitaxel and doxorubicin did not significantly induce 
the conversion of LC3-I to LC3-II even in the presence of CQ 
treatment (Figure S6A), though autophagy was induced by either 
starvation or rapamycin [62] (Figure S6B). These data indicated 
that genotoxic stress did not significantly induce autophagy in 
U2OS cells, however, the basal level of autophagy may be suffi-
cient for the initiation of micronucleophagy. Of note, the protein 
level of CGAS was markedly reduced in response to genotoxic 
stresses (Figure S6A), which was partly reversed by CQ treat-
ment (Figure S6A), indicating a selective autophagic rather than 
macroautophagic pathway involving in the process of CGAS 
degradation. To further interrogate the effect of CGAS on auto-
phagy and autophagy flux, the level of LC3B (both LC3B-I and 
LC3B-II) have been measured in WT or CGAS−/- U2OS cell 
treated with rapamycin in the absence or presence of CQ. Of 
note, the deficiency of CGAS did not significantly affect the ratio 
of LC3-II:LC3-I in the absence or presence of CQ (Figure S6C), 
indicating that CGAS did not affect autophagy or autophagy flux 
in U2OS cells, though CGAS has been previously reported to 
interact with BECN1 and activate class III phosphatidylinositol 
3-kinase activity to induce autophagy [63].

We then checked whether LC3 conjugation is involved in 
CGAS-mediated clearance of micronuclei. We therefore knocked 
out ATG7, an E1 enzyme critical for LC3 conjugation, in both 
CGAS+/+ and CGAS−/- U2OS cells by using CRISPR-Cas9 genome 
editing (Figure 5A). Of note, NDZ-treatment led to a reduction of 
CGAS protein level only when ATG7 is present (Figure 5A), 
indicating that CGAS undergo degradation in ATG7-dependent 
manner. Interestingly, deletion of ATG7 markedly enhanced the 
frequency of micronuclei positive cells (Figure 5B,C S7A and S7B), 
and counteracted the inhibitory effect of CGAS on the number of 
micronuclei by either overexpression or knockout of CGAS 
(Figure 5B,C, S7A and S7B). Consistently, blockade of lysosome 
by CQ significantly enhanced the frequency of micronuclei in 
GFP-CGAS but not GFP-overexpressed cells left unstimulated or 
stimulated with NDZ (Figure 5D,E). Importantly, the inhibitory 
effect of CGAS on the abundance of micronuclei was not observed 
in CQ-treated cells (Figure 5D,E), indicating that CGAS may 
target autophagic micronuclei to lysosome for clearance.

CGAS mediated the clearance of micronuclei as an 
autophagy receptor

To further interrogate whether CGAS function as an micronu-
cleophagy receptor, we further checked the requirement of LIR for 
CGAS-mediated micronuclei homeostasis. Interestingly, NDZ 
treatment induced a moderate reduction of the expression level 
of WT CGAS rather than CGAS mutant lacking LIR, indicating 
that the autophagic degradation of CGAS in response to NDZ 
treatment is LIR dependent. Interestingly, CGAS mutant lacking 
LIR failed to accumulate in lysosome in response to NDZ treat-
ment (Figure 6A), indicating an essential role of LC3B-interaction 
in regulating CGAS recruitment to lysosome and autophagic 
degradation. Consistently, overexpression of CGAS LIR mutants 
including CGASΔ355-360 or CGASF357A,V360A failed to reduce the 
abundance of micronuclei in both unstimulated and NDZ-treated 
HEK293 cells (Figure S7C and S7D). Moreover, reconstitution of 
CGAS−/- U2OS cells with GFP-CGAS LIR mutants including 
CGASΔ355-360 or CGASF357A,V360A did not restore the inhibitory 
effect of CGAS on the abundance of micronuclei (Figure 6B,C), 
indicating that LIR-mediated interaction of CGAS with LC3B was 
critical for CGAS-mediated clearance of micronuclei. Further, 
reconstitution of CGAS−/- U2OS cells with GFP-CGAS markedly 
enhanced the frequency of cells with LC3B-decorated micronuclei 
(Figure 6D,E). However, reconstitution with GFP-CGAS LIR 
mutants including CGASΔ355-360 or CGASF357A,V360A did not 
show any effect on the abundance of LC3B positive micronuclei 
(Figure 6D,E), indicating that CGAS may function as an autopha-
gy receptor for mediating micronucleophagy. Together, these 
results suggested that CGAS may promote the turnover of micro-
nuclei through its LIR-mediated selective autophagy.

CGAS-mediated micronucleophagy dampened 
micronuclei-driven innate immunity

Because CGAS is required for autophagic clearance of micronu-
clei and micronuclei is demonstrated to trigger the expression of 
ISGs [12,13], we next investigated whether CGAS-mediated 
micronucleophagy is important for the regulation of micronuclei- 
mediated innate immunity. We firstly checked whether CGAS 
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LIR mutation is functional in sensing cytosolic DNA. 
Overexpression of CGAS in HA-STING1 stably transfected 
HEK293T cell led to induction of IFNB1 transcripts, while 
CGASΔ355-360 or CGASF357A,V360A showed reduced capability 
to trigger type I IFN response (Figure 7A). Consistently, co- 
immunoprecipitation assay with purified CGAS and CGASF357A, 

V360A protein demonstrated that the mutation of LIR to F357A 
and V360A markedly reduced its DNA binding ability (Figure 
7B), indicating that cGASF357A,V360A may affect DNA-induced 
type I IFN response by interfering with DNA binding. It has 
been reported that the CGAS-STING1 pathway cannot be acti-
vated in U2OS cells because STING1 is not expressed [64–66]. We 
therefore measured the abundance of cGAMP generated by 
CGAS rather than the induction of type I IFN response in 
U2OS cells stimulated with NDZ. The data demonstrated that 
NDZ stimulation enhanced the abundance of cGAMP, while the 
inhibition of lysosome by CQ resulted in enhanced generation of 
cGAMP (Figure 7C), concurrent with increased frequency of 
micronuclei (Figure 5D,E). These data indicated that autophagy 

may be important for the regulation of innate immune response 
mediated by NDZ-induced micronuclei. Intriguingly, reconstitu-
tion of CGAS−/- U2OS cells with GFP-CGAS markedly enhanced 
the abundance of cGAMP, which was further enhanced by CQ- 
mediated inhibition of lysosomes (Figure 7D). However, the 
enhanced production of cGAMP by CQ treatment was not 
observed in CGAS−/- U2OS cells reconstituted with CGAS LIR 
mutants including CGASΔ355-360 or CGASF357A,V360A (Figure 
7D), which lacks the ability to promote micronucleophagy but is 
still partly maintains the capability to trigger DNA-induced type 
I IFN response. Therefore, LIR-mediated micronucleophagy may 
be important for the regulation of micronuclei-driven CGAS 
activation and subsequent cGAMP generation. Collectively, 
these results suggested that CGAS played an additional important 
role in the downregulation of micronuclei-mediated type I IFN 
responses through autophagic control of micronuclei 
homeostasis.
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Discussion

CGAS has been emerging as an important regulator in inflamma-
tory diseases and cancer [12,13,15,38,41,67–69]. Though CGAS 
has been demonstrated to be critical for DNA-induced autophagy 
[61,63,70] and xenophagic elimination of invading pathogen [71], 
our identification of CGAS as an autophagy receptor of micro-
nuclei adds to the growing list of selective autophagy receptors, 
including for ribosome [56], mitochondria [72,73], peroxisomes 
[74], endoplasmic reticulum [75], ferritin [76] as well as invading 
pathogens [77,78]. Previous work has demonstrated the presence 
of micronuclei in the autophagosomes in U2OS cells by electron 
microscopy [22,23], here we revealed a critical role of CGAS in the 
regulating the lysosomal delivery of micronuclei for degradation.

Though micronuclei have long been considered as passive 
indicators of chromosome instability, they were recently demon-
strated to act as a key platform for chromothripsis [10,11] and 
a trigger of innate immune response [12,13]. DNA in micro-
nuclei is likely to get damaged [23]. When shattered chromatin 
from micronuclei gets reincorporated into the primary nucleus, 
aberrant rearrangements can take place, a phenomenon referred 
to as chromothripsis [10,11]. Chromothripsis is a catastrophic 
mutational process that is commonly observed in cancer [79]. 
Moreover, rupture of micronuclear envelope exposes genomic 
DNA into the cytosol and results in the activation of the CGAS- 
STING1 cytosolic DNA-sensing pathway, which has been shown 
to be involved in cancer development and autoimmune diseases 
[12,13,15]. Therefore, our findings of an unprecedented role of 
CGAS in the autophagic regulation of micronuclei homeostasis 
may add a novel layer of complexity for CGAS in the pathogen-
esis of multiple diseases.

The recruitment of CGAS to micronuclei has been well 
reported [12,13,23,39–42]. Breakdown of the micronuclear envel-
ope [12] and damaged micronuclear DNA [23] have been impli-
cated to be the cues for the accumulation of CGAS in micronuclei. 
However, the exact mechanism for CGAS recruitment to micro-
nuclei remains elusive. Though CGAS has been found to directly 
interact with γH2AX (phosphorylated Histone H2AX), 
a hallmark of DNA damage response [38], our data indicated 
that CGAS downregulates the abundance of γH2AX-positive and 
-negative micronuclei comparably. Therefore, the level of DNA 
damage in micronuclei may not be responsible for tiggerring 
CGAS recruitment to micronuclei. Of note, CGAS has been 
shown to be regulated by multiple post-translational modifica-
tions (PTMs) including phosphorylation, glutamylation, sumoy-
lation and acetylation [38,80–83]. In addition, very recent work 
demonstrated that chromatin architecture protein HMGB2 (high 
mobility group box 2) is essential for CGAS recruitment to 
cytoplasmic chromatin and subsequent CGAS activation [84]. 
Therefore, whether and how PTMs and HMGB2 are involved in 
the recruitment of CGAS to micronuclei warrants further 
investigation.

Macroautophagy/autophagy is a homeostatic process with 
multiple effects on immunity. One of the pivotal contributions 
of autophagy in immunity is the cell autonomous control of 
inflammation to avoid prolonged immune activation and poten-
tial host damage [85,86]. CGAS has been previously reported to 
interact with BECN1 and activate class III phosphatidylinositol 
3-kinase activity to induce autophagy, which thereby remove 

cytosolic pathogen DNA to prevent excessive CGAS activation 
and persistent immune stimulation [63]. A very recent work 
reported a primordial function of the CGAS-STING1 pathway 
in induction of autophagy that is dependent on WIPI2 (WD 
repeat domain, phosphoinositide interacting 2) and ATG5 but 
independent of the ULK and PIK3C3/VPS34-BECN1 kinase 
complexes, which is important for the clearance of DNA and 
viruses in the cytosol [61]. Our work demonstrated that CGAS 
promotes the clearance of micronuclei through autophagy in 
ATG14- and ATG7-dependent manner, indicating CGAS- 
mediated micronucleophagy is occurring via classical autophagy 
and distinctive from STING1-mediated autophagy via an ULK1 
and BECN1-independent pathway. The chromatin in micronu-
clei delivered by CGAS to the lysosomes may be subjected to be 
degradation by DNase such as TREX1 (three-prime repair exo-
nuclease-1) and SAMHD1 (SAM and HD domain containing 
deoxynucleoside triphosphate triphosphohydrolase 1) [87,88]. 
Of note, our data demonstrated that deletion of ATG7 led to 
elevated abundance of micronuclei under both spontaneous and 
genotoxic stress-induced conditions, which is not observed in 
CGAS KO cell reconstituted with CGAS LIR mutants. Therefore, 
CGAS-mediated micronucleophagy may serve as an important 
checkpoint in innate immunity by limiting the accumulation of 
micronuclei-derived DNA in the cytosol. Importantly, the LIR 
motif but not the enzymatic activity or DNA binding ability of 
CGAS is critical for its autophagic clearance of micronuclei, 
indicating that the mechanism underlying CGAS-mediated 
micronucleophagy is distinctive from that underlying CGAS- 
induced autophagy in response to cytosolic DNA [61,63,71,89].

CGAS was originally identified as a cytoplasmic DNA sensor 
that can bind with DNA to induce type I IFN response. In this 
study we found that CGAS regulated the abundance of micro-
nuclei by autophagy independent of its induction of type I IFN 
response, which is supported by previous finding that CGAS 
mediates autophagy in STING1-independent manner [89]. In 
addition, it also been reported that CGAS is an inhibitor of DNA 
repair [38,90], which may fuel genome instability for the gen-
eration of micronuclei in response to irradiation [90]. However, 
our current data revealed that CGAS also reduced the abundance 
of micronuclei in U2OS cells left untreated or treated with NDZ, 
which is supported by pervious reports that CGAS-mediated 
reduction of micronuclei abundance in HeLa and U2OS cells 
in response to NDZ stimulation [66] and lung fibroblasts IMR90 
expressing vectors encoding HPV-16 E6E7 which drives telo-
mere DNA damage [48]. Jiang et al have reported that CGAS 
promotes irradiation-induced micronuclei generation in 
HEK293 cells and bone marrow-derived monocytes [90], 
which may result from the inhibitory effect of CGAS on DNA 
repair [36,38,90]. One possible explanation for the opposite 
effect of CGAS on micronuclei abundance is probably due to 
the different stimuli or cell types. Therefore, our data revealed 
that CGAS reduces the abundance of micronuclei through func-
tioning as a receptor for autophagic clearance of micronuclei but 
not due to the other reported function of CGAS.

Our findings of CGAS as an autophagy receptor for micro-
nuclei basing on the criteria defined thus far highlights versatile 
functions of CGAS, suggesting that different regions of CGAS 
proteins may be utilized for distinct functions. It has been 
reported that CGAS inhibitors are screened according to the 
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crystal structure of CGAS [91]. The solution of the structure of 
CGAS-LC3B complex will facilitate the development of inhibitors 
or tethering compounds [92] targeting the interacting interfaces 
for precise intervention of CGAS-mediated micronucleophagy.

Materials and methods

Reagents and plasmids

Nocodazole (HY-13520), paclitaxel (HY-B0015), cisplatin (HY- 
17394), chloroquine (HY-17589A), doxorubicin (HY-15142) and 
camptothecin (HY-16560) were all purchased from MedChem 
Express. The following antibodies were used: anti-CGAS 
(15102), anti-LC3B (3868), anti-H2AX (7631), anti-LAMP1 
(9091), anti-CAT/catalase (12980), anti-VDAC (4661), anti- 
CALR/calreticulin (12239), anti-phospho-H2AX (9718), anti- 
GFP (2956), anti–ATG7 (8558), horseradish peroxidase (HRP)- 
conjugated goat anti-rabbit (7074) or anti-mouse (7076) IgG (all 
from Cell Signaling Technology); anti-hemagglutinin (HA; 
H6908), anti-FLAG (F3165) and anti-GAPDH (G9545) (all from 
Sigma-Aldrich); anti-LC3B (PM036) and anti-LC3B (M152-3) 
were obtained from Medical & Biological Laboratories; anti- 
LAMP2 (sc-18822) was purchased from Santa Cruz 
Biotechnology. GFP-Trap Agarose (gtd-20) was purchased from 
ChromoTek GmbH. The plasmid containing the DNA encoding 
human CGAS (F122086), CGAS mutation (site-directed mutation 
from F122086), LC3B (F102982) and TEME-192 (F100950) were 
obtained from Changsha Youbio Tech and cDNAs were then 
subcloned into the pCDH vector (Changsha Youbio Tech, 
VT1480). YFP-Atg8-family proteins encoding plasmids were 
a kind gift from Dr. Felix Randow (MRC Laboratory of 
Molecular Biology, UK). cgas knockout mice (026554) were 
obtained from Jackson Laboratory.

Cell culture

Human embryonic kidney epithelial cells (HEK293; ATCC, CRL- 
1573; HEK293T, ATCC, CRL-11268) and Human bone osteosar-
coma epithelial cells (U2OS; ATCC, HTB-96) were cultured in 
Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, 11965092) 
supplemented with 10% (v:v) heat-inactivated fetal bovine serum 
(FBS; Gibco, 10100147), 1% (v:v) penicillin–streptomycin (Gibco, 
15140148), 1 mM sodium pyruvate (Gibco, 11360070), 2 mM 
L-glutamine, 10 mM HEPES buffer (pH 7.2, Gibco, 15630106), 
50 µM 2-mercaptoethanol (Gibco, 21985023). Cells were main-
tained at 37°C in 5% CO2. All cells included in this research were 
free of mycoplasma confirmed by the LookOut Mycoplasma PCR 
Detection Kit (Sigma-Aldrich, MP0035).

Generation of CGAS, ATG14 and ATG7 knockout cells via 
the CRISPR-CAS9 system

LentiCRISPRv2 vectors were utilized to generate knockout 
(KO) cells [93]. HEK293T cells were transfected by mixture 
of Lipofectamine 2000 (Invitrogen, 11668030) with pMD2.G, 
pSPAX2 and LentiCRISPRv2 (Changsha Youbio Tech, 
VT8107) harboring the guide (g)RNA that targeted human 
ATG7 (GGGTTATTACTACAATGGT), ATG14 (CAGAG 
GCATAATCGCAAACT) or CGAS (CACGCAGTTATC 

AAAGCAG) or scrambled gRNA. The lentiviruses were har-
vested 48 hours after transfection and were utilized to infect 
U2OS or HEK293 cells. Subsequently, the infected cells were 
selected with puromycin (for CGAS KO, 1 μg/mL; Selleck, 
S7417) or hygromycin (for ATG7 and ATG14 KO, 500 μg/mL; 
Selleck, S2908), and clones developed from single CGAS, 
ATG14 or ATG7 KO cells were acquired through serial dilu-
tions in a 96-well plate. The KO cells were confirmed by 
western blot. For the generation of CGAS and ATG7 or 
ATG14 double-knockout cells, the CGAS−/- cells were infected 
with lentiviruses packaging gRNA targeting ATG7 or ATG14 
and selected with hygromycin (500 μg/mL). The double-KO 
cells were identified by western blot.

Generation of GFP, GFP-CGAS, GFP-CGASΔ355-360, GFP- 
CGASF357A,V360A reconstituted cells in CGAS−/- U2OS and 
HEK293 cells as well as GFP-TMEM192 U2OS cells

The CGAS−/- U2OS and HEK293 cells were transfected with 
pCDH-GFP, pCDH-GFP-CGAS, pCDH-GFP-CGASΔ355-360 
or pCDH-GFP-TMEM192 by Lipofectamine 2000. The trans-
fected cells were cultured for 4 days and the GFP-positive cells 
were sorted using FACS Aria cell sorting system. The cells were 
cultured for another 4 days and sorted again to get GFP, GFP- 
CGAS, GFP-CGASΔ355-360, GFP-cGASF357A,V360A or GFP- 
TMEM192 stable expression cells. HEK293T that stably expres-
sing HA-STING1 were generated as previously described [94].

Generation of HA, HA-CGASE225A,D227A, HA-CGASΔ171 
-174 and HA-CGAS reconstituted cells in CGAS−/- U2OS

The CGAS−/- U2OS cells were transfected with 
pcDNA3.1-HA, pcDNA3.1-HA- CGASE225A,D227A, HA- 
CGASΔ171-174 or HA-CGAS by lipofectamine 2000. The 
transfected cells were then selected with G418 (500 μg/ml, 
Selleck, S3028) to obtain the stable cell lines.

Immunofluorescence assay

Cells seeded on coverslips in 24-well plates were treated with 
nocodazole (300 nM), paclitaxel (500 nM), cisplatin (1 μM), 
doxorubicin (1 μM) and camptothecin (1 μM) for 24 h. The 
stimulated cells were further cultured for 48 h post the withdraw 
of the stimulators and were then fixed with 4% paraformalde-
hyde (PFA) in PBS (Gibco, 20012027) for 20 min at room 
temperature (RT). The blocking buffer, containing 2% bovine 
serum albumin (BSA; Sigma-Aldrich, B2064) and 0.2% Triton 
X-100 (Sigma-Aldrich, T8787) in PBS, was applied to block and 
permeabilize the cells. Cells were then incubated with indicated 
primary antibody in 4°C for overnight and secondary antibody 
for 1 h at room temperature. The following primary antibodies 
were utilized: anti-CGAS rabbit monoclonal antibody (D1D3G; 
Cell Signaling Technology, 15102), anti-LC3B rabbit polyclonal 
antibody (MAP1LC3B:1–120aa.; MBL Life Science, PM036), 
anti-LAMP2 mouse monoclonal antibody (H4B4, Santa Cruz 
Biotechnology, sc-18822). Corresponding Cy3 anti-mouse 
(Thermo Fisher Scientific, A10521) or Alexa Fluor 647 anti- 
rabbit (Thermo Fisher Scientific, A21244) antibodies were used 
as secondary antibody. Images were collected using a Leica TCS 
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SP8 confocal laser microscopy system (Leica Microsystems, 
Buffalo Grove, IL).

For quantification of cell with micronuclei, at least 400 cells 
from more than ten different microscopic fields were counted in 
each independent experiment and at least 3 independent experi-
ments were performed. The criteria for scoring micronuclei was as 
previously reported [95]. Briefly, diameter of MN candidate 
should be more than 1/16 but less than 1/3 of the mean diameter 
of the main nuclei; the shape should be oval or round; the MN 
candidate should be separated from the main nucleus or close to 
main nucleus but have no overlap; the staining intensity of MN 
candidates should be similar with the main nuclei; apoptotic or 
necrotic cells were excluded.

Purification of recombinant His-tagged LC3B, GST-tagged 
Atg8-family proteins, SUMO-tagged CGAS and CGASF375, 

V360A

His-tagged human LC3B, GST-tagged Atg8-family proteins, 
SUMO-tagged human CGAS and CGASF375A,V360A cDNA was 
subcloned into a pET28a (for LC3B, CGAS and CGASF357A,V360A) 
or pGEX-4 T-1(for Atg8-family proteins) vector and BL21 (DE3) 
competent E. coli bacteria were then transfected with these con-
structs. Bacteria were grown in Luria-Bertani (LB) liquid medium 
to an optical density (OD) at 600 nm (OD600) of approximately 
0.8. Subsequently, cells were induced with isopropyl β- 
D-1-thiogalactopyranoside (IPTG, 0.1 mM; Sigma-Aldrich, 
I6758) overnight at 16°C. Recombinant His-tagged human 
LC3B, SUMO-tagged human CGAS and CGASF375A,V360A were 
purified from bacterial lysates using a (Ni)-chelating Sepharose 
Fast Flow (SFF) column (GE Healthcare, 17524801). The recom-
binant GST-tagged human Atg8-family proteins were purified 
from bacterial lysates using a GSTrap FF column (GE 
Healthcare, 71502755). The concentration of purified protein 
was measured with a Pierce BCA Protein Assay Kit (Thermo 
Fisher Scientific, 23227).

Surface plasmon resonance (SPR)

The interaction of CGAS with LC3B was detected by 
OpenSPRTM (Nicoya Lifesciences, Waterloo, Canada). Briefly, 
CGAS protein was connected to the COOH sensor chip by 
capture-coupling, then LC3B protein at indicated concentrations 
were transfused sequentially into the chamber in PBS at 25°C. 
The flow rate is 20 μl/min and the binding and disassociation 
time were both 240 s. The buffer with 0.02% SDS was used for 
regenerating the chip. The wavelength shifts corresponding to 
the varied protein concentration was fitted according to a one-to 
-one diffusion-corrected model. The kinetic constants, including 
the affinity (KD, KD = kd/ka), dissociation constant (kd) and the 
association constant (ka), were analyzed with TraceDrawer soft-
ware (Ridgeview Instruments ab, Sweden).

Immunoprecipitation and western blot

Cells were lysed using RIPA Lysis Buffer (Beyotime, P0013) 
supplemented with protease cocktail (Sigma-Aldrich, P8340), 
1 mM of PMSF and phosphatase inhibitor cocktail (Sigma- 
Aldrich, P5726). The lysates were centrifuged at 17000x g for 

15 min and the cellular debris was discarded. For immunopreci-
pitation, cell lysates were incubated with GFP-Trap coupled agar-
ose (Chromotek, gat-20,), monoclonal anti-HA agarose (Sigma- 
Aldrich, A2095) or Anti-FLAG M2 Affinity Gel (Sigma-Aldrich, 
A2220) at 4°C overnight. For immunoblotting, the protein sample 
lysate or precipitates were denatured in 1× sodium dodecyl sulfate 
(SDS) protein sample buffer and then was separated using 10% or 
12% SDS-polyacrylamide gel. The proteins were transferred onto 
nitrocellulose membrane and incubated with the antibodies. The 
gray value was analyzed by Adobe Photoshop CS7.

For the in vitro affinity-isolation assay, 1 μg SUMO-CGAS 
or SUMO-CGASF357A,V360A was mixed with 1 μg LC3B or 
GST-tagged Atg8-family proteins in 200 μl PBS. The anti- 
SUMO antibody and protein A/G agarose beads were added 
into the mixture and the mixture was incubated at 4°C over-
night. The beads were washed with wash buffer (PBS plus 
0.1% Triton X-100) for 5 times and analyzed by western blot.

Lysosome immunopurification (LysoIP)

LysoIP was performed similarly with previously reported [57]. 
Briefly, cells were left untreated or treated with NDZ (300 nM) 
for 24 h followed by 48-h recovery, and were cultured in the 
absence or presence of E64D plus pepstatin A (10 μM) for 12 h 
prior to harvesting. About 35 million cells were washed twice 
with pre-chilled PBS and then collected in 1 mL of PBS supple-
mented with protease cocktail (Sigma-Aldrich, P8340), 1 mM of 
PMSF and phosphatase inhibitor cocktail (Sigma-Aldrich, 
P5726). Cells was centrifuged at 1000 × g for 2 min at 4°C and 
resuspended in 950 µL of the same buffer, and 25 µL (up to 2.5% 
of the total cell number) was reserved for extracting the whole- 
cell protein. The remaining cells were softly homogenized using 
2 ml dounce-type homogenizer. The cell debris and cells were 
cleared by centrifuging at 1000 × g for 2 min at 4°C and the 
supernatant was collected. The supernatant containing lyso-
somes was incubated with 150 µL of prewashed GFP-Trap 
coupled agarose on a rotator shaker for 3 min at 4°C. The 
immunoprecipitates were then obtained by centrifuging at 
1000 × g for 2 min at 4°C and then gently washed 3 times with 
pro-chilled PBS. The lysosomes bound with beads were lysed in 
100 µL pre-chilled 1% Triton X-100 lysis buffer for 10 min on 
ice. The protein in the lysis buffer was detected by western blot.

Proximity ligation assay (PLA)

PLA assays were performed following the manufacturer’s proto-
col. Briefly, U2OS cells were stimulated with or without NDZ 
(300 nM) for 24 h and cultured for other 48 h with complete 
medium. Cells were fixed with 4% PFA for 20 min and permea-
bilized with 0.2% Triton X-100 in PBS for 15 min. The cells were 
blocked with blocking solution in the kit for 60 min at 37°C and 
then incubated with anti-CGAS (1:100) and anti-LC3B (1:100) 
primary antibodies overnight at 4°C. Cells were washed with the 
wash buffer for 2 times (5 min/time) and incubated with PLUS 
and MINUS PLA probes (1:5) for 60 min at 37°C. After washed, 
cells were incubated with ligase (1:40) for 30 min at 37°C and 
then incubated with amplification buffer containing polymerase 
for 100 min at 37°C. After washed with wash buffer B, cells were 
incubated with Duolink® In Situ Mounting Medium with DAPI 
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for 15 min. Images were collected using a Leica TCS SP8 
Confocal Laser Microscopy System (Leica Microsystems, 
Buffalo Grove, IL).

Measurement of cGAMP abundance

Cells were treated with or without NDZ (300 nM) for 24 h and 
cultured for 48 h post the withdrawal of the NDZ in the absence or 
presence of CQ (40 μM). Cells were lysed with RIPA Lysis Buffers 
and the abundance of cGAMP was measured with 2′,3′-cyclic 
GAMP Enzyme Immunoassay Kit (Arbor Assays, K067-H1). 
The assay was performed according to the manufacturer’s 
protocol.

In vivo micronucleus assay

The in vivo micronucleus assay was performed as reported pre-
viously [96]. Briefly, the WT or cgas−/- mice were stimulated with 
NDZ (500 mg/kg) for 24 h and the blood was collected in 1.5 mL 
centrifuge tube with 300 μL heparin solution. The heparin-blood 
mix was added to 2 mL cold methanol (−80°C), and stored at −80° 
C for at least 12 h. The fixed cells were collected by centrifuging at 
500x g for 5 min at 4°C and washed with cold bicarbonate buffer. 
Cells were then incubated with FITC-CD71 and RNase solution 
for 60 min at 4°C. Cells were subsequently washed and incubated 
with PI for 5 min and subjected for flow cytometer. The reticulo-
cytes (RETs) were indicated as CD71 positive and the percentage 
of micronucleus in RETs was calculate by the ratio of (CD71+ PI+ 

cell):(CD71+ cell).

Apoptosis assay

U2OS cells were stimulated with or without NDZ (300 nM) for 
24 h and cultured for 48 h post the withdrawal of NDZ. Cells were 
digested and washed with pre-cooled PBS. Cells were stained with 
APC-Annexin V and propidium iodide (PI) in binding buffer for 
15 min in the dark. The results were analyzed using flow 
cytometer.

Immunogold electron microscopy assay

The GFP-CGAS overexpressed HEK293 cells were stimulated 
with or without NDZ (300 nM) for 24 h and cultured for 48 h 
post the withdrawal of NDZ. Cells were treated with CQ 
(40 μM) before harvesting and fixed with 4% PFA and 0.1% 
glutaraldehyde (in PBS) at 4°C overnight. Cells were dehydrated 
using a series of graded ethanol and embedded in resin. Sections 
were incubated with anti-CGAS antibodies at 4°C overnight. 
After washed, sections were incubated with 12-nm colloidal 
gold labeled goat anti-rabbit IgG. The images were collected 
using Talos L120C transmission electron microscope.

Real-time quantitative reverse-transcription PCR

Total RNA was extracted with 1 ml TRIzol reagent (Invitrogen, 
15596018), as described by the manufacturer. One μg of total RNA 
was chose to develop cDNA by means of the ReverTra Ace® qPCR 
RT Kit (Toyobo, FSQ-101), and real-time quantitative PCR was 
performed using SYBR RT-PCR kit (Toyobo, QPK-212) in an 
LC480 thermocycler (Roche, Indianapolis, IN). The 2−ΔCt method 
was adopted to analyze the relative gene expression and the gene 
expression was normalized to the expression of GAPDH. Real- 

time quantitative reverse transcription PCR (qRT-PCR) data 
were collected from at least 3 independent experiments, with 3 
technical replicates per experiment. Primer sequences used to 
amplify human IFNB1 and GAPDH were as follows: 
human_IFNB1_F: ATGACCAACAAGTGTCTCCTCC, h_ 
IFNB1_R: GGAATCCAAGCAAGTTGTAGCTC; human_ 
GAPDH_F: ACAACTTTGGTATCGTGGAAGG, human_ 
GAPDH_R: GCCATCACGCCACAGTTTC.

Statistical analysis

Data from independent experiments were expressed as the 
mean ± SEM and One-way ANOVA or Two-way ANOVA 
was performed for statistical analysis by using GraphPad 
Prism 7 (GraphPad, San Diego, CA). For all analyses, statis-
tical significance was defined as P < 0.05.
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