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Cyclic GMP-AMP synthase (cGAS), initially identified as a cytosolic DNA sen-
sor, detects DNA fragments to trigger an innate immune response. Recently,
accumulating evidence reveals the presence of cGAS within the nucleus.
However, the biological functions of nuclear cGAS are not fully understood.
Here, we demonstrate that nuclear cGAS represses LINE-1 (L1) retro-
transposition to preserve genome integrity in human cells. Mechanistically,
the E3 ligase TRIM41 interacts with and ubiquitinates ORF2p to influence its
stability, and cGAS enhances the association of ORF2p with TRIM41, thereby
promoting TRIM41-mediated ORF2p degradation and the suppression of L1
retrotransposition. In response to DNA damage, cGAS is phosphorylated at
serine residues 120 and 305 by CHK2, which promotes cGAS-TRIM41 asso-
ciation, facilitating TRIM41-mediated ORF2p degradation. Moreover, we show
that nuclear cGAS mediates the repression of L1 retrotransposition in senes-

cent cells induced by DNA damage agents. We also identify several cancer-
associated cGAS mutations that abolish the suppressive effect on L1 retro-
transposition by disrupting the CHK2-cGAS-TRIM41-ORF2p regulatory axis.
Together, these findings indicate that nuclear cGAS exhibits an inhibitory
function in L1 retrotransposition which could provide avenues for future
interventions in both aging and tumorigenesis.

Cytosolic double-stranded DNA originating from exogenous patho-
gens, endogenous mitochondria or the nucleus is a signal of danger to
cells and therefore may activate the DNA sensor cGAS to catalyze the
formation of 2,3-cGAMP, initiating the transduction of the STING-IRF3-
IFN innate immunity signaling cascade’. Recently, a number of reports
have indicated that cGAS is also a nuclear protein under specific bio-
logical conditions in different types of cells. For instance, DNA
damage-induced translocation of cGAS to the nucleus suppresses DNA
double-strand break (DSB) repair by homologous recombination (HR)

in both cancer cells and normal fibroblasts**, and a recent study also
demonstrated that nuclear soluble cGAS is necessary for detecting
nuclear-replicating DNA viruses®. The presence of cGAS in the nucleus
creates risks for the cell, as abundant chromatin DNA may aberrantly
activate cGAS to initiate the innate immune response. Cells have
evolved different mechanisms to prevent cGAS activation by chro-
matin DNA; these mechanisms include the nucleosome inhibition®®,
BAF competitive DNA binding’, mitotic kinase Aurora B- or CDKI-
mediated phosphorylation of cGAS", and restriction of STING
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activation'>. However, why is cGAS not strictly limited to the cytosol to
prevent potential danger? In fact, from an evolutionary perspective,
cGAS predates the interferon-based immunity pathway, indicating that
cGAS might retain critical roles in other biological processes. Indeed,
recent work indicates that nuclear cGAS plays roles in stabilizing
replication forks to maintain genome integrity” and safeguarding
against mitotic chromosome end-to-end fusions by suppressing DSB
repair to preserve genome stability™.

LINE-1 (L1) is a non-long terminal repeat (non-LTR) retro-
transposon element and accounts for nearly 17% of the human
genome®. The human genome includes only ~-80-100 copies of full-
length L1, that is, the retrotransposition-competent human L1, and it
can move and insert into novel genomic sites'®”. The expression and
retrotransposition of L1 elements are often associated with a number
of physiological events, such as aging and age-associated diseases,
including cancer and neurodegenerative diseases'®. Great efforts have
been made to elucidate the regulatory mechanisms of L1 repression or
activation at the transcriptional level'>?*, but less attention has been
given to the posttranslational regulation of ORFlp and ORF2p, two
proteins encoded by open reading frames in full-length L1 and are
required for L1 retrotransposition® %, The few studies performed to
date on the posttranslational regulation of L1 have been mainly
focused on ORFlp. For instance, ORFIp is phosphorylated at several
serine and threonine amino acid residues, and its phosphorylation is
important for L1 retrotransposition activity’®*°. TEX19.1 promoted
ORFlp ubiquitination and degradation by enhancing the activity of the
E3 ligase UBR2 in mouse embryonic stem cells”. In addition, TREX1
altered the intracellular localization of ORFlp, stimulating its
degradation®. However, the posttranslational regulation of ORF2p,
which exhibits both reverse transcriptase (RT) activity and endonu-
clease (EN) activity, has not been extensively investigated.

L1 and DNA damage have a complex mutually influential rela-
tionship. ORF2p, which is crucial for L1 retrotransposition, causes DNA
strand breaks and poses a threat to genome integrity through its
endonuclease activity. Moreover, genotoxic stress can modulate the
activity of L1 retrotransposition®. Notably, DNA damage also induces
the nuclear translocation of cGAS?, which has been reported to func-
tion as a DNA sensor of L1 cDNA to trigger the expression of the
senescence-associated secretory phenotype (SASP) and thus promotes
cellular senescence®. However, whether nuclear cGAS directly parti-
cipates in the regulation of L1 retrotransposition and the potential
mechanism of this action have not been characterized.

In this study, we find that nuclear cGAS represses L1 retro-
transposition to preserve genome stability by binding to and pro-
moting the interaction of the E3 ligase TRIM41 and L1 ORF2p, thereby
facilitating TRIM41-mediated ubiquitination and degradation of
ORF2p. Moreover, we find that upon the occurrence of DNA damage,
the checkpoint kinase CHK2, a critical factor involved in the DNA
damage response, interacts with and phosphorylates cGAS at S120 and
S305 residues to promote the association of cGAS-TRIM41 and
TRIM41-ORF2p. Importantly, we demonstrate that the phosphoryla-
tion levels of cGAS S120 and S305 residues are upregulated, and L1
retrotransposition is inhibited in DNA damage-induced senescent
cells. Moreover, several cGAS mutants observed in cancer patients fail
to inhibit L1 retrotransposition because they disrupt the CHK2-cGAS-
TRIM41-ORF2p regulatory axis.

Results

cGAS inhibits L1 retrotransposition by reducing ORF2p

protein levels

To examine whether cGAS is involved in regulating L1 retro-
transposition, we used a well-characterized GFP-based reporter for
quantifying the L1 retrotransposition efficiency (Supplementary
Fig. 1a)’**>*¢ to examine the effect of cGAS on L1 retrotransposition in
Hela cells. We found that cGAS overexpression significantly

suppressed L1 retrotransposition events in a dose-dependent manner
(Fig. 1a, b). Knocking out cGAS in HeLa cells significantly increased the
retrotransposition efficiency, by 2.2- and 2.5-fold (Fig. 1c, d). Using
either siRNA or shRNA, we observed similar results in cells with cGAS
depletion (Supplementary Fig. 1b, c). Restoration of cGAS in knockout
cells abrogated the stimulatory effect on L1 retrotransposition
(Fig. 1e, f). To further validate our findings, we analyzed the genomic L1
copy number by real-time qPCR with a pair of primers targeting the
genomic ORF2 DNA content, as previously reported”. The data
revealed that the relative L1 copy number was significantly increased in
cGAS knockout Hela cells, compared to that in the control cells
(Fig. 1g). Moreover, an increase in the L1 copy number was also
observed in the kidney and brain of Cgas knockout mice, relative to the
wild-type mice (Fig. 1h, i). Collectively, these data indicated that L1
retrotransposition events occurred more frequently upon the deple-
tion of cGAS. More importantly, data mining of a previously published
source®® revealed that cGAS mRNA levels were negatively correlated
with L1 retrotransposition in lung cancer (P=0.01) (Supplementary
Fig. 1d), confirming that cGAS inhibits L1 retrotransposition. By over-
expressing cGAS mutants that showed decreased DNA binding capa-
city (cGAS-C396A/C397A and cGAS-K407A/K411A) and cGAS mutants
that were enzymatically dead (cGAS-E225A/D227A and cGAS-D319A),
we demonstrated that cGAS inhibited L1 retrotransposition indepen-
dent of its DNA-binding ability and canonical enzymatic activity
(Supplementary Fig. 1e, f).

We then hypothesized that cGAS might negatively regulate the
protein levels of two Ll-encoded proteins, ORFlp and/or ORF2p,
thereby restricting L1 retrotransposition. Indeed, we found that in
cGAS-knockout or cGAS-knockdown cells, the ORF2p protein level was
markedly elevated (Fig. 1j, k), but no change in the ORF1p protein level
was observed (Supplementary Fig. 1g). Moreover, cGAS over-
expression significantly reduced the protein level of ORF2p but not
that of ORFlp (Fig. 11 and Supplementary Fig. 1h). In addition, SILAC
experiments also indicated that ORF2p protein levels increased in
cGAS knockout cells (Fig. 1m). Consequently, cGAS overexpression
suppressed ORF2p-induced accumulation of yH2AX, as revealed by
immunostaining experiments (Fig. In, o) and Western blot analysis
(Supplementary Fig. 1i). A comet assay also indicated that cGAS over-
expression attenuated the ORF2p-induced increase in genome
instability (Fig. 1p, q). In contrast, cGAS deficiency resulted in elevated
YH2AX levels and increased genome instability in cells overexpressing
ORF2p (Fig. 1Ir-u and Supplementary Fig. 1j). Therefore, our data sug-
gest that cGAS reduced ORF2p expression to inhibit L1
retrotransposition.

cGAS promotes TRIM41-mediated ubiquitination and degrada-

tion of ORF2p

We then dissected the regulatory mechanisms through which cGAS
negatively regulated ORF2p protein levels. In cells overexpressing
cGAS, MGI32, which inhibits proteasome-mediated protein
degradation®, attenuated the cGAS-mediated decline in ORF2p pro-
tein levels (Fig. 2a, b), indicating that cGAS is a potential regulator of
ORF2p ubiquitination and degradation. Consistent with this, knocking
out cGAS significantly increased the protein stability of ORF2p (Sup-
plementary Fig. 2a). Then, reciprocal co-IP experiments revealed that
cGAS and ORF2p interacted with each other in human cells (Supple-
mentary Fig. 2b, ¢). An in vitro co-IP assay was also carried out to
validate our finding (Supplementary Fig. 2d). We then sought to
determine whether cGAS-mediated regulation of ORF2p protein sta-
bility is mediated by altering the ORF2p ubiquitination level. We found
that cGAS overexpression markedly promoted the K48-linked ubiqui-
tination level of ORF2p (Fig. 2¢), and knocking out cGAS reduced the
ORF2p ubiquitination level (Fig. 2d). These data strongly indicate that
cGAS directly interacts with ORF2p to promote its K48-linked ubiqui-
tination, thereby contributing to ORF2p degradation. However, it
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should be noted that although our subsequent focus is on studying the
role of cGAS in regulating ORF2p protein levels, whether and how
¢GAS impacts L1 transcription necessitates further investigations in
future work.

Since cGAS is not an enzyme that directly participates in the
ubiquitination process, we hypothesized that cGAS might affect
ORF2p ubiquitination by altering the interaction between ORF2p and
its targeted E3 ligase. Unfortunately, the E3 ligase(s) that controls

ORF2p ubiquitination and degradation has not been identified. We
therefore first sought to determine which E3 ligase(s) modifies ORF2p.
Using lysates from cells with ectopic ORF2p-3xFlag expression, we
performed a co-IP experiment with an antibody against Flag followed
by mass spectrometry, which revealed 5 potential ORF2p-interacting
E3 ligases: PIAS1, ZNF598, TRIM21, TRIM25 and TRIM41 (Fig. 2e). By
analyzing the protein level of ORF2p in cells overexpressing each of
these E3 ligases separately, we found that overexpressing TRIM41 but
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Fig. 1| cGAS inhibits L1 retrotransposition by reducing ORF2p protein levels.
a, b Effects of cGAS overexpression on L1 retrotransposition efficiency in HeLa cells.
n=6 independent experiments for the 0.75 pg group, and n =9 for the others.

¢, d Analysis of L1 retrotransposition efficiency in cGAS-knockout Hela cells. n=6
independent experiments. e, f Restoring cGAS in cGAS-deficient cells abolished the
stimulatory effect of knocking out cGAS on L1 retrotransposition. n=9 indepen-
dent experiments. g Analysis of endogenous L1 copy number in cGAS-knockout
cells. n=3 independent experiments. h, i Analysis of endogenous L1 copy number
in the kidney and brain of Cgas knockout mice (9 replicates from three independent
mice per group). j, k Analysis of the protein level of ORF2p in cGAS-depleted HeLa
cells. I Analysis of ORF2p protein levels in HeLa cells transfected with cGAS-HA.
m Relative ORF2p abundance between the heavy and light isotope labeling groups
assayed by SILAC-combined mass spectrometry. n, o Immunofluorescence analysis
of ORF2p-induced yH2AX foci with or without cGAS overexpression in HeLa cells.

The cells were transfected with a control vector or cGAS-HA vector together with an
ORF2p-Flag vector. More than 50 cells were included for the analysis of each group
(scale bar: 5um). p, q The effect of cGAS overexpression on genome stability in
ORF2p-overexpressing HeLa cells. At least 50 cells per group were analyzed.

r, s Immunofluorescence analysis of ORF2p-induced yH2AX foci in cGAS-knockout
Hela cells. More than 50 cells were included for the analysis of each group (scale
bar: 5um). t, u The effect of knocking out cGAS on genome stability in ORF2p-
overexpressing HeLa cells. At least 50 cells per group were analyzed. Data are
presented as mean values + s.d. for (a), (c), (e) and (g), and as mean values + s.e.m.
for (h) and (i). Student’s ¢ test for (a), (c), (g), Brown-Forsythe and Welch ANOVA
followed by Holm-Sidak’s multiple comparisons for (e), and the Mann-Whitney U
test for (h), (i), (0), (q), (s) and (u). All statistical test used were two-sided. All
experiments were repeated three times with similar results. Elements created with
BioRender.com.

not the other 4 E3 ligases greatly reduced the ORF2p protein level
(Fig. 2f), indicating that TRIM41 might be the E3 ligase regulating
ORF2p ubiquitination and degradation. Reciprocal co-IP experiments
demonstrated that ORF2p and TRIM41 interacted with each other in
cells (Fig. 2g, h). Moreover, an in vitro co-IP experiment was also per-
formed to verify our findings (Fig. 2i). We then created vectors to
express different domains of the two aforementioned proteins (Sup-
plementary Fig. 2e, f) and performed co-IP experiments to identify the
interacting domains. We found that the EN domain of ORF2p was cri-
tical to ORF2p interaction with TRIM41 (Supplementary Fig. 2g), while
the coiled-coil domain of TRIM41 was essential to the TRIM41 inter-
action with ORF2p (Supplementary Fig. 2h). Next, we examined the
ubiquitination level of ORF2p in cells with TRIM41 overexpressed or
knocked out. We found that TRIM41 overexpression increased ORF2p
ubiquitination levels, while TRIM41 knockout inhibited ORF2p ubi-
quitination (Fig. 2j, k). These data indicate that TRIM41 is the E3 ligase
regulating ORF2p ubiquitination and degradation.

Interestingly, a previous study showed that TRIM41 interacts with
cGAS*. We therefore performed experiments to demonstrate that
cGAS is involved in regulating TRIM41-mediated ORF2p ubiquitination
and degradation. By performing co-IP and proximity ligation assay
(PLA), we found that cGAS overexpression promoted the TRIM41-
ORF2p interaction (Supplementary Fig. 2i-k). Moreover, knocking
down or out cGAS expression attenuated the TRIM41-ORF2p interac-
tion (Supplementary Fig. 2l-n). Importantly, knocking out TRIM41
abrogated the cGAS-mediated stimulatory effect on K48-linked ubi-
quitination and the cGAS-mediated inhibitory effect on ORF2p protein
levels and retrotransposition efficiency (Fig. 2I-n), indicating that
¢GAS promotes ORF2p degradation by enhancing the TRIM41-ORF2p
interaction and the subsequent ubiquitination-degradation process.
In addition, we ruled out the possibility that cGAS might regulate L1
retrotransposition by inhibiting the formation of the ORFlp trimer
(Supplementary Fig. 20) and disrupting the ORF1p-ORF2p interaction
(Supplementary Fig. 2p).

CHK2 phosphorylates nuclear cGASS2%53% to potentiate its
repressive effect on L1 retrotransposition upon DNA damage
Our previous work demonstrated that cGAS is translocated to the
nucleus upon DNA damage, thereby inhibiting HR repair’. We then
hypothesized that the regulation of ORF2p protein levels by cGAS
occurs in the nucleus and is dependent on the DNA damage response.
Indeed, the cGAS Y215E mutant, which could not be translocated to the
nucleus after DNA damage, showed no inhibitory effect on L1 retro-
transposition (Fig. 3a). In contrast, the cGAS Y215F mutant, which
resided in the nucleus, showed a repressive effect (Fig. 3a and Sup-
plementary Fig. 3a). Subcellular fractionation followed by co-IP
experiments demonstrated that the cGAS-ORF2p interaction occur-
red in the nucleus but not the cytosol (Fig. 3b). Further PLA assay also
showed that the interaction between nuclear cGAS and ORF2p sig-
nificantly increased upon the occurrence of DNA damage

(Supplementary Fig. 3b). These data indicate that nuclear cGAS pro-
motes TRIM41-mediated ORF2p ubiquitination and degradation.

Then, we examined whether the regulation of ORF2p protein
levels by cGAS depended on the DNA damage response by treating
cells with different DNA damage sensor inhibitors, followed by Wes-
tern blot analysis. We found that both ATM and CHK2 inhibitors but
not ATR or CHKI1 inhibitors abrogated the inhibitory effect of cGAS on
ORF2p protein levels in a dose-dependent manner (Fig. 3¢ and Sup-
plementary Fig. 3¢, d). Given that ATM is the kinase that activates CHK2
kinase activity, the data suggest that either CHK2 or both kinases
regulate ORF2p protein stability by phosphorylating cGAS. To deter-
mine which kinase(s) are involved in the regulation, we examined how
an ATM inhibitor affected the ORF2p protein level in cGAS-
overexpressing cells with CHK2 depletion. We found that depleting
CHK2 abolished the effect of the ATM inhibitor on cGAS-mediated
changes in ORF2p protein levels (Fig. 3d). Furthermore, co-IP experi-
ment demonstrated that cGAS interacted with CHK2 (Fig. 3e), and DNA
damage may promote the cGAS-CHK2 association (Fig. 3f), while the
mutation D347A, which inactivates CHK2 kinase activity*, drastically
impaired the cGAS-CHK2 interaction (Fig. 3g). Consistently, the PLA
experiment also indicated that the cGAS-CHK2 association exhibited a
stress-dependent enhancement (Supplementary Fig. 3e). Moreover, a
fluorescence-based Western blot was carried out, and the data further
confirmed an enhanced association between cGAS and CHK2, but not
the D347A mutant, in response to DNA damage (Supplementary
Fig. 3f). In addition, although an interaction was observed between
cGAS and ATM, the association was not further enhanced in response
to etoposide treatment (Supplementary Fig. 3g). These data indicate
that CHK2 but not ATM directly participates in the regulation of cGAS-
mediated ORF2p degradation.

Next, we sought to identify the potential amino acid residue(s) in
¢GAS that is modified by CHK2. Since CHK2-mediated phosphorylation
occurs mainly in the RXXS/RXXT motif*?, three amino acid residues,
S120, T130 and S305, in cGAS are potentially phosphorylated by the
kinase CHK2. We separately introduced mutations into these three
potential phosphorylation sites and analyzed whether any of the
mutations abolished the cGAS-mediated inhibitory effect on L1 retro-
transposition. We found that the S120A and S305A mutations but not
the T130A mutation in cGAS partially abrogated its suppressive effect
and that these two mutations in combination further reduced the
inhibitory effect compared to that of either mutation alone (Fig. 3h),
suggesting that CHK2 phosphorylated cGAS on S120 and S305. Per-
formed with an antibody we generated to recognize the phosphory-
lated S120 amino acid residue (Supplementary Fig. 3h) and a
commercially available antibody against the phosphorylated S305
amino acid residue (Supplementary Fig. 3i), in vitro phosphorylation
assays confirmed the CHK2-mediated phosphorylation of the two
aforementioned amino acid residues in cGAS (Fig. 3i). Overexpressing
CHK2 promoted the phosphorylation of cGAS at the two residues
(Fig. 3j), and depleting CHK2 abrogated the DNA damage-dependent
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increase in cGAS phosphorylation levels (Fig. 3k and Supplemen-
tary Fig. 3j).

Since cGAS interacted with both TRIM41 and ORF2p, we set out to
determine whether the aforementioned cGAS mutations would affect
the cGAS-TRIM41 interaction or cGAS-ORF2p interaction. Co-IP and
PLA assays revealed that these two mutations diminished the cGAS-
TRIMA41 interaction (Fig. 31 and Supplementary Fig. 4a, b) but not the
cGAS-ORF2p interaction (Supplementary Fig. 4c). Consistently, both of
the two phosphomimetic mutations of cGAS, S305E and SI120E,
enhanced the cGAS-TRIM41 association (Supplementary Fig. 4d, e). As
a consequence, we observed that the two cGAS mutations abolished
the cGAS-mediated stimulatory effect by interfering with the TRIM41-

ORF2p interaction (Fig. 3m and Supplementary Fig. 4f, g) and that the
overexpressed cGAS S120A/S305A double mutants failed to exert an
inhibitory effect on ORF2p protein level (Fig. 3n). In addition, we
provided evidence that treating cells with BML-277, a CHK2 inhibitor,
directly disrupted the enhanced association of ¢cGAS with TRIM41
(Supplementary Fig. 5a-c) after DNA was damaged, and the stress-
dependent increase of interaction between the two aforementioned
proteins did not arise from increased nuclear localization of TRIM41
(Supplementary Fig. 5d). We also ruled out the possibility that CHK2-
mediated enhancement in ¢GAS-TRIM41 interaction was caused by
influencing the nuclear localization of cGAS (Supplementary Fig. 5e).
Moreover, our data showed that the association of TRIM41 and ORF2p
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Fig. 2 | cGAS promotes TRIM41-mediated ubiquitination and degradation

of ORF2p. a, b cGAS promotes ORF2p degradation via the proteasome pathway.
Six hours post-transfection with the indicated plasmids, cells were treated with
10 uM MG132 for 12 h, followed by Western blot analysis. ¢ Analysis of ORF2p ubi-
quitination levels in HeLa cells overexpressing cGAS. Six hours post-transfection of
a control vector or cGAS expression vector together with an ORF2p-Flag vector,
cells were treated with 10 uM MG132 for 18 h and then lysed for use in co-IP and
Western blot experiments. d The effect of knocking out cGAS on the ORF2p ubi-
quitination level. cGAS WT and knockout cells were transfected with the ORF2p-
Flag vector. Then, 6 h post-transfection, the cells were treated with 10 uM MG132
and lysed for use in co-IP and Western blot experiments 24 h post-transfection.

e Identification of ORF2p-interacting E3 ligases via mass spectrometry analysis.

f Analysis of ORF2p protein levels in cells overexpressing the potential E3 ligases.
Vectors encoding HA-tagged PIAS1, TRIM21, TRIM25, TRIM41 or ZNF598 and the

ORF2p-Flag expression plasmids were transfected into HEK293T cells, followed by
protein extraction 24 h post-transfection. g, h Reciprocal co-IP analysis showed the
interaction between TRIM41 and ORF2p in HEK293T cells. i Analysis of the inter-
action between TRIM41 and ORF2p in vitro with purified HA-tagged TRIM41 and
Flag-tagged ORF2p proteins. j, k The effect of TRIM41 overexpression and knock-
out on ORF2p ubiquitination levels in HeLa cells. I The effect of cGAS over-
expression on ORF2p ubiquitination levels in TRIM41-knockout cells. m Western
blot analysis of ORF2p protein levels in cells transfected with sgRNAs against
TRIM41 and/or vectors encoding cGAS. n Analysis of L1 retrotransposition effi-
ciency in cells transfected with sgRNAs against TRIM41 and/or vectors encoding
cGAS. n =3 independent experiments. Data are presented as mean values + s.d. One
way ANOVA followed by Tukey’s multiple comparisons for (b) and (n). All the Inputs
and IPs were from the same experiments. Experiments were repeated three times
independently.

increased when DNA was damaged, and the enhancement could also be
disrupted by treating cells with BML-277 (Supplementary Fig. 5f, g). PLA
experiments were also carried out to further validate that CHK2 inhi-
bitor disrupted the enhanced interaction between TRIM41 and ORF2p
upon the occurrence of DNA damage (Supplementary Fig. 5Sh). How-
ever, BML-277 treatment did not impact cGAS-ORF2p interaction
(Supplementary Fig. 5i). Interestingly, our previous report indicated
that cGAS interacted with PAR to suppress the formation of the PARP1-
Timeless complex?; therefore, we hypothesized that cGAS might
interact with ORF2p in a PAR-dependent manner. Indeed, the stress-
dependent enhancement of the cGAS-ORF2p interaction was abolished
by the PARP inhibitor olaparib (Supplementary Fig. 5j, k). Collectively,
our results demonstrate that in response to DNA damage, CHK2
phosphorylates cGAS at the S120 and S305 residues to enhance its
interaction with TRIM41, which promotes TRIM41-ORF2p interaction
and eventually results in an increase in the K48-linked ubiquitination
and degradation of ORF2p and the repression of L1 retrotransposition.
However, it is of note that we observed the cGAS-mediated repressive
effect of on L1 retrotransposition even in the absence of external DNA
damage induction. We hypothesized that this impact may be attributed
to a subset of cells experiencing endogenous DNA damage resulting
from factors such as cellular proliferation or reactive oxygen species.

cGAS is critical for senescence-associated repression in L1
retrotransposition

During cellular senescence, L1 becomes transcriptionally
derepressed****; however, L1 retrotransposition is, surprisingly,
repressed**. We hypothesized that cGAS might play a role in the ret-
rotransposition repression in senescent cells, which are characterized
by a destabilized genome and an activated DNA damage response
signaling cascade**. We therefore induced HelLa cells to enter a state
of senescence using the DNA damage inducer etoposide, and analyzed
the efficiency of L1 retrotransposition in control and cGAS-deficient
cells. We found that knocking out cGAS attenuated the decline in L1
retrotransposition in senescent HelLa cells (Fig. 4a, Supplementary
Fig. 6a-e). Moreover, in senescent HelLa cells overexpressing cGAS, L1
retrotransposition proceeded at a negligible rate (Fig. 4b). We also
performed real-time qPCR analysis to assess the genomic L1 copy
number in senescent cells. Our results demonstrated that control
wildtype cells exhibited an increase in genomic L1 DNA content com-
pared to senescent cells. However, upon depletion of cGAS in senes-
cent cells, we observed a small, but statistically significant increase in
the genomic L1 DNA content, compared to wildtype senescent cells
(Supplementary Fig. 6f, g). In senescent HeLa cells, an increase in CHK2
phosphorylation levels, cGAS S120 phosphorylation and cGAS S305
phosphorylation levels was observed (Fig. 4c). Further subcellular
fractionation followed by Western blot analysis revealed that the
observed increase in cGAS phosphorylation occurred in the nucleus,
not the cytoplasm, in senescent Hela cells (Fig. 4d). The upregulation
in nuclear cGAS phosphorylation was confirmed in senescent IMR90-

hTERT (Fig. 4e) and HCA2-hTERT cells (Fig. 4f). Hence, our results
suggest that activated CHK2 induces an increase in the phosphoryla-
tion level of nuclear cGAS at the S120 and S305 sites to inhibit L1
retrotransposition in senescent cells.

Seven cancer-associated cGAS mutations abolish the repressive
effect of cGAS on L1 retrotransposition

In addition, we systematically analyzed the cancer-associated cGAS
mutations through data mining (Fig. 5a). We cloned 37 cGAS mutants
and examined the effect of overexpressing cGAS mutants on L1 ret-
rotransposition and HR repair. We found that none of the mutations
significantly altered the suppressive effects of cGAS on HR (Supple-
mentary Fig. 7a, b). However, seven of these cGAS mutations abolished
the repressive effect on L1 retrotransposition (Fig. 5b), but they did not
suppress their canonical immune regulatory function (Supplementary
Fig. 7c). Importantly, we found that the seven mutants that had lost the
ability to inhibit L1 retrotransposition also failed to reduce ORF2p
protein levels (Fig. 5c). In comparison to WT-cGAS, three mutations
(P486L, L377P and S345L) led to a decreased association between cGAS
and CHK?2 (Fig. 5d and Supplementary Fig. 7d). As a consequence, DNA
damage-induced enhancement of the cGAS-TRIM41 interaction was
abolished by each of the three aforementioned mutations (Fig. 5e and
Supplementary Fig. 7e). Surprisingly, although the interaction between
cGAS D408N or E383K and CHK2 did not change, we observed a
reduction in the interaction between the two cGAS mutants and
TRIMA41 in response to DNA damage (Fig. 5e and Supplementary
Fig. 7e). We propose that these two mutations might cause structural
changes that disrupt the interaction between phosphorylated cGAS
and TRIM41. Moreover, E216D, F433L and P486L, in contrast to the
four other mutations (S345L, L377P, E383K and D408N), attenuated
the cGAS-ORF2p interaction (Fig. 5f and Supplementary Fig. 7f, g).
Therefore, all seven mutants failed to promote the TRIM41-ORF2p
interaction (Fig. 5g and Supplementary Fig. 7h, i).

Discussion

cGAS has recently been shown to interact with nucleosomes, DNA
replication forks, DNA damage sites, centromeres and L1 sequences in
the nucleus**">*”*%; therefore, discovering the cGAS nuclear functions
has become an intriguing topic in the field of cGAS biology. Most of the
recently revealed nuclear functions of cGAS have led to positive out-
comes for cells and organisms, as cGAS may decelerate the progres-
sion of the replication fork to stabilize the genome and initiate the
innate immune response independent of its DNA-sensing function™**°.
However, our previous study revealed that the DNA damage-induced
translocalization of cGAS impaired DNA repair by HR%. Whether the
DNA damage-triggered translocalization of cGAS plays a beneficial role
was unclear. Our novel finding showing that nuclear cGAS repressed L1
retrotransposition explains the reason that cGAS nuclear translocation
is necessary (Fig. 6). After DNA is damaged, chromatin is increasingly
relaxed, which facilitates the completion of DNA repair’®; however,
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because the DNA around damage sites is more accessible to ORF2p,
which may create DNA damage by cutting DNA strands. We propose
that DNA damage response-associated regulation of cGAS plays a
protective role in stopping ORF2p from digesting DNA and the sub-
sequent L1 retrotransposition near DNA damage sites. Notably, our
previous report indicated that cGAS directly interacted with the PAR
chain and that this interaction impeded the formation of the PARPI-
Timeless complex, thereby suppressing HR repair’. In this work, we

demonstrated that inhibiting PARP enzyme activity via olaparib
treatment abolished the DNA damage-induced enhancement in cGAS
and ORF2p interaction, indicating that the cGAS-PAR interaction may
act as a double-edged sword by both suppressing HR to destabilize the
genome and repressing L1 retrotransposition to maintain genome
integrity.

Our current findings revealed a noncanonical function of cGAS,
which it could inhibit L1 retrotransposition to stabilize the genome.
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Fig. 3 | CHK2 involves in nuclear cGAS-mediated ORF2p degradation and
phosphorylates cGASS2%53% to potentiate its repressive effect on L1 retro-
transposition upon DNA damage. a Analysis of L1 retrotransposition efficiency in
Hela cells expressing cGAS WT or mutants. n =3 independent experiments. b cGAS
interacts with ORF2p in the nucleus. ¢ The effect of a CHK2 inhibitor on cGAS-
mediated downregulation at the ORF2p protein level. Cells were treated with the
CHK2 inhibitor 6 h post-transfection. d The effect of an ATM inhibitor on cGAS-
mediated repression of ORF2p protein levels in CHK2-knockdown Hela cells. Cells
were treated with ATM inhibitor 6 h post-transfection. e Co-IP analysis of the
interaction between cGAS and CHK2 in HEK293T cells. f Co-IP analysis showing the
interaction between cGAS and CHK2 in HEK293T cells when the DNA was damaged.
Cells were treated with 100 ug/mL etoposide for 4 h. g Comparison of the inter-
action between cGAS and CHK2-WT or CHK2-D347A. h Analysis of L1 retro-
transposition efficiency in cells overexpressing WT cGAS and the S120A, T130A and

S305A mutants. n =9 independent experiments for the S120A group, and n=6
independent experiments for the other groups. i In vitro analysis of CHK2-mediated
phosphorylation of cGAS at the S120 or S305 residue. j The effect of CHK2 over-
expression on cGAS phosphorylation levels at the S120 or S305 residue. k The
effect of CHK2 depletion on cGAS phosphorylation levels at the S120 or S305
residues after DNA was damaged. Cells were treated with 10 Gy X-ray and lysed 2 h
post irradiation. | Comparison of the interaction between TRIM41 and cGAS or its
mutants after DNA was damaged. Cells were treated with 100 pg/mL etoposide for
4 h. m The effect of overexpressing cGAS or its mutants on the TRIM41-ORF2p
interaction in HEK293T cells. n The effect of overexpressing cGAS or its mutants on
ORF2p protein levels. Data are presented as mean values + s.d. Student’s ¢ test was
performed for (a) and (h). All the Inputs and IPs were from the same experiments.
All statistical test used were two-sided. Experiments were repeated three times
independently with similar results.
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Fig. 4 | cGAS is critical for senescence-associated repression in L1 retro-
transposition. a Analysis of the L1 retrotransposition efficiency in control or cGAS-
knockout stress-induced premature senescent (SIPS) HeLa cells. WT or cGAS-
knockout cells transfected with the pEGFP-LRE3 reporter were treated with 10 ug/
mL etoposide for 20 min on day 2 post-transfection, and harvested for FACS ana-
lysis on day 9. n=3 independent experiments. b Analysis of L1 retrotransposition
efficiency in control or cGAS-overexpressed SIPS cells. n = 6 independent experi-
ments. ¢ Analysis of CHK2 and cGAS phosphorylation levels in senescent HeLa cells.

mef— @lpocassus

d Subcellular localization of phosphorylated cGAS in senescent HeLa cells.

e Analysis of the subcellular localization of phosphorylated cGAS in X-ray induced
senescent IMR90-hTERT cells. f Analysis of the subcellular localization of phos-
phorylated cGAS in X-ray induced senescent HCA2-hTERT cells. For (e) and (f), cells
were irradiated by 15 Gy X-ray and lysed for protein extraction and Western blot
analysis on day 9 post irradiation. Data are presented as mean values + s.d. Stu-
dent’s t test was performed for (a) and (b). All statistical test used were two-sided.
All experiments were repeated three times.

Furthermore, some cancer-associated cGAS mutations abolished the
effect of cGAS on L1 repression through disrupting different steps of
the CHK2-cGAS-TRIM41-ORF2p regulatory axis, suggesting that cGAS
may act as a tumor suppressor. Consistent with this, elevated L1
expression has been reported in some types of cancers®™. However,
using a soft agar assay, our previous work? showed that over-
expressing cGAS may promote the oncogenic transformation of
normal fibroblasts by suppressing HR repair. How can such a dis-
crepancy be explained? In the soft agar experiment?, normal cells
rapidly replicated due to introduced vectors expressing large T
antigen and Ras, which resulted in replication stress-induced DSBs

that required HR for repair. Overexpressing cGAS disrupted this
repair process, thereby increasing the chance of tumorigenesis.
However, in adults, most cells are in quiescent stages and HR repair is
not triggered, suggesting that cGAS does not play an oncogenic role
in these cells. In contrast, the L1 repression function of nuclear cGAS
might be exerted throughout the cell cycle stages, thus cGAS may
serve as a tumor suppressor in these quiescent somatic cells. More-
over, it will be interesting to explore whether the double-faceted
cGAS function is involved in the maintenance of genome integrity by
suppressing HR and repressing L1 retrotransposition in other biolo-
gical events, such as embryogenesis.
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High levels of DNA damage can lead to deleterious outcomes,
such as cellular and individual aging. Earlier studies have demon-
strated that cGAS plays vital roles in regulating the onset of aging>*>*,
Moreover, several studies have indicated that L1 is actively transcribed
in senescent cells and in several types of aging tissues*****~’, The
accumulation of cytoplasmic L1 cDNA activates cGAS to trigger a
strong type | interferon response and sterile inflammation, which is a

hallmark of aging®. Although the L1 mRNA level increases with the
onset of aging, previous studies have indicated that cell division was
required for L1 retrotransposition and that the L1 retrotransposition
frequency was reduced in cells with cell cycle arrest**%, which is the
fundamental feature of senescent cells. In this study, we demonstrated
that in response to endogenous or exogenous DNA damage, CHK2
mediated cGAS phosphorylation at the S120 and S305 residues.
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Fig. 5| Several cancer-associated cGAS mutations abolish the repressive effect
of cGAS on L1 retrotransposition. a Schematic showing cancer-associated cGAS
mutations identified through data mining of the TCGA database. b The effect of
overexpressing cGAS WT and cancer-associated cGAS mutants on L1 retro-
transposition efficiency. Thirty-seven cancer-associated cGAS mutants were cloned
and transfected into HeLa cells for the analysis of retrotransposition efficiency.
Each dot represents an independent experiment, and n = at least 3 independent
experiments per group. Two-sided Student’s ¢-test was performed. c Comparison of
ORF2p protein levels with overexpressing cGAS WT or cancer-associated cGAS
mutants. Cells were transfected with the indicated cGAS WT or cGAS mutants and
ORF2p-Flag and harvested for use in Western blot analysis 24 h post-transfection.
d Analysis of the interaction between CHK2 and WT or mutated cGAS. Cells were

transfected with the indicated plasmids and collected for co-IP experiments 24 h
post-transfection. e Analysis of the association between TRIM41and WT or mutated
cGAS after DNA was damaged. The cells were transfected with the indicated plas-
mids and treated with 100 pg/mL etoposide for 90 min before being harvested for
use in co-IP experiment 24 h post-transfection. f Analysis of the interaction between
ORF2p and WT or mutated cGAS. Cells were transfected with the indicated plas-
mids and harvested for co-IP experiments 24 h post-transfection. g Analysis of the
effect of overexpressing WT or mutated cGAS on the TRIM41-ORF2p interaction.
Cells were transfected with the indicated plasmids and collected for co-IP experi-
ments 24 h post-transfection. Data are presented as mean values + s.d. Student’s

t test was performed for (b). All the Inputs and IPs were from the same experiments.
All experiments were repeated at least three times.
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Fig. 6 | Schematic diagram showing the regulatory mechanisms of nuclear
cGAS-mediated repression on L1 retrotransposition. Upon the occurrence of
endogenous or exogenous DNA damage, cGAS is translocated into the nucleus and
interacts with CHK2. CHK2-mediated phosphorylation of cGAS at Ser120 and
Ser305 residues promotes the interaction between cGAS and the E3 ligase, TRIM41.

On the other hand, nuclear cGAS also interacts with ORF2p in a stress-dependent
manner. The DNA damage-induced increase in cGAS-TRIM41 interaction, and cGAS-
ORF2p interaction enhances TRIM41-ORF2p association, and results in the ubi-
quitination and degradation of ORF2p, thereby resulting in the repression of L1
retrotransposition. Created with BioRender.com.

Moreover, phosphorylation levels of these two residues are elevated in
DNA damage-induced senescent cells, leading to suppressed L1 ret-
rotransposition. Our data offer potential molecular insights into the
seemingly contradictory outcomes of increased L1 mRNA and reduced
retrotransposition in senescent cells and will contribute to the devel-
opment of an antiaging approach involving inhibition of L1
retrotransposition.

Accumulating evidence has demonstrated that L1 is regulated at
multiple stages in its retrotransposition cycle. At the transcriptional
level, L1 is repressed by DNA methylation and specific histone mod-
ifications. Several factors, including MeCP2, KAP1, the NuRD complex,
and sirtuins, are involved in regulating the accessibility of chromatin in
L1 regions to influence L1 transcription’*** ", At the translational level,

BRCALI has been reported to suppress ORF2p translation in the cyto-
plasm by binding to L1 mRNA®. At the posttranslational modification
stage, TEX19.1 and TREX1 have been shown to participate in the reg-
ulation of ORFlp protein degradation®*2. However, due to the relatively
large molecular weight and low abundance of ORF2p, very little
research has addressed the regulatory mechanism of ORF2p at the
protein level. Whether ORF2p is regulated posttranslationally and the
related mechanisms remain unclear. In this study, we identified TRIM41,
an E3 ligase that ubiquitinates ORF2p and promotes its degradation.
Moreover, we showed that cGAS promotes the TRIM41-ORF2p asso-
ciation to potentiate ORF2p degradation via proteasome pathway and
repress L1 retrotransposition. Our work elucidates, for the first time, the
mechanism of ORF2p posttranslational regulation. Nevertheless, other
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types of posttranslational modifications of ORF2p and their related
physiological significance warrant further investigation.

Methods

Research ethics

Our research complies with all relevant ethical regulations in Tongji
University. All the animal studies were approved by the Biological
Research Ethics Committee of Tongji University (TJAB04022103).

Animals

The wild type and Cgas knock out mice (The Jackson Laboratory, stock
no. 026554) were housed in a specific pathogen-free (SPF)-grade
environment. Both 3-4-month-old male and female mice were used in
this study.

Cell culture

HCA2-hTERT and IMR90-hTERT®® (IMRT90) cells were cultured in
MEM (HyClone, Cat# SH30234) supplemented with 10% fetal bovine
serum (Gibco), 1% nonessential amino acids (Gibco) and 1% penicillin—
streptomycin (Gibco). HeLa cells and HEK293T cells were cultured in
DMEM (Corning, Cat# 10-013-CVR) supplemented with 10% fetal
bovine serum (Gibco) and 1% penicillin-streptomycin (Gibco). The
cells were maintained in a 5% CO, humidified incubator (Thermo Fisher
HERAcell 240i) at 37 °C. All the cells were periodically tested for free
mycoplasma contamination via PCR.

Reagents and plasmids
Puromycin (S9361), hygromycin (52908) and olaparib (S1060) were
purchased from Selleckchem. Etoposide (A1971), cycloheximide
(A8244), MG132 (A2585) and inhibitors of ATM (A4605), ATR (B1383),
CHK1 (A8638) and CHK2 (B1236) were purchased from APEXBIO. The
following antibodies were used: anti-Flag (MBL, Cat# M185-3L, 1/2000
for WB), Anti-Flag (Sigma-Aldrich, Cat. #F3165, 1/300 for PLA), anti-
¢GAS (Cell Signaling Technology, Cat# 15102, 1/800 for WB), anti-cGAS
(Cell Signaling Technology, Cat# 79978, 1/300 for PLA), anti-B-tubulin
(Bioworld, Cat# AP0064, 1/5000), anti-HA tag (Cell Signaling Tech-
nology, Cat# 3724, 1/1000), anti-GFP (ABclonal, Cat# AE012, 1/2000),
anti-phospho-cGAS-S305 (ABclonal, Cat# API1176, 1/1000), anti-
phospho-cGAS-S120 (ABclonal, customized, 1/1000), anti-CHK2 (Cell
Signaling Technology, Cat# 2662, 1/1000 for WB), anti-CHK2 (Cell
Signaling Technology, Cat# 3440, 1/300 for PLA), anti-phospho-CHK2
(Cell Signaling Technology, Cat# 2661, 1/1000), anti-yH2AX (S139) (Cell
Signaling Technology, Cat# 9718, 1/2000 for WB, 1/300 for IF), anti-
H2AX (ABclonal, Cat# A11540,1/2000), anti-Lamin A/C (ABclonal, Cat#
A0249, 1/1000), anti-Ki67 (Thermo Fisher, Cat# MAS5-14520, 1/500),
anti-GAPDH (Proteintech, Cat# 60004, 1/5000), anti-rabbit 1gG-HRP
(Bio-Rad, Cat# 170-6515), anti-rabbit IgG H&L DyLight 488 (Abcam,
Cat# ab96899, 1/500) and anti-mouse IgG H&L DyLight 594 (Abcam,
Cat# ab96881, 1/500). The full-length coding sequences (CDSs) of E3
ligases (PIAS1, TRIM21, TRIM25, TRIM41, and ZNF598) were amplified
with PCR using HeLa cDNA as the template and then cloned into an HA-
tagged vector. The CDSs of L1 ORF1p and ORF2p were amplified with
PCR using HelLa cDNA as the template and then cloned into a CMV
promoter-driven, Flag-tagged or HA-tagged vector. The correspond-
ing cancer-associated cGAS mutants were generated by site-directed
mutagenesis based on the WT CDS of human cGAS.

Short interfering RNA (siRNA), short hairpin RNA (shRNA) and
single guide RNA (sgRNA) sequences are listed in Supplementary
Table 1.

L1 retrotransposition assay

The retrotransposition efficiency was analyzed according to a pre-
viously reported protocol with some modifications®. Briefly, HeLa cells
were plated in 6-well plates at a density of 2 x 10* cells per well. On Day
2 of culture, cells were cotransfected with 1ug of the pEGFP-LRE3

vector, 100 ng of DsRed and the indicated amounts of vectors
encoding cGAS or its mutants with the CN114 program on a Lonza 4D
instrument. The medium was replaced with fresh medium containing
3 ug/mL puromycin twice, once on Day 5 and once on Day 7. Then, on
Day 9, the surviving cells were harvested for flow cytometry analysis
(BD Biosciences). To analyze the effect of etoposide on L1 retro-
transposition efficiency, cells were treated with DMSO or 10 pg/mL
etoposide for 20 min on Day 4. Then, the cells were treated with 3 pg/mL
puromycin twice, on Day 6 and on Day 8. On Day 10, the surviving cells
were harvested for flow cytometry analysis (BD Biosciences). The
percentage of GFP-positive cells was determined with FlowJo software
(Ashland, OR, USA).

Comet assay

Cells were transfected with the indicated plasmids and collected for an
alkaline comet assay the next day following the instructions of the
comet assay kit manufacturer (Trevigen, Cat# 4250-050). The tail
moment was analyzed with Cometscore software (Casplab 1.2.3b2). At
least 50 cells were analyzed for each group.

RNA extraction, genomic DNA extraction and real-time
quantitative PCR

Total RNA was extracted using an RNAsimple Total RNA Kit (TIANGEN).
One microgram of RNA was used for reverse transcription with a
TransScript Il Reverse Transcriptase kit (TRANS). For L1 copy number
quantification, genomic DNA was isolated from indicated cells or tis-
sues using a TIANamp Genomic DNA Kit (TIANGEN). qPCR was per-
formed as described previously”” Briefly, L1 genomic DNA content was
probed using primers targeting ORF2 sequence, and the value was
normalized to 5S ribosomal DNA content as the measurement of
relative L1 copy number. Real-time quantitative PCR was performed
with FastStart Universal SYBR Green Master Mix (Roche) on a Vii7 real-
time PCR machine (Life Technologies). The indicated primers are listed
in the Supplementary Table 2.

Coimmunoprecipitation

Cells transfected with the indicated plasmids were collected 24 h
post-transfection. Then, the cells were lysed in lysis buffer (20 mM
HEPES (pH 8.0), 150 mM NaCl, 0.2 mM EDTA, 1% NP-40 and 5% gly-
cerol) supplemented with protease cocktail for 30 min on ice. The
cells were then sonicated at 10% power for 3 min at 2-s intervals,
followed by centrifugation at 13,500 xg for 15min. The super-
natants were incubated with antibody-conjugated beads at 4 °C
overnight and washed four times with ice-cold lysis buffer the next
day. The beads were resuspended in 2x sample buffer and boiled for
10 min prior to Western blot analysis. Immunoblot images gener-
ated using fluorescence antibodies were converted to grayscale in
the main figures.

Coimmunoprecipitation-coupled mass spectrometry analysis
To explore the potential targets interacting with ORF2p, HEK293T cells
were transfected with plasmids encoding Flag-tagged ORF2p, and
these cells were collected and lysed with lysis buffer 24 h post-
transfection. The cells were then sonicated and centrifuged, and the
supernatants were used for immunoprecipitation with anti-Flag anti-
body-conjugated beads. All precipitated samples were used for a mass
spectrometry analysis.

Stable isotope labeling by amino acids in cell culture (SILAC)

The SILAC experiment was conducted using a SILAC-DMEM (K6R6) Kit
(imultiomics, Cat# SM202101) following the manufacturer’s instruc-
tions. Briefly, sgCtrl cells were cultured in the medium containing
normal Lysine (KO) and Arginine (RO), while sgcGAS cells were main-
tained in ®Cq-Lysine (K6) and *C4-Arginine (R6) medium, for 7 pas-
sages in parallel, before being transfected with plasmids encoding
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Flag-tagged ORF2p. At 24 h post transfection, an equal number of cells
were lysed with lysis buffer (20 mM HEPES (pH 8.0), 150 mM Nacl,
0.2mM EDTA, 1% NP-40 and 5% glycerol) and sonicated. After cen-
trifugation, the supernatant was subjected to immunoprecipitation
using an excess amount of anti-Flag conjugated beads. Finally, equal
amounts of precipitated samples from both groups were mixed, and
subjected to mass spectrometry analysis.

Generation of cGAS- and TRIM41-knockout cells using the
CRISPR-Cas9 system

Oligos targeting human cGAS or TRIM41 or CHK2 were synthesized
and ligated into CRISPR-PX458 vectors and then transfected into HeLa
cells. GFP* cells were sorted 24 h post-transfection on a BD FACS Ariall
machine. Successfully targeted cells were confirmed by Western
blotting using antibodies against cGAS and TRIM41 and by Sanger
sequencing of the PCR products of the flanking region of the targeted
sgRNA sequences. The indicated oligonucleotide sequences are listed
in the Supplementary Table 1.

Protein purification

The CDS of cGAS was amplified and inserted into the pGEX-4T vector
and then transformed into the E. coli BL21 strain. Bacteria were cul-
tured at 37 °C in 2 x YT medium supplemented with 100 pug/mL ampi-
cillin for 4 h. Once the concentration of cultures reached an OD600 of
0.6-0.8, 0.2 mM isopropyl-beta-D-thiogalactopyranoside (IPTG) was
added to the medium and cultured overnight at 16 °C. The next day,
the bacteria were collected and lysed with GST lysis buffer (50 mM Tris
(pH 7.5), 150 mM NacCl, 0.05% NP-40 and 200 uM PMSF) supplemented
with 5 mg/mL lysozyme on ice for 60 min. The cell lysates were soni-
cated, and cell debris was removed by centrifugation at 13,500 x g for
15 min. Then, 100 uL of glutathione agarose was added to the super-
natants and rotated at 4 °C overnight. After washing with GST lysis
buffer six times and with 100 mM Tris (pH 8.0) twice, GST-cGAS was
released from the Sepharose beads with elution buffer (100 mM Tris
(pH 8.0) and 20 mM glutathione) for 1 h at 4 °C. To purify the TRIM41
proteins, HEK293T cells were transfected with a plasmid encoding
ORF2p-Flag and purified with anti-Flag beads. Then, the proteins were
released from Flag antibody-conjugated beads with elution buffer
(0.2 M glycine (pH 2.5)), and the supernatants were neutralized with
1M Tris-HCI (pH 10.4). TRIM41-HA and cGAS-GFP were purified using
the same procedures with HA antibody-conjugated beads and
GFP traps.

In vitro co-IP assay

Purified proteins were incubated in in vitro co-IP buffer (25 mM Tris-Cl,
150 mM NaCl, 1% NP-40). Then, antibody (or antibody-conjugated
beads) was added, and the mixture was incubated on a rotator at 4 °C
overnight. Protein A/G-agarose beads were added to the mixture for
incubation at 4 °C for 2 h the next day when non-conjugated primary
antibody was used for immunoprecipitation. Subsequently, the pellets
were washed 5 times with lysis buffer and boiled for 10 min prior to
Western blot analysis.

Immunofluorescence staining

Cells transfected with the indicated plasmids were seeded on cov-
erslips in 12-well plates. Twenty hours post-transfection, the cells
were rinsed with cold PBS and fixed with 4% paraformaldehyde (PFA)
for 15 min at room temperature. Then, the cells were permeabilized
with 0.25% Triton X-100 for 30 min and blocked with 2% bovine
serum albumin (BSA) for 1 h at room temperature. The cells were then
incubated with primary antibody at 4 °C overnight and with sec-
ondary antibody at room temperature for 1h in the dark the follow-
ing day. Finally, the cells were mounted in mounting medium with
DAPI. Images were acquired with a Nikon laser scanning confocal
microscope.

Cell fractionation

Cells transfected with the indicated plasmids were lysed in hypotonic
buffer (2mM MgCl,, 20 mM Tris (pH 7.6), 50 mM 2-mercaptoethanol,
0.1mM EDTA, 1mM PMSF) for 5min at 4 °C 24 h post-transfection.
Then, the cell lysates were centrifuged at 200 x g for 5min, and the
supernatants (cytoplasmic fraction) were collected. The precipitates
were resuspended in hypertonic buffer 20 mM HEPES (pH 7.9),
400 mM NaCl, 1ImM glycerol, 1mM PMSF, 0.5mM NaF, 0.5mM
NazVO,, 0.5mM DTT) and lysed at 4 °C for 20 min, followed by cen-
trifugation at 12,000 x g for 15min to remove the nuclear debris.
Finally, the supernatants (nuclear fraction) were collected. The frac-
tions were directly used for Western blot analysis or for co-IP analysis.

Proximity ligation assay (PLA)

Hela cells were seeded on coverslips. At 24 h post seeding, cells were
washed twice with cold PBS and fixed with 4% paraformaldehyde at
room temperature for 15 min. Subsequently, cells were washed twice
with PBS and permeabilized with 0.5% Triton X-100 at room tem-
perature for 10 min. Cells were then washed with PBS three times. The
following experimental procedures were performed according to the
manufacturer’s instructions of a Duolink In Situ Red Starter Kit (Sigma,
Cat# DU092101).

In vitro kinase assay

The assay was performed according to previously reported protocols™.
Briefly, purified HA-tagged wild-type CHK2, CHK2-T68D and CHK2-
D347A mutants were mixed with GST-cGAS in ice-cold kinase buffer
(50mM Tris (pH 7.5), 2mM DTT, 1 mM B-glycerophosphate, 10 mM
MgCl,, 10 uM ATP, 0.1 mM Na3VO,). The mixtures were incubated at
30 °C for 1h prior to being boiled for Western blot analysis.

Generation of an anti-phospho-cGAS S120 antibody

Rabbit polyclonal antibody was raised against cGAS phosphorylated
S120 (p-cGAS-S120) in collaboration with ABclonal Biotech. In brief, 3
rabbits were immunized with the peptide c(KLH)"*SRAGS(p-S)
CRQR™, in which ¢(KLH) indicates keyhole limpet hemocyanin fused
at a cysteine residue, and p-S indicates phosphorylated serine. The
unphosphorylated peptide c(KLH)"*SRAGSCRQR™?** was used as a
control during antibody purification and detection.

Statistics and reproducibility

No statistical methods were used to predetermine sample size. Sample
sizes were estimated based on experiences on the similar experiments
performed by us and other published studies. Methods of statistical
analysis employed to determine the significance of difference are
reported in related figure legends, and the exact P values are indicated
in figures. Statistical calculations were performed using the Prism
software (GraphPad).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data supporting the conclusions in this manuscript can be found in
the main text or the supplementary materials and are available from
the corresponding author upon request. Source data are provided with
this paper.

References

1. Sun, L., Wu, J., Du, F., Chen, X. & Chen, Z. J. Cyclic GMP-AMP syn-
thase is a cytosolic DNA sensor that activates the type | interferon
pathway. Science 339, 786-791 (2013).

2. Liu, H. et al. Nuclear cGAS suppresses DNA repair and promotes
tumorigenesis. Nature 563, 131-136 (2018).

Nature Communications | (2023)14:8217

12



Article

https://doi.org/10.1038/s41467-023-43001-y

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Jiang, H. et al. Chromatin-bound cGAS is an inhibitor of DNA repair
and hence accelerates genome destabilization and cell death.
EMBO J. 38, €102718 (2019).

Sun, H. et al. A nuclear export signal is required for cGAS to sense
cytosolic DNA. Cell Rep. 34, 108586 (2021).

Zhao, B. et al. The molecular basis of tight nuclear tethering and
inactivation of cGAS. Nature 587, 673-677 (2020).

Pathare, G. R. et al. Structural mechanism of cGAS inhibition by the
nucleosome. Nature 587, 668-672 (2020).

Boyer, J. A. et al. Structural basis of nucleosome-dependent cGAS
inhibition. Science 370, 450-454 (2020).

Kujirai, T. et al. Structural basis for the inhibition of cGAS by
nucleosomes. Science 370, 455-458 (2020).

Guey, B. et al. BAF restricts cGAS on nuclear DNA to prevent innate
immune activation. Science 369, 823-828 (2020).

Li, T. et al. Phosphorylation and chromatin tethering prevent cGAS
activation during mitosis. Science 371, eabc5386 (2021).

Zhong, L. et al. Phosphorylation of cGAS by CDK1 impairs self-DNA
sensing in mitosis. Cell Discov. 6, 26 (2020).

Uhlorn, B. L., Gamez, E. R., Li, S. & Campos, S. K. Attenuation of
cGAS/STING activity during mitosis. Life Sci. Alliance 3,
201900636 (2020).

Chen, H. et al. cGAS suppresses genomic instability as a decel-
erator of replication forks. Sci. Adv. 6, eabb8941 (2020).

Li, X. et al. cGAS guards against chromosome end-to-end fusions
during mitosis and facilitates replicative senescence. Protein Cell
13, 47-64 (2022).

Belancio, V. P., Hedges, D. J. & Deininger, P. Mammalian non-LTR
retrotransposons: for better or worse, in sickness and in health.
Genome Res. 18, 343-358 (2008).

Brouha, B. et al. Hot L1s account for the bulk of retrotransposition in
the human population. Proc. Natl Acad. Sci. USA 100, 5280-5285
(2003).

Sassaman, D. M. et al. Many human L1 elements are capable of
retrotransposition. Nat. Genet. 16, 37-43 (1997).

Beck, C. R., Garcia-Perez, J. L., Badge, R. M. & Moran, J. V. LINE-1
elements in structural variation and disease. Annu. Rev. Genomics
Hum. Genet. 12, 187-215 (2011).

Van Meter, M. et al. SIRT6 represses LINE1 retrotransposons by
ribosylating KAP1 but this repression fails with stress and age. Nat.
Commun. 5, 1-10 (2014).

Bourc'his, D. & Bestor, T. H. Meiotic catastrophe and retro-
transposon reactivation in male germ cells lacking Dnmt3L. Nature
431, 96-99 (2004).

Protasova, M. S., Andreeva, T. V. & Rogaev, E. |. Factors reg-
ulating the activity of LINE1 retrotransposons. Genes 12, 1562
(2021).

Sanchez-Luque, F. J. et al. LINE-1 evasion of epigenetic repression in
humans. Mol. Cell 75, 590-604.e512 (2019).

Ren, W. et al. DNMT1 reads heterochromatic H4K20me3 to reinforce
LINE-1 DNA methylation. Nat. Commun. 12, 1-16 (2021).
Oberdoerffer, P. et al. SIRT1 redistribution on chromatin promotes
genomic stability but alters gene expression during aging. Cell 135,
907-918 (2008).

Richardson, S. R. et al. The influence of LINE-1 and SINE retro-
transposons on mammalian genomes. Microbiol. Spectr. 3, 3.2.

15 (2015).

Moran, J. V. et al. High frequency retrotransposition in cultured
mammalian cells. Cell 87, 917-927 (1996).

Feng, Q., Moran, J. V., Kazazian, H. H. Jr & Boeke, J. D. Human L1
retrotransposon encodes a conserved endonuclease required for
retrotransposition. Cell 87, 905-916 (1996).

Cook, P.R., Jones, C. E. & Furano, A. V. Phosphorylation of ORF1p is
required for L1 retrotransposition. Proc. Natl Acad. Sci. USA. 112,
4298-4303 (2015).

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

Hohjoh, H. & Singer, M. F. Cytoplasmic ribonucleoprotein com-
plexes containing human LINE-1 protein and RNA. EMBO J. 15,
630-639 (1996).

Kolosha, V. O. & Martin, S. L. Polymorphic sequences encoding the
first open reading frame protein from LINE-1 ribonucleoprotein
particles. J. Biol. Chem. 270, 2868-2873 (1995).

MacLennan, M. et al. Mobilization of LINE-1 retrotransposons is
restricted by Tex19. 1in mouse embryonic stem cells. Elife 6,
€26152 (2017).

Li, P. et al. Aicardi-Goutiéres syndrome protein TREX1 suppresses L1
and maintains genome integrity through exonuclease-independent
ORF1p depletion. Nucleic Acids Res. 45, 4619-4631 (2017).
Farkash, E. A., Kao, G. D., Horman, S. R. & Prak, E. T. L. Gamma
radiation increases endonuclease-dependent L1 retro-
transposition in a cultured cell assay. Nucleic Acids Res. 34,
1196-1204 (2006).

De Cecco, M. et al. L1 drives IFN in senescent cells and promotes
age-associated inflammation. Nature 566, 73-78 (2019).

Kopera, H. C. et al. in Transposons and Retrotransposons 139-156
(Springer, 2016).

Ostertag, E. M., Luning Prak, E. T., DeBerardinis, R. J., Moran, J. V. &
Kazazian, H. H. Jr Determination of L1 retrotransposition kinetics in
cultured cells. Nucleic Acids Res. 28, 1418-1423 (2000).

Coufal, N. G. et al. L1 retrotransposition in human neural progenitor
cells. Nature 460, 1127-1131 (2009).

Rodriguez-Martin, B. et al. Pan-cancer analysis of whole genomes
identifies driver rearrangements promoted by LINE-1 retro-
transposition. Nat. Genet. 52, 306-319 (2020).

Han, Y. H., Moon, H. J., You, B. R. & Park, W. H. The effect of
MG132, a proteasome inhibitor on Hela cells in relation to cell
growth, reactive oxygen species and GSH. Oncol. Rep. 22,
215-221(2009).

Liu, Z.-S. et al. RINCK-mediated monoubiquitination of cGAS pro-
motes antiviral innate immune responses. Cell Biosci. 8, 1-9 (2018).
Xu, X., Tsvetkov, L. M. & Stern, D. F. Chk2 activation and
phosphorylation-dependent oligomerization. Mol. Cell Biol. 22,
4419-4432 (2002).

Seo, G.-J. et al. Determination of substrate specificity and putative
substrates of Chk2 kinase. Biochem. Biophys. Res. Commun. 304,
339-343 (2003).

Simon, M. et al. LINE1 derepression in aged wild-type and SIRT6-
deficient mice drives inflammation. Cell Metab. 29,

871-885.e875 (2019).

Shi, X., Seluanov, A. & Gorbunova, V. Cell divisions are required for
L1 retrotransposition. Mol. Cell Biol. 27, 1264-1270 (2007).

D’adda Di Fagagna, F. Living on a break: cellular senescence as a
DNA-damage response. Nat. Rev. Cancer. 8, 512-522 (2008).
Zannini, L., Delia, D. & Buscemi, G. CHK2 kinase in the DNA damage
response and beyond. J. Mol. Cell Biol. 6, 442-457 (2014).
Zierhut, C. et al. The cytoplasmic DNA sensor cGAS promotes
mitotic cell death. Cell 178, 302-315.e323 (2019).

Gentili, M. et al. The N-terminal domain of cGAS determines
preferential association with centromeric DNA and innate
immune activation in the nucleus. Cell Rep. 26,
2377-2393.e2313 (2019).

Cui, S. et al. Nuclear cGAS functions non-canonically to enhance
antiviral immunity via recruiting methyltransferase Prmt5. Cell Rep.
33, 108490 (2020).

Seeber, A., Hauer, M. H. & Gasser, S. M. Chromosome dynamics in
response to DNA damage. Annu. Rev. Genet. 52, 295-319 (2018).
Rodi¢, N. et al. Long interspersed element-1 protein expression is a
hallmark of many human cancers. Am. J. Pathol. 184,

1280-1286 (2014).

Dou, Z. et al. Cytoplasmic chromatin triggers inflammation in
senescence and cancer. Nature 550, 402-406 (2017).

Nature Communications | (2023)14:8217

13



Article

https://doi.org/10.1038/s41467-023-43001-y

53. Glick, S. et al. Innate immune sensing of cytosolic chromatin
fragments through cGAS promotes senescence. Nat. Cell Biol. 19,
1061-1070 (2017).

54. Yang, H., Wang, H., Ren, J., Chen, Q. & Chen, Z. J. cGAS is essential
for cellular senescence. Proc. Natl Acad. Sci. USA 114,
E4612-E4620 (2017).

55. De Cecco, M. et al. Transposable elements become active and
mobile in the genomes of aging mammalian somatic tissues. Aging
5, 867 (2013).

56. Liang, C. et al. BMAL1 moonlighting as a gatekeeper for LINE1
repression and cellular senescence in primates. Nucleic Acids Res.
50, 3323-3347 (2022).

57. Min, B., Jeon, K., Park, J. S. & Kang, Y. K. Demethylation and dere-
pression of genomic retroelements in the skeletal muscles of aged
mice. Aging Cell 18, 13042 (2019).

58. Kubo, S. et al. L1 retrotransposition in nondividing and primary
human somatic cells. Proc. Natl Acad. Sci. USA. 103,

8036-8041 (2006).

59. Vazquez, B. N. et al. SIRT7 mediates L1 elements transcriptional
repression and their association with the nuclear lamina. Nucleic
Acids Res. 47, 7870-7885 (2019).

60. Yu, F., Zingler, N., Schumann, G. & Stratling, W. H. Methyl-CpG-
binding protein 2 represses LINE-1 expression and retro-
transposition but not Alu transcription. Nucleic Acids Res. 29,
4493-4501 (2001).

61. Montoya-Durango, D. E. et al. LINE-1 silencing by retinoblastoma
proteins is effected through the nucleosomal and remodeling
deacetylase multiprotein complex. BMC Cancer 16, 1-8 (2016).

62. Mita, P. et al. BRCA1and S phase DNA repair pathways restrict LINE-1
retrotransposition in human cells. Nat. Struct. Mol. Biol. 27,
179-191 (2020).

63. Gorbunova, V., Seluanov, A. & Pereira-Smith, O. M. Expression of
human telomerase (hTERT) does not prevent stress-induced
senescence in normal human fibroblasts but protects the cells from
stress-induced apoptosis and necrosis. J. Biol. Chem. 277,
38540-38549 (2002).

Acknowledgements

This work was supported by the National Key R&D Program of China
(2022YFA1103703 and 2021YFA1102003 to Z.M.), the National Natural
Science Foundation of China (Grant Nos. 82225017, 32270750 and
82071565 to Z.M., 81972457 and 32171288 to Y.J., 32200595 to Y.C.), the
Shanghai Sailing Program (22YF1434300 to Y.C.).

Author contributions

Z.M. and Y.J. conceived the project, designed experiments, and super-
vised the study. Z.Z., Y.C., HW., H.T., and H.Z. performed experiments
with the help from H.L. Z.Z. and Y.C. contributed to data analysis and
interpretation. The paper was written by Z.M., Y.C., and Z.Z.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-43001-y.

Correspondence and requests for materials should be addressed to
Zhiyong Mao.

Peer review information Nature Communications thanks Zhenkun Lou
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:8217

14


https://doi.org/10.1038/s41467-023-43001-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Nuclear cGAS restricts L1 retrotransposition by promoting TRIM41-mediated ORF2p ubiquitination�and degradation
	Results
	cGAS inhibits L1 retrotransposition by reducing ORF2p protein�levels
	cGAS promotes TRIM41-mediated ubiquitination and degradation of�ORF2p
	CHK2 phosphorylates nuclear cGASS120/S305 to potentiate its repressive effect on L1 retrotransposition upon DNA�damage
	cGAS is critical for senescence-associated repression in L1 retrotransposition
	Seven cancer-associated cGAS mutations abolish the repressive effect of cGAS on L1 retrotransposition

	Discussion
	Methods
	Research�ethics
	Animals
	Cell culture
	Reagents and plasmids
	L1 retrotransposition�assay
	Comet�assay
	RNA extraction, genomic DNA extraction and real-time quantitative�PCR
	Coimmunoprecipitation
	Coimmunoprecipitation–coupled mass spectrometry analysis
	Stable isotope labeling by amino acids in cell culture (SILAC)
	Generation of cGAS- and TRIM41-knockout cells using the CRISPR‒Cas9�system
	Protein purification
	In vitro co-IP�assay
	Immunofluorescence staining
	Cell fractionation
	Proximity ligation assay�(PLA)
	In vitro kinase�assay
	Generation of an anti-phospho-cGAS S120 antibody
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




