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ABSTRACT

Double-stranded DNA (dsDNA) is recognized as a
danger signal by cyclic GMP-AMP synthase (cGAS),
which triggers innate immune responses. cGAS ac-
tivity must be properly regulated to maintain immune
homeostasis. However, the mechanism by which
cGAS activation is controlled remains to be better
understood. In this study, we identified USP15 as
a cGAS-interacting partner. USP15 promoted DNA-
induced cGAS activation and downstream innate im-
mune responses through a positive feedback mecha-
nism. Specifically, USP15 deubiquitylated cGAS and
promoted its activation. In the absence of DNA,
USP15 drove cGAS dimerization and liquid conden-
sation through the USP15 intrinsic disordered region
(IDR), which prepared cGAS for a rapid response to
DNA. Upon DNA stimulation, USP15 was induced to
express and boost cGAS activation, functioning as
an efficient amplifier in innate immune signal trans-
duction. In summary, the positive role played by
USP15-mediated cGAS activation may be a novel reg-
ulatory mechanism in the fine-tuning of innate immu-
nity.

INTRODUCTION

As a pattern recognition receptor (PRR), cyclic GMP-
AMP synthase (cGAS) recognizes double-stranded DNA
(dsDNA) and plays essential roles in innate immunity (1).
Upon DNA binding, cGAS becomes enzymatically active
and produces cyclic GMP-AMP (cGAMP), a second mes-
senger that binds the stimulator of the interferon (IFN)
gene (STING, also known as TMEM173), leading to con-

formational changes that trigger oligomerization and acti-
vation (2-5). After trafficking from the endoplasmic retic-
ulum (ER) to the Golgi, activated STING recruits TANK-
binding kinase 1 (TBK1) to promote TBK1 autophospho-
rylation, STING phosphorylation at Ser366 and subse-
quent recruitment and phosphorylation of interferon regu-
latory factor 3 (IRF3) (6-8). Phosphorylated dimeric IRF3
then is translocated into the nucleus where it induces the
expression of type I IFNs and several other inflammatory
cytokines and chemokines (9).

cGAS senses DNA from invading pathogens and triggers
host immune defenses. However, cGAS can be activated by
self-DNA from the cell lysate or cancer cells, and then warns
cells to respond to the danger immediately. Thus, cGAS
plays important roles in host defense and tumor immunity.
However, cGAS can also be overactivated by aberrantly ac-
cumulated DNA and cause autoimmune diseases. There-
fore, the cGAS-STING pathway must be finely regulated to
maintain the immunological balance. A multitude of phys-
iological regulatory mechanisms of cGAS have been illus-
trated, including ubiquitination. Ubiquitination regulates
cGAS stability, promoting its DNA binding availability and
enzymatic activity. cGAS can be ubiquitinated by several E3
ligases, but only K48-linked deubiquitylases (DUBs) have
been identified (10,11). Elaborate studies have shown the
mechanism of ¢cGAS activation by dsDNA, and it is gen-
erally believed that cGAS undergoes phase separation af-
ter DNA binding. Therefore, changes to the phase sepa-
ration process can also regulate cGAS activation, but few
works have focused on this process (12-14). The primary
mechanism of cGAS activation is binding with dsDNA,
and recent works have shown that cGAS can also be inde-
pendently activated by Mn?* ions (15,16). Whether other
mechanisms cause cGAS activation remains to be further
explored.
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USP15 is a member of the subfamily of cysteine pro-
tease DUBs, which catalytically remove the ubiquitin from
substrates in a ubiquitin-directed manner. USP15-mediated
deubiquitylation has been reported to play multiple roles
in regulating innate immune responses. For example, sev-
eral groups have reported that USP1S5 positively regulated
RIG-I-mediated antiviral signaling by deubiquitylating and
stabilizing TRIM25, an important E3 ligase that activates
RIG-I by promoting its K63-linked ubiquitination (17-19).
In contrast, two other groups reported that USPI15 inhib-
ited virus-induced type I IFN production by directly deu-
biquitylating RIG-1 or TBK1 (20,21). Therefore, the role
of USP15 in antiviral innate immunity remains to be fur-
ther clarified. Furthermore, the specific function of USP15
in the DNA-sensing pathway remains unknown.

In this study, we found that USP15 is a cGAS-interacting
protein. USP15 expression was induced by DNA-mediated
cGAS activation. In human and mouse cells, USP15 pro-
moted cGAS activation through a positive feedback loop.
Mechanistically, USP15 deubiquitylated ¢cGAS and pro-
moted its activation. Moreover, USP15 drove cGAS dimer-
ization and liquid condensation, and prepared it to respond
rapidly to DNA stimulation in the absence of stimuli. In
response to DNA stimuli, the expression of USPI5 was
induced, which promoted ¢cGAS dimerization and phase
separation through the USP15 intrinsic disordered region
(IDR). Therefore, in contrast to other traditional cGAS
deubiquitylation mechanisms (e.g. USP14-mediated cGAS
deubiquitylation) (11), USP15 functions through two par-
allel routes (mediating cGAS deubiquitylation and promot-
ing its phase separation) to activate cGAS in the presence
of DNA. Taken together, our findings elucidate a previously
unknown mechanism of cGAS regulation, which may imply
a new strategy for therapeutic biotechnology development.

MATERIALS AND METHODS

The materials used are listed in Supplementary Table S1.

Cell lines

Human embryonic kidney (HEK)293T, HeLa, RAW264.7,
1929, Vero cells, mouse embryonic fibroblasts (MEFs) and
bone marrow-derived macrophages (BMDMs) were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco) supplemented with 10% (v/v) fetal bovine serum
(FBS), 2 mM L-glutamine, 100 U/ml penicillin and 100
mg/ml streptomycin. THP-1 cells were cultured in RPMI
1640 medium (Gibco) supplemented with 10% (v/v) FBS, 2
mM L-glutamine, 100 U/ml penicillin and 100 mg/ml strep-
tomycin. BMDMs were isolated from mouse femurs and
tibias, and cultured with macrophage colony-stimulating
factor (M-CSF; 20 ng/ml) to induce differentiation before
use. All cultured cells were grown at 37°C in a humidified
incubator containing 5% CO,. All cell lines tested negative
for mycoplasma contamination.

Plasmid construction

All the expression plasmids were constructed in exist-
ing vectors through homologous recombination with pre-
existing vectors using a pEASY-Uni Seamless Cloning and

Assembly Kit (TransGen). Point mutations were achieved
by using the Fast Mutagenesis System (TransGen). cDNA
was obtained by standard polymerase chain reaction (PCR)
techniques. The accuracy of all constructs was confirmed by
sequencing.

Protein expression and purification

Human c¢GAS or USP15 was cloned into a pGEX6p-
1 plasmid or pET28b plasmid to express glutathione S-
transferase (GST)-tagged or His6-SUMO-tagged proteins.
All recombinant proteins were purified from Escherichia
coli. The BL21 (DE3) E. coli strain harboring GST- or
His6-SUMO-tagged proteins was induced with 0.5 mM
isopropyl-B-D-thiogalactopyranoside (IPTG) at 18°C for
20 h.

For His6-SUMO-tagged cGAS or His6-tagged USP15
expression, bacteria were sonicated in lysis buffer contain-
ing 20 mM Tris, pH 7.5, 500 mM NaCl, 25 mM imida-
zole, 5 mM B-mercaptoethanol and 0.2 mM phenylmethyl-
sulfonyl fluoride (PMSF). After centrifugation at 12 000
rpm for 60 min, the supernatant was incubated with Ni-
NTA beads (GE Healthcare), washed with lysis buffer and
eluted with 20 mM Tris, pH 7.5, 500 mM NaCl and 250
mM imidazole. For cGAS purification, after SUMO pro-
tease (Ulpl) digestion overnight at 4°C, untagged cGAS
was purified on a HiTrap heparin column (GE Healthcare)
with a gradient of 0.5-1 M NaCl in 20 mM Tris—HCI,
pH 7.5. All proteins were followed by size-exclusion chro-
matography using a buffer of 20 mM Tris—HCI, pH 7.5, 300
mM NaCl on a Superdex200 10/300 column (GE Health-
care). Fractions were analyzed by sodium dodecylsulfate—
polyacrylamide gel electrophoresis (SDS-PAGE), and rele-
vant fractions were combined and concentrated for further
use.

For GST-tagged protein expression, bacteria were soni-
cated in a lysis buffer of 20 mM Tris, pH 7.5, 500 mM NaCl,
5 mM B-mercaptoethanol and 0.2 mM PMSF. After cen-
trifugation at 12 000 rpm for 60 min, the supernatant was
incubated with glutathione beads (GE Healthcare), washed
with lysis buffer and eluted with 20 mM Tris, pH 7.5, 500
mM NaCl and 50 mM GSH. Proteins were analyzed by
SDS-PAGE.

GST pull-down assay

Recombinant GST-¢GAS or GST-USP15 proteins (2 pg)
were mixed in IP lysis buffer (50 mM Tris—HCI, pH 7.5, 150
mM NaCl, 0.2% Triton X-100 and 10% glycerol) and incu-
bated with glutathione beads (GE Healthcare) at 4°C for 2
h. Protein-bound beads were washed three times with the
IP wash buffer (50 mM Tris—HCI, pH 7.5, 300 mM NacCl,
0.2% Triton X-100 and 10% glycerol). Proteins were eluted
from the beads by boiling in SDS-PAGE loading buffer and
analyzed by Coomassie blue staining.

DNA pull-down assay

Cells seeded in 6-well plates were collected and lysed with
IP lysis buffer (with protease inhibitor cocktail). Debris was
removed by centrifugation, and 60 wl of supernatant was



kept as the whole-cell lysate. A 5 g aliquot of biotin—IFN-
stimulatory DNA (ISD) or DNA (100 bp) was added to the
remaining supernatants (label-free ISD or DNA was used
as the control) and incubated at 4°C for 4 h, followed by
the addition of streptavidin—Sepharose beads and incuba-
tion for 2 h. Beads bound with proteins were washed three
times with IP lysis buffer (300 mM NaCl), resuspended in
SDS-PAGE loading buffer, denatured and analyzed by im-
munoblotting.

Generation of stably overexpressing and knockout (KO) cell
lines

PTY lentiviral overexpression plasmids or LentiCRISPR-
V2 plasmids were constructed to generate stably overex-
pressing or KO cell lines. HEK293T cells were plated in
10 cm dishes and transfected with lentiviral overexpres-
sion or plasmid (8 pg) together with the packaging plas-
mids psPAX2 (6 png) and pMD2.G (2 pg). Cell culture
medium containing lentiviral particles was harvested 24 h
and 48 h after transduction, filtered through a 0.45 pm
membrane filter and used to infect the indicated target
cells in the presence of 8 pg/ml polybrene. After 48 h
of culture, transduced cells were selected with puromycin.
The sequences of the guide RNA (gRNA) were as fol-
lows: Uspl5-gl, GGCGGATCTGGACACCCAGCGG;
Uspl5-g2, GAACCAGCGACTATCGACTAGG; Cgas-
gl, GTTCGGCCCCGCCAGGAAGTCGG; and Cgas-g2,
GGCCCCCATTCTCGTACGGAGGG.

Immunoprecipitation (IP)

Cells were lysed in IP lysis buffer (50 mM Tris—HCIL, pH 7.5,
150 mM Nacl, 0.2% Triton X-100 and 10% glycerol) sup-
plemented with protease inhibitor cocktail. Debris was re-
moved by centrifugation at 13 000 rpm for 10 min. A 60 wl
aliquot of supernatant was retained as the whole-cell lysate,
and the remainder was incubated with a specific antibody
(or an equal amount of IgG as a control) at 4°C for 2 h,
followed by the addition of protein A/G agarose (Santa
Cruz) and incubation overnight. For IP with Flag-M2 or
Myc magnetic beads, the lysates were incubated overnight
directly. Immunoprecipitants were washed three times with
the IP wash buffer (50 mM Tris-HCI, pH 7.5, 300 mM
NaCl, 0.2% Triton X-100 and 10% glycerol). Proteins were
eluted from the beads by boiling in SDS-PAGE loading
buffer and analyzed by immunoblotting.

Immunoblotting

Cells were lysed with RIPA lysis buffer containing protease
inhibitor cocktail and phosphatase inhibitor. The lysates
were centrifuged at 13 000 rpm for 10 min, and the super-
natants were collected to measure the protein concentra-
tion by BCA assay. After boiling with SDS loading buffer
at 95°C for 10 min, the protein samples were separated by
10% SDS-PAGE and transferred to polyvinylidene fluo-
ride (PVDF) membranes, and the membranes were blocked
with Tris-buffered saline with Tween-20 (TBST) containing
5% (w/v) bovine serum albumin (BSA) prior to incubation
with primary antibodies at room temperature for 2 h or 4°C
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overnight and secondary antibodies for 1 h at room temper-
ature. The blots were visualized using a chemiluminescent
substrate, and images were observed with an iBright 1500
imager system. Densitometry analysis was performed using
ImagelJ software.

Immunofluorescence

Cells were seeded on coverslips in 12-well plates and trans-
fected with the indicated plasmids using lipofectamine 3000
asindicated. After removing the supernatants, the cells were
washed with phosphate-buffered saline (PBS), fixed with
4% paraformaldehyde, permeabilized with 0.2% (v/v) Tri-
ton X-100 and blocked in 3% (w/v) BSA for 1 h. Then,
the cells were incubated with the indicated primary anti-
bodies [in 3% (w/v) BSA] overnight at 4°C followed by in-
cubation with fluorescent secondary antibodies and 4',6-
diamidino-2-phenylindole (DAPI) for 1 h at room tempera-
ture. Finally, the coverslips were fixed on slides using aque-
ous mounting medium, and images were acquired with a
Nikon AIRMP or Zeiss LSM 710 confocal microscope. Co-
localization analysis was performed using Imaris software.

In vitro cGAMP production

In vitro cGAMP production assay was performed as pre-
viously described, with minor modifications (22). Briefly,
purified full-length h-cGAS (1 wM) was incubated with or
without USP15 in reaction buffer (2 mM ATP, 2 mM GTP,
0.1 mg/ml herring testis (HT)-DNA, 25 mM Tris—HCI, pH
7.5, 150 mM NaCl, 5 mM MgCl,, 1 pM ZnCl,, 2 mM
dithiothreitol (DTT) and 0.01% Tween-20] for 3 h at 28°C.
The samples were then heated at 95°C for 10 min and cen-
trifuged at 16 000 g for 10 min. The supernatant was ana-
lyzed by ion exchange chromatography with a HiTrap Q HP
column (GE Healthcare).

Ubiquitination assay

Cells were seeded in 6-well plates, transfected with the indi-
cated plasmids and treated with MG132 (20 wM) and CQ
(20 pM) 5 h before collection. At 24 h post-transfection,
cells were harvested into centrifuge tubes and lysed with
buffer A (50 mM Tris—HCI pH 7.5, 150 mM NacCl, 1 mM
EDTA, 10 mg/ml SDS, 0.5% NP-40 and 10% glycerol) sup-
plemented with protease inhibitor cocktail on ice for 10
min, then a 4-fold volume of buffer B (50 mM Tris—HCI
pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% NP-40 and 10%
glycerol) supplemented with protease inhibitor cocktail was
added and the lysates were sonicated for 5 min in ice water
until clear. The lysates were then centrifuged at 13 000 rpm
for 10 min at 4°C. As in the IP assay, 60 wl of supernatant
was kept as whole-cell lysate and the rest was incubated with
Flag-M2 beads at 4°C overnight. Immunoprecipitants were
washed three times with buffer C (50 mM Tris-HCI pH 7.5,
500 mM NaCl, 1 mM EDTA, 0.5% NP-40 and 10% glyc-
erol), resuspended in SDS loading buffer and denatured by
heating for 10 min. The immunoprecipitants were analyzed
by immunoblot with the indicated antibodies (4-15% gels
were used for the SDS-PAGE).
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c¢GAMP quantification

Cells were plated in 10 cm dishes and treated or not with
HT-DNA (2 pg/ml) for the indicated times before collec-
tion. Collected cells were washed with ice-cold PBS, lysed
with methanol and quickly scraped into a 1.5 ml centrifuge
tube, followed by five freeze—thaw cycles in liquid nitro-
gen. The insoluble pellet was removed by centrifugation in
a cooled centrifuge (4°C), and the supernatant was trans-
ferred to a new tube and evaporated to dryness. Dried ex-
tracts were reconstituted in 80 wl of water, vortexed and
centrifuged at 13 000 rpm for 10 min at 4°C, and the super-
natant was centrifuged again before being loaded into the
liquid chromatography-tandem mass spectrometry (LC-
MS/MS) instrument for quantification. The LC-MS/MS
system consisted of an ACQUITY UPLC I-Class (Waters,
USA) and a QTRAP 4500 triple quadrupole mass spec-
trometer (AB SCIEX). An electrospray ionization source
and positive ionization mode were applied. Commercial
cGAMP was used as a standard sample, and the reten-
tion time was 2.56 min. The optimized ion transitions (m1/z
675.2-524.1, 675.2-506.1) were used for quantification.

Quantitative reverse transcription-PCR (RT-qPCR)

Cells were seeded in 6-well plates and treated as indicated.
Total RNA was extracted with TRIzol, and the diluted
RNA was reverse transcribed using an iScript cDNA syn-
thesis kit and analyzed via qPCR using iTaq Universal
SYBR Green Supermix (on a Bio-Rad T100 thermal cy-
cler). All reagents were used according to the manufac-
turer’s instructions. The primers are listed in Supplemen-
tary Table S2. Glyceraldehyde phosphate dehydrogenase
(GAPDH; for humans) and B-actin (for mice) were used as
internal controls.

Live-cell imaging

USPI15 and cGAS stably overexpressing cells were grown
on a chambered cover glass to the correct density. After
labelling, cells were transfected with fluorescence-labelled
DNA using lipofectamine 3000. After 30 min, live-cell im-
ages were captured every 10 s with a x100 oil objective,
Nikon Al camera. The images were analyzed with Imaris.

Split sSfGFP complementation assay

The split superfolder green fluorescent protein (sfGFP)
complementation assay was performed as previously de-
scribed with minor adjustment (22). Briefly, the G10-Flag-
c¢GAS in-frame coding sequence consists of the B-strand
10 of sSfsGFP MDLPDDHYLSTQTILSKDLN, a linker se-
quence GTDVGSGGGS, the Flag peptide DYKDDDDK,
a short linker TR and human ¢GAS. The cGAS-HA-G11
in-frame coding sequence consists of human cGAS, a short
linker VD, the hemagglutinin (HA) peptide YPYDVPDYA,
a linker sequence GGGSGSGGGSGGGSTS and the B-
strand 11 of sfGFP EKRDHMVLLEYVTAAGITDAS.
The GFP1-9 construct was tagged with the N-terminal myc
tag MEQKLISEEDL and a GSGS linker. Each of the three
coding sequences were cloned into the pTY lentiviral vec-
tor with puromycin resistance. After simultancous lentiviral

transduction of all three constructs, stable HEK293T cells
were selected in 2 pg/ml puromycin. Protein stable expres-
sion was verified by western blotting using Flag, Myc or HA
antibodies. GFP formation in the resulting cell lines was ob-
served by confocal fluorescence microscopy.

Recombinant proteins of the three constructs were ex-
pressed and purified from E. coli. To test fluorescence
complementation in vitro, the three components and Cy5-
labeled ISD or 100 bp DNA were mixed at the concentra-
tion of 5 wM each in a buffer of 20 mM Tris—HCI, pH 7.5,
5 mM MgCl,, 100 mM NacCl and 1 mg/ml BSA. GFP in-
tensity were measured in a clear-bottom 96-well plate with
a Varioskan Flash microplate reader (Thermo Scientific),
performing scans at 60 s intervals for 120 min. At the end
of incubation, the level of phase separation was observed
under confocal fluorescence microscopy. To test the effect
of USP15 on cGAS activation, the mixture was either sup-
plemented or not with 2 wM recombinant USP15.

In vitro phase separation

In general, 2 wM of recombinant cGAS protein (2% fluores-
cence labelled) or cGAS-enhanced GFP (EGFP) was mixed
with 2 wM DNA of a defined length (2% CyS5 labeled) in 96-
well plates (Corning) in a buffer containing 20 mM Tris—
HCI, pH 7.5, 5 mM MgCl,, 150 mM NaCl and 1 mg/ml
BSA. Mixtures were incubated and images were captured
at the indicated times. Phase separation in the presence or
absence of USP15 was performed by mixing fluorescence-
labelled recombinant USP15 (275-981) with Cy5-labeled
DNA in buffer containing 20 mM Tris—=HCI, pH 7.5, 150
mM NaCl and 1 mg/ml BSA. At the end of incubation, the
formation of liquid droplets was observed under light mi-
Croscopy.

In vitro FRAP assays

In vitro fluorescence recovery after photobleaching (FRAP)
assays were performed as previously described with minor
adjustments (23). FRAP experiments were performed with
a Nikon AIRMP confocal microscope at room tempera-
ture. USP15 spots of ~1 pm diameter were photobleached
with 10% laser power for 0.5 s using 488 nm or 561 nm
lasers. Time-lapse images were acquired over a 10 min time
course after bleaching at 6 s intervals. The fluorescence in-
tensities of regions of interest (ROIs) were corrected by un-
bleached control regions and then normalized to the pre-
bleached intensities of the ROIs. The corrected and normal-
ized data were fit to the single exponential model by Graph-
Pad Prism 7.

Statistical analyses

GraphPad Prism 7 software was applied to perform sta-
tistical analyses. All experiments were performed with at
least triplicate samples as independent biological replicates.
Two-tailed Student’s z-test was used to compare data points.
Significance levels are shown with asterisks, as follows:
*P <0.05; **P <0.01; and ***P <0.001. Data with error
bars are presented as the mean values with the standard er-
ror of the mean (SEM).



RESULTS
USP15 interacts with cGAS

To dissect the molecular mechanism by which cGAS acti-
vation is regulated, we overexpressed Flag epitope-tagged
cGAS in HEK293T cells and performed IP combined with
LC-MS/MS to identify proteins that interact with cGAS.
We found several interesting proteins, including USP15
(Supplementary Figure S1A), which has been recently re-
ported to play critical roles in regulating immune and
inflammatory responses (19-20,24-26). To confirm that
USP15 interacts with cGAS, we overexpressed Flag-epitope
tagged USP15 and Myc epitope-tagged cGAS and per-
formed co-IP experiments. We found that USP15 pulled
down cGAS (Figure 1A). Consistently, Flag epitope-tagged
cGAS also pulled down Myc epitope-tagged USP15 (Figure
1B), indicating an association between cGAS and USP15.
To confirm a direct interaction between cGAS and USP15,
we performed GST pull-down experiments using recombi-
nant GST-tagged cGAS and USP15 (Supplementary Fig-
ure S1B). GST-tagged cGAS, but not the negative con-
trol GST protein, pulled down recombinant USP15 (Fig-
ure 1C). Consistently, GST-tagged USP15 (521-981) pulled
down recombinant cGAS (Figure 1D), indicating a direct
interaction between USP15 and cGAS.

To identify the domains that are essential in the cGAS-
USP15 interaction. We constructed several truncation mu-
tants and employed them in the co-IP experiments (Fig-
ure 1E). USP15 consists of several domains: a DUSP do-
main, two UBL domains, two DUB domains and a linker
region. We found that the two DUB domains and the linker
region were necessary for USP15 interaction with cGAS
(Figure 1E, F). We found that these domains and linker
region are highly conserved in vertebrates (Supplementary
Figure S1B). CGAS consists of two important regions: the
N-terminal domain (NTD) is important for DNA binding,
and the C-terminal domain (CTD) is essential for its enzy-
matic activity (Figure 1G). In the co-IP experiments, both
the NTD and CTD showed the ability to bind USP15, with
the NTD showing a stronger association with USP15 (Fig-
ure 1H). To assess how ¢cGAS and USPI15 interact with
each other at the subcellular level, we overexpressed HA-
tagged cGAS and Myc-tagged USP in cGAS-KO HeLa
cells and detected their cellular distribution. USP15 and
cGAS clearly co-localized with each other, indicating a
strong association between USP15 and cGAS in cells (Fig-
ure 1I). Moreover, to determine the physiological associa-
tion between USP15 and ¢cGAS, we performed an endoge-
nous IP experiment in Raw264.7 cells. USP15 and cGAS
pulled each other down when both were in a resting state
and in the presence of HT-DNA, a long dsDNA widely
used to activate cGAS (27) (Figure 1J; Supplementary Fig-
ure S1C). Taken together, these results suggest that USP15
physically interacts with cGAS.

USP1S positively regulated cGAS activation in a feedback
loop

Considering that USP15 plays important roles in many in-
nate immune signal transduction pathways (19-20,24-26),
we suspected that USP15 also functions in cGAS/STING-
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mediated innate immune responses. To test this hypothe-
sis, we transfected THP-1 cells with HT-DNA to activate
c¢GAS (27). HT-DNA strongly induced IFNB expression,
indicating cGAS/STING signaling activation (Figure 2A).
In addition, the USP15 mRNA level was also increased
in cells transfected with HT-DNA (Figure 2B), indicating
that USP15 expression was induced by cGAS/STING sig-
naling. To verify this outcome, we infected L929 cells with
vaccinia virus (VACV), which has been reported to activate
cGAS/STING signaling (28). Phosphorylation of STING
was increased 12 and 24 h post-VACV infection, indicat-
ing cGAS/STING signaling activation (Figure 2C). We
also found that the protein expression levels of cGAS and
USP15 were increased, confirming that USP15 expression
was induced by cGAS/STING signaling activation (Figure
2C), which was consistent with the result in Raw264.7 cells
(Supplementary Figure S1C). Taken together, these results
indicated that cGAS/STING signaling activation induced
USP15 expression.

To better understand whether USP15 functions in cGAS-
mediated innate immune responses, we established an 1.929
cell line stably overexpressing USP15 (Figure 2D). Af-
ter transfection with HT-DNA, the USP15-overexpressing
cells showed higher Ifng and Cxcll10 expression, indicating
a positive role for USP15 in cGAS activation (Figure 2E, F).
To confirm this result, we depleted the expression of USP15
in Raw264.7 cells using the CRISPR /Cas9 genome editing
system. The USP15 protein expression level was success-
fully reduced (Supplementary Figure S2C). Moreover, we
examined the endogenous cGAMP production in wild-type
and USP15-depleted cells after DNA stimulation. The re-
sult showed that depletion of USP15 completely abolished
endogenous cGAMP production stimulated by HT-DNA,
indicating the physiological role of USP15 in ¢cGAS acti-
vation (Figure 2G). Consistently, compared with those in
control cells under the same conditions, low USP15 protein
expression levels dampened HT-DNA-induced Ifnbl, Tnfa
and [I6 expression, indicating a positive role for endoge-
nous USP15 in regulating cGAS activation (Figure 2H-J).
Furthermore, we sought to determine whether USP15 di-
rectly affects cGAS enzyme activity in vitro. As shown by
the ion exchange chromatography data, cGAS consumed
ATP and GTP to produce cGAMP in the presence of HT-
DNA (Figure 2K). When USP15 was added, the produc-
tion of cGAMP increased 3 and 6 h post-reaction, indicat-
ing that USP15 directly promoted ¢cGAS enzyme activity.
Additionally, we confirmed the role played by USP15 in
other innate immune pathways. Sendai virus (SeV) dramat-
ically induces the production of type I IFNs and inflamma-
tory cytokines through the RIG-I-MAVS (mitochondrial
antiviral signaling protein) signaling pathway. In this study,
knocking out USP15 expression enhanced Ifnbl and 1I6
expression, indicating a negative role played by USPI15 in
RNA sensing (Supplementary Figure S2D, E). Moreover,
we used lipopolysaccharide (LPS) and R848 to activate
TLR4 and TLR7/8, respectively. USP15 KO substantially
inhibited Ifnbl and Tnfa expression (Supplementary Fig-
ure S2F-I), suggesting that USP15 played a positive role in
TLR4 and TLR7/8 signaling transduction. We also stimu-
lated USP15-depleted cells with cGAMP directly to activate
STING signal. The results showed that cGAMP induced
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expression of Ifnbl and I/6 in control cells, confirming the
activation of STING (Supplementary Figure S2J, K). In-
terestingly, depletion of USP15 abolished the expression of
both Ifnbl and 116, indicating that USP15 was also essen-
tial for STING signal transduction (Supplementary Figure
S2J, K). Consistent results were obtained when we detected
the level of TBK1 and IRF3 phosphorylation induced by
cGAMP, LPS or SeV in USP15-depleted cells, indicating
that USP15 played heterogenous roles in different pathways
(Supplementary Figure S2L-N). Collectively, these results
indicated that USP15 positively regulated cGAS activation
through a feedback loop.

USP15-mediated deubiquitylation promotes ¢cGAS activa-
tion

To determine the molecular mechanism by which cGAS ac-
tivity is regulated by USP15, we preliminarily focused on
c¢GAS ubiquitination. We performed a ubiquitination assay
and found that overexpressed cGAS was ubiquitinated in
HEK?293T cells (Figure 3A). When both USP15 and cGAS
were overexpressed, the level of cGAS ubiquitination was
dramatically reduced (Figure 3A), indicating that USP15
may deubiquitylate cGAS. To confirm USP15 deubiquity-
lation on cGAS, we constructed a USP15 C298A mutant
(an enzymatic dead mutant with a cysteine to alanine amino
acid substitution at residue 298). In the ubiquitination as-
say, the ubiquitination level of cGAS was recovered when
the USP15 C298A mutant and cGAS were both overex-
pressed, which confirmed that USP15 enzyme activity was
essential in regulating cGAS deubiquitylation (Figure 3A).
Ubiquitin can be linked to proteins through K6-, K11-,
K27-, K29-, K33-, K48- and K63-ubiquitin linkages (29).
To determine which of the lysine modifications that link
ubiquitin to ¢cGAS are regulated by USP15, we subjected
c¢GAS with various ubiquitinated constructs to ubiquiti-
nation assay and found that cGAS undergoes polyubig-
uitination through all the aforementioned ubiquitin-lysine
linkages (Figure 3B). Overexpression of USP15 reduced
c¢GAS ubiquitination. Moreover, the USP15 C298A mutant
failed to deubiquitylate cGAS (Figure 3B). In our study
(unpublished data), we found that cGAS was ubiquitinated
at K231, K258 and K392. To determine whether USP15-
mediated deubiquitylation affected these lysine sites, we
constructed K231R, K258R and K392R c¢cGAS mutants
and studied them in ubiquitination assays. As shown in Sup-
plementary Figure S3A, USP15 showed no regulatory ef-
fect on these cGAS mutants, indicating that USP15 may
function at all these cGAS lysine sites. Moreover, based on
our previous work showing that the E3 ligase MARCHS
promoted K63-linked polyubiquitination of cGAS (30),
we found that USP15 deubiquitylated MARCHS8-mediated
c¢GAS polyubiquitination (Supplementary Figure S3B). To
confirm the ubiquitination sites of USP15-mediated deu-
biquitylation, we constructed a K231R/K258R/K392R
mutant and employed it in the ubiquitination assay. The re-
sult showed that the K231R/K258R /K392R mutant failed
to be ubiquitinated by MARCHS and deubiquitinated by
USP15 (Figure 3C). Moreover, to determine the physio-
logical regulation of cGAS ubiquitination, we examined
the ubiquitination level of cGAS in wild-type and USP15-

depleted cells. The result showed that depletion of USP15
markedly enhanced endogenous ubiquitination of cGAS
(Figure 3D). Both endogenous K48- and K63-linked polyu-
biquitination of cGAS were enhanced in USP15-depleted
cells, consistent with the result in overexpression exper-
iments (Supplementary Figure S3C). To understand the
role of deubiquitylation in cGAS activation, we overex-
pressed ¢cGAS in HEK293T cells and measured the con-
centration of cGAMP, the product of cGAS activation.
As shown in Figure 3E, co-overexpression of USP15 and
¢GAS led to increased cGAMP production, whereas the
USP15 C298A mutant rescued cGAMP production, in-
dicating that USP15 deubiquitylation activity was impor-
tant in enhancing cGAS activation (Figure 3E). More-
over, we asked whether USP15 kept cGAS from being de-
graded by performing a protein stability assay. We overex-
pressed cGAS in HEK293T cells and treated cells with cy-
cloheximide (CHX) to inhibit protein synthesis. The result
showed that USP15 did not influence the degradation of
¢GAS (Supplementary Figure S3D). We also asked whether
USPI1S5 affected other key players in the pathway that af-
fect cGAS or even cGAMP directly. We focused on ENPPI,
which is a cGAMP degradation enzyme (31). We used small
interfering RNA (siRNA) to knock down USP15 in THP-1
cells and detected the protein level of ENPPI (Supplemen-
tary Figure S3E). The result showed that the protein level of
ENPPI was not affected after USP15 knockdown, indicat-
ing that USP15 did not affect the level of cGAMP (Supple-
mentary Figure S3E). Taken together, these results suggest
that USP15-mediated deubiquitylation of cGAS is essential
for cGAS activation.

USP15 promotes DNA-induced oligomerization and phase
separation of cGAS

Because DNA binds to ¢GAS and induces its dimeriza-
tion, oligomerization and liquid condensation, which facil-
itate cGAMP production (1,32-35), we examined whether
USP15 affects the DNA binding ability of ¢cGAS. Since
ISD, with 45 bp, is a commonly used cGAS stimulator,
we firstly mixed EGFP-cGAS with Cy5-labeled ISD and
observed the formation of liquid droplets (Supplementary
Figure S3F). Then we overexpressed cGAS in HEK293T
cells and performed an ISD pull-down assay. The cGAS
band in the ISD IP assay indicated an interaction between
cGAS and ISD (Figure 4A). When USP15 was overex-
pressed with cGAS, cGAS abundance increased, indicat-
ing that USP15 promoted the cGAS-DNA binding (Fig-
ure 4A). Interestingly, when we subjected the USP15 C298A
mutant to this assay, the cGAS band was almost the same
as that of the wild-type control, indicating that the regula-
tory effect of USP15 on cGAS-DNA binding was not de-
pendent on deubiquitylation activity (Figure 4A). Further-
more, cGAS dimerization induced by DNA was also in-
creased when USP15 and ¢cGAS were both overexpressed
(Supplementary Figure S4A).

To better understand the detailed mechanism by which
USP15 promotes the DNA-cGAS interaction and subse-
quent cGAS dimerization, we established a split GFP com-
plementation reporter system (22). sftGFP was split into
three parts: a GFP 1-9 B-sheet assembly (GFP1-9), a 10 B-
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Figure 3. USP15-mediated deubiquitylation is important for cGAS activation. (A) HEK293T cells were transfected with Flag-cGAS, HA-Ub and Myc-
USP15 or Myc-USP15 (C298A) for 24 h before ubiquitination assays were performed. WCL, whole-cell lysate; IP, immunoprecipitation. (B) HEK293T
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Figure 4. USP15 promotes DNA-induced cGAS oligomerization and phase separation. (A) HEK293T cells were transfected with the indicated plasmids.
Biotin-conjugated ISD was transfected into cells 6 h before harvesting. Lysates were co-precipitated with streptavidin beads and then assessed by im-
munoblot analysis as shown. WCL, whole-cell lysate; IP, immunoprecipitation. (B) The split sfGFP complementation system with the addition of USP15

with (bottom) or without (top) ISD. Scale bar: 50 pm.

(C) GFP intensity of split sftGFP as shown in (B). (D) HeLa cells stably expressing EGFP-cGAS

and mCherry—USP15 were transfected with Cy5-ISD. Images were taken every 10 s at 30 min after ISD transfection. Scale bar: 3 pwm. (E) Image showing
fluorescein isothiocyanate (FITC)-labeled USP15 (275-981) (0.1, 0.5, 1, 2 wM) and TAMRA-labeled cGAS (1 uM) in the presence of ISD (2 wM). (F and
G) FRAP of EGFP-cGAS, TAMR A-labeled USP15 and Cy5-labeled ISD in the cGAS/USP15/DNA condensates. Bleaching was performed 60 min after
mixing EGFP-cGAS (5 uM), TAMRA-USPI15 (5§ uM) and Cy5-ISD (5 wM). Time 0 indicates the end of photobleaching and the start of recovery. The
means =+ standard deviation (SD) are shown. n = 4 liquid droplets. The images shown in (F) are representative images of the FRAP assay of the liquid
droplets. The data are representative of at least two independent experiments



sheet assembly fused to the N-terminus of cGAS and an 11
B-sheet assembly fused in the C-terminus of cGAS (Supple-
mentary Figure S4B, C). In the absence of DNA, the cGAS
monomers separate from each other but, with the addi-
tion of DNA, cGAS bound to DNA and formed dimerized
structures (34,36). In our sSfGFP complementation reporter
system, no GFP signal was detected when we mixed purified
G19—cGAS and cGAS-Gy; with sfGFP|_9 without DNA,
indicating that the two monomers were separated (Figure
4B, C). When we added ISD to the system, the GFP fluores-
cence intensity increased ~10-fold, indicating that DNA in-
duced the binding of the G;p—cGAS monomer and cGAS-
G monomer (Figure 4B, C). In particular, when the con-
centration of NaCl salt in the system was 100 mM, sfGFP
presented with a punctate pattern, indicating that the tri-
partite split GFP reporter system was a good indicator of
cGAS dimerization and oligomerization (Supplementary
Figure S4D, E). With the addition of USP15, the sSfGFP sig-
nal was greatly increased in the presence of DNA, indicating
that USP15 promoted DNA-induced ¢cGAS oligomeriza-
tion and phase separation (Figure 4B, C). Interestingly, we
found that the addition of USPI15 also increased the GFP
signal even in the absence of DNA (Figure 4B, C), imply-
ing that USP15 played a role in promoting cGAS dimer-
ization and phase separation in vitro. To determine whether
these outcomes can be induced in the physiological environ-
ment, we stably overexpressed EGFP-cGAS and mCherry-
USP15 in HeLa cells. After transfection with Cy5-labeled
ISD, liquid droplets containing cGAS and DNA appeared
~30 min post-transfection (Figure 4D). The liquid droplets
fused into a larger droplet over time, indicating the dynamic
molecular exchange caused by cGAS phase separation in-
duced by DNA in these cells (Figure 4D). We found that
USP15 was involved in the entire puncta fusion process, im-
plying that USP15 played a role in cGAS phase separation
in these cells. To confirm this hypothesis, we induced liquid
condensation of cGAS and DNA in vitro (Figure 4E). As
shown in Figure 4E, USP15 fused with cGAS-DNA puncta
in vitro. Moreover, an increase in USP15 concentration
dramatically promoted liquid condensation of cGAS and
DNA (Figure 4E; Supplementary Figure S4F). To deter-
mine whether USP15 in the droplets also underwent phase
separation, we performed a FRAP assay. The fluorescence
of TAMRA-labelled USP15 quickly recovered within 80 s
post-photobleaching, whereas fluorescence of cGAS and
ISD hardly recovered (Figure 4F, G). The result indicated
that USP15, but not cGAS or DNA, in the cGAS-DNA
droplets was dynamic and changing with the environment,
typical of molecules undergoing phase separation (Figure
4F, G). Taken together, these results indicated that USP15
promoted DNA-induced cGAS oligomerization and liquid
condensation.

The USP15 IDR promotes cGAS liquid condensation and ac-
tivation

To further study the molecular mechanism of USP15-driven
c¢GAS oligomerization and liquid condensation, we first an-
alyzed the amino acid composition of USP15. We found
that USP15 contains a conserved IDR from amino acids
620 to 700 (Supplementary Figure S5A). The region con-
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sists of many aspartic acid and glutamic acid residues and
exhibits a negative charge (Figure 5A). Because the cGAS
N-terminus, which consists of many positively charged
amino acids, is critical for liquid condensation through mul-
tivalent interactions in the presence of DNA (23), we spec-
ulated that the valency of the interaction between the neg-
atively charged IDR of USP15 and the positively charged
N-terminal domain of cGAS contributed to the liquid con-
densation of cGAS (Figure 5B). To test this hypothesis,
we purified recombinant USP15 protein in which the IDR
was deleted and employed it with a split GFP complemen-
tation reporter system. The results showed that the addi-
tion of USPI15 enhanced the GFP signal with or without
the presence of DNA but the IDR-deleted mutant failed to
do so (Supplementary Figure S5B, C), indicating that the
USP15 IDR is important in promoting cGAS dimerization
and oligomerization.

Moreover, we asked whether this outcome is evident in
HEK?293T cells stably overexpressing these three parts of
sfGFP-cGAS. In the absence of DNA, cGAS monomers
separated from each other and exhibited autoinhibition
(33,34). In addition, the split GFP reporter did not ex-
hibit a GFP signal in the cytoplasm. Interestingly, a GFP
signal appeared in cells overexpressing USP15, indicating
that USP15 promotes the binding of GFP;p—cGAS and
c¢GAS-GFPyy, even in the absence of DNA (Figure 5C).
Moreover, in the presence of DNA, GFP puncta appeared
in the cytoplasm, suggesting DNA-induced cGAS dimer-
ization and phase separation. When USP15 was overex-
pressed, the mean GFP fluorescence intensity of the puncta
substantially increased, suggesting that USP15 promotes
c¢GAS oligomerization (Figure 5C, D). However, after dele-
tion of the IDR, the mean GFP intensity in the puncta
was reduced, indicating that the IDR in USPI15 plays an
important role in ¢cGAS dimerization and phase separa-
tion (Figure 5C, D). Furthermore, when we mixed EGFP-
fused cGAS and USP15 in vitro, we found that USP15 pro-
moted the formation of cGAS liquid droplets. However, af-
ter the IDR was deleted, USP15 failed to drive cGAS con-
densation, indicating that the IDR in USP15 directly pro-
moted liquid cGAS condensation in vitro (Figure SE). Con-
sistently, the interaction between cGAS and USP15 became
weaker after the IDR of USP15 was deleted (Supplemen-
tary Figure S5D). We also conducted a GST pull-down as-
say and found that deletion of the IDR completely abol-
ished the interaction between cGAS and USP15, indicat-
ing that the IDR of USP15 was important for its direct
binding with cGAS (Supplementary Figure SSE). Taken to-
gether, these results suggest that the IDR in USP15 pro-
moted cGAS oligomerization and liquid condensation.

Considering the aforementioned results, we sought to de-
termine the relationship between USP15-driven cGAS deu-
biquitylation and cGAS liquid condensation. First, our ob-
tained data showed that both the wild-type USP15 and
the USP15 C298A mutant promoted cGAS DNA binding
ability and dimerization (Figure 4A; Supplementary Fig-
ure S4A), indicating that DNA-induced cGAS oligomeriza-
tion or phase separation was not dependent on cGAS deu-
biquitylation mediated by USP15. Next, we asked whether
USP15-mediated cGAS liquid condensation affected the
c¢GAS ubiquitination level. We employed the AIDR mu-
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showing the complementation of split sfGFP in HEK293T cells stably expressing G10-Flag-cGAS, cGAS-HA-G11, GFP1-9 and USP15 (FL) or USP15
(AIDR) with (bottom) or without (top) DNA. (D) GFP intensity of the split stGFP in HEK293T cells as shown in (C). (E) TAMRA was used to la-
bel cGAS-EGFP (2 puM), USP15 (2 wM) or USP15 (AIDR) (2 wM) for 30 min before microscopy imaging. Scale bar: 5 wm. (F) HEK293T cells were
transfected with Flag-cGAS, HA-Ub and Myc-USP15 (WT, AIDR, C298A) for 24 h before ubiquitination assays. WCL, whole-cell lysate; IP, immunopre-
cipitation. (G) HEK293T cells were transfected with Flag-cGAS (WT, AN or C396S), HA-Ub and Myc-USP15 or Myc-USP15 (C298A) for 24 h before
ubiquitination assays were performed. (H) HEK293T cells were transfected with the indicated plasmids, and the amount of cGAMP in the lysates was
quantified by LC-MS/MS. The data are representative of at least two independent experiments.
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tant in a ubiquitination assay and found that USP15 with
the IDR deleted and wild-type USP15 had the same effect
on ¢cGAS under the same conditions, whereas the USP15
C298A mutant clearly recovered cGAS ubiquitination (Fig-
ure 5F). These data indicated that the IDR in USP15 played
an important role in the cGAS oligomerization and liquid
condensation but did not contribute to the cGAS deubiq-
uitylation. Moreover, we constructed two other cGAS con-
structs. The one with deletion of the N-terminus failed to
form liquid-liquid phase separation with DNA (37). We
also constructed a mutant with a substitution of C396S,
which is located in site A of the DNA-binding surface
(34,36). The C396S mutant failed to bind DNA and form
high ordered oligomerization (34,36). We further examined
the activity of the two mutants and found that both mu-
tants produced negligible amounts of cGAMP in cells, in-
dicating the essential role of DNA binding and phase sep-
aration for cGAS activation (Supplementary Figure SSF).
However, both mutants were deubiquitylated by USP15,
suggesting that cGAS deubiquitylation mediated by USP15
is not dependent on DNA-induced cGAS oligomerization
or phase separation (Figure 5G). Furthermore, we assessed
the contribution of USP15-mediated deubiquitylation and
phase separation to cGAS activation by measuring the
production of cGAMP in cGAS-overexpressing HEK293T
cells. As shown in Figure SH, full-length USP15 dramati-
cally enhanced cGAMP production, which was consistent
with the previously obtained results. In contrast to wild-
type USP15, both the C298 A mutant, which failed to deu-
biquitylate ¢cGAS, and the IDR deletion mutant, which
failed to promote cGAS liquid condensation, partially re-
duced cGAMP production, indicating that both USP15-
mediated deubiquitylation and liquid condensation are es-
sential for cGAS activation (Figure 5SH). Importantly, the
mutant with both C298A substitution and deletion of the
IDR completely abolished the enhancement of cGAMP
production, indicating that USP15-mediated cGAS deubiq-
uitylation and liquid condensation are sufficient for USP15-
mediated ¢cGAS activation (Figure 5H). To further con-
form this result, we reconstituted the expression of USP15
wild type, catalytically inactive or IDR-deleted mutants of
USP15 into USP15-depleted cells and tested the responses
to DNA stimulation (Supplementary Figure S5G, H). We
found that deletion of USP15 abolished the expression of
type I IFNs (Supplementary Figure S5G, H). Reconstitu-
tion of USPI15 wild type, but not catalytically inactive or
IDR-deleted mutants of USP15, rescued the expression of
Cxcl10 and Ifubl (Supplementary Figure S5G, H). Con-
sistently, an in vitro cGAMP production assay showed the
importance of the USP15 IDR in ¢cGAS activity (Supple-
mentary Figure S5I, J). Taken together, these results indi-
cate that USP15-mediated cGAS deubiquitylation and lig-
uid condensation are two parallel mechanisms that are both
essential and sufficient for cGAS activation.

DISCUSSION

cGAS is a non-redundant cytosolic DNA sensor that pro-
duces type I IFNs and proinflammatory cytokines through
the STING/TBK1/IRF3 axis. cGAS plays essential roles
in antiviral processes, antitumor immune responses and
autoimmune diseases. Inactivation of cGAS typically al-
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ways leads to silenced innate immune responses, whereas
aberrant activation of ¢cGAS may cause autoimmune or
chronic inflammatory diseases. Therefore, cGAS activity
must be properly regulated. However, the mechanism by
which cGAS activation is regulated remains to be fully un-
derstood.

USP15-mediated deubiquitylation has been previously
reported to play important roles in different molecular pro-
cesses, including antitumor immunity, bacterial infection
and transforming growth factor-g (TGF-B) signal trans-
duction (38-41). In antiviral signal transduction, USP15
can enhance RIG-I signaling by deubiquitylating TRIM25,
a process that is also required for neuroinflammation patho-
genesis (17,18). USP15 in tandem with TRIM?25 positively
regulates type I IFN responses and promotes pathogenesis
during neuroinflammation in a MAVS-independent man-
ner. However, despite a high probability that USP15 plays a
role in the DNA-induced cGAS/STING signaling pathway,
the evidence remains elusive.

In this study, by overexpressing and knocking out USP15
expression, we confirmed that USP15 plays a positive role
in regulating cGAS-mediated innate immune responses in
human and mouse cell lines. USP15 expression was in-
creased after cGAS was activated by DNA. This positive
feedback loop regulated cGAS activation and efficiently
amplified the innate immune signaling. However, our data
showed that neither the USP15 mRNA nor protein levels
were detectably increased in response to stimulation with
IFN-B (Supplementary Figure S2A, B), which was consis-
tent with previously reported data (17). One report pointed
out that USP15 activated a feedback loop through NF-
kB/p65, but more evidence is needed to confirm this finding
(42). Therefore, the mechanisms of USP15 induction and
USP15-mediated positive feedback loop initiation through
c¢GAS recognition of DNA remains to be further elabo-
rated.

Mechanistically, we found that USP15, as a deubiquiti-
nase, deubiquitylated cGAS. Interestingly, USP15 cleaved
all ubiquitinated chains on cGAS, including K48 and K63
ubiquitination linkages. Although the E3 ligase for K48-
linked ubiquitination of ¢cGAS remains unknown, K48-
linked ubiquitination of cGAS causes its autophagic degra-
dation (43). USP15 reduced the K48-linked ubiquitination
of cGAS. However, our data showed that USP15 did not
influence the degradation of cGAS (Supplementary Figure
S3C). In our recently published paper, we identified an E3
ligase, MARCHS, that promoted K63-linked ubiquitina-
tion of cGAS and inhibited cGAS activity (30). These data
showed that USP15 also reduced MARCHS8-mediated K63-
linked ubiquitination of cGAS. However, how the cleav-
age of other ubiquitination linkages, including K6-, K11-,
K27-, K29- and K33- linked ubiquitination, which is me-
diated by USP15, regulates cGAS function remains to be
further studied. Given that the cGAS function was tightly
regulated by various post-translational modifications (e.g.
phosphorylation, acetylation or palmitoylation) (44-48), it
is possible that USP15 might affect the stability of the en-
zymes responsible for cGAS post-translational modifica-
tions. In particular, our data showed that USP15 did not
affect the stability of ENPP1, which is a cGAMP degrada-
tion enzyme (Supplementary Figure S3D). The relationship
between USP15-mediated cGAS activation and other key
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Figure 6. Proposed model for USP15-mediated cGAS activation.

players in the pathway that regulated cGAS activation re-
mains to be elaborated in the future. Our data found that
USPI15 was essential for the STING signal transduction,
which also requires more investigation in the future.

Moreover, we found that USP15 promoted cGAS phase
separation through the USP15 IDR, which is mainly com-
posed of negatively charged amino acids. In the absence
of DNA, USP15 promoted accumulated cGAS to undergo
dimerization and phase separation. Interestingly, although
USP15 promoted cGAS dimerization and liquid condensa-
tion in the absence of DNA, we did not detect cGAMP pro-
duction, which is essential to transduce signals that induce
type I IFN expression. This outcome implies that USP15-
mediated cGAS phase separation in the absence of DNA
did not truly activate cGAS; however, phase separation
mobilizes cGAS, enabling it to respond rapidly to DNA.
Upon stimulation by dsDNA, cGAS undergoes dimeriza-
tion, oligomerization and phase separation, and is acti-
vated. USP15 was induced to express and promote cGAS
dimerization, oligomerization, phase separation and, im-
portantly, cGAS activation in the presence of DNA. Al-
though the direct interaction between cGAS and USPI15
was abolished in the GST pull-down assay, their interac-
tion remained to some extent after the IDR of USP15 was
deleted in the co-1P assay, indicating the indirect interaction
between cGAS and USP15 in cells, which might be respon-
sible for the process of cGAS deubiquitylation by USP15
(Supplementary Figure S5D, E).

Considering these results, we proposed an elaborate reg-
ulatory mechanism to explain how and why USP15 reg-
ulates ¢cGAS activation (Figure 6). In the resting state,
USP15 interacts with cGAS, promoting its dimerization
and phase separation through multivalent interactions.
USP15 ‘sponges’ cGAS before it accumulates to induce

¢GAS rapid recognition and activation upon challeng-
ing with DNA. Specifically, cGAS is silenced by USPI15
‘sponging’, preventing aberrant cGAS activation. As soon
as ¢cGAS recognizes DNA, it oligomerizes and undergoes
phase separation followed by activation. When USP15
expression was induced, cGAS was deubiquitylated and
DNA-cGAS liquid condensation was increased, resulting
in rapid enhancement of its activation and subsequent
downstream signaling.

In summary, we identified USP15 as a cGAS-interacting
protein. USP15 expression was induced by DNA-mediated
c¢GAS activation. In human and mouse cells, USP15 pro-
moted cGAS activation, forming a positive feedback loop.
Mechanistically, USP15 deubiquitylated ¢cGAS and pro-
moted its activation. Moreover, USP15 promoted cGAS
dimerization and liquid condensation through the USP15
IDR. In the absence of DNA, USP15 drove cGAS dimer-
ization and liquid condensation, preparing it for rapid re-
action with DNA. In response to DNA, USP15 expression
was induced, which promoted ¢cGAS dimerization, phase
separation and activation. The results showed that USP15-
mediated cGAS deubiquitylation and phase separation are
two parallel cGAS activation pathways that are triggered
by the presence of DNA. Therefore, our findings identi-
fied a previously unknown positive regulatory mechanism
of cGAS activation that is mediated by USP15. This new
understanding of cGAS regulation might provide targets
for drug development against viral infections and autoim-
mune diseases.
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