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BSTRACT 

he interf eron inducib le pr otein 16 (IFI16) is a pr omi-
ent sensor of nuclear pathogenic DNA, initiating in- 
ate immune signaling and suppressing viral tran- 
cription. Ho we ver, little is known about mechanisms 

hat initiate IFI16 antiviral functions or its regulation 

ithin the host DNA-filled nucleus. Here, we provide 

n vitro and in vivo evidence to establish that IFI16 

ndergoes liquid–liquid phase separation (LLPS) nu- 
 leated b y DNA. IFI16 binding to viral DNA initiates 

LPS and induction of cytokines during herpes sim- 
lex virus type 1 (HSV-1) infection. Multiple phos- 
horylation sites within an intrinsically disordered 

egion (IDR) function combinatorially to activate IFI16 

LPS, facilitating filamentation. Regulated by CDK2 

nd GSK3 �, IDR phosphorylation pr o vides a toggle 

etween active and inactive IFI16 and the decoupling 

f IFI16-mediated cytokine expression from repres- 
ion of viral transcription. These findings show how 

FI16 switch-like phase transitions are achieved with 

emporal resolution for immune signaling and, more 

r oadly, the m ulti-la yered regulation of nuclear DNA 

ensors. 
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RAPHICAL ABSTRACT 

NTRODUCTION 

hroughout evolution, mammalian cells have developed a 

omplex intrinsic and innate immune system for defense 
gainst pathogens by using pattern recognition receptors 
PRRs) to detect pa thogen associa ted molecular pa tterns 
PAMPs). During viral infection, the nucleic acid that com- 
rises the viral genome is a prototypic PAMP that can be 
ecognized by host PRR sensors of viral DNA or RNA ( 1– 

 ). Upon detection and direct binding, these sensors initiate 
apid and e xtensi v e signaling cascades that can promote the 
xpression of type I interferons (IFN), pro-inflammatory 

ytokines, and interferon-stimulated genes. The functions 
f these signaling molecules during an infection span a 

road range of imm une responses, w hich culminate in the 
ntra- and inter-cellular restriction of virus replication and 

pr ead. To ex ert such functions, a paradigm has emerged 

upporting the uni v ersal formation of higher-or der PRR 

ssemblies and supramolecular complexes of nanometer to 

icrometer scales for innate immune signal amplification 

 4 ). 
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A class of viral nucleic acid sensors suggested to form
multimeric platforms for amplifying immune signals, which
we and others have characterized over the past decade,
ar e those r esiding in the n ucleus ( 5–9 ). A prominent n u-
clear sensor that arose from these studies is the adapti v ely
e volv ed interferon-inducib le protein 16 (IFI16) ( 6 , 8 , 10 , 11 ).
IFI16 has been shown to bind to the DNA genomes of her-
pesviruses, including herpes simplex virus type 1 (HSV-1),
human cytomegalovirus (HCMV) ( 11 ), Kaposi’s sarcoma-
associated herpesvirus (KSHV) ( 12 ), as well as to DNA in-
termediates of retrovirus human immunodeficiency virus
1 (HIV-1) ( 13 ). Upon binding to viral DNA via its two
HIN200 domains, IFI16 undergoes cooperati v e oligomer-
iza tion media ted by the N-terminal PYRIN domain (PY)
and induces two types of antiviral responses –– the induction
of antiviral cytokines and suppression of viral gene expres-
sion ( 14–20 ). 

The prevailing hypothesis indicates that IFI16-mediated
cytokine induction occurs primarily through signaling to
a central cytoplasmic axis, where the endoplasmic reticu-
lum (ER)-resident protein stimulator of interferon genes
(STING) activates TANK-binding kinase 1 (TBK-1). TBK-
1 subsequently phosphorylates the interferon regulatory
factor 3 (IRF3), promoting its dimerization and transloca-
tion into the nucleus, where it serves as a transcription fac-
tor to induce expression of IFN-stimulated genes and cy-
tokines ( 21–23 ). Despite this kno wledge, ho w IFI16 struc-
tur es ar e dynamically r eorganized for immune signal nucle-
a tion and amplifica tion is less clear and has remained as an
acute broader question for PRR sensing and autoimmunity.

We hav e pre viously shown tha t PY-media ted oligomer-
ization is critical for the ability of IFI16 to induce antiviral
cytokines and reduce viral spread ( 24 ). The importance of
IFI16 oligomerization in promoting its antiviral functions
is also substantiated by the existence of multiple virus im-
mune evasion mechanisms tha t inactiva te this property. The
HCMV viral tegument protein pUL83 binds IFI16 PY and
inhibit its oligomerization ( 25 ), whereas HSV-1 encodes a
viral E3 ubiquitin ligase ICP0 that targets IFI16 PY and
promotes IFI16 degradation ( 8 , 14 ). A key characteristic of
IFI16 oligomerization is its temporally distinct structural
states during infection. During early stages of infection, our
group and others have observed that IFI16 ra pidl y moves
to the incoming viral DNA at the nuclear periphery, fol-
lowed by a highly dynamic on / off process of puncta forma-
tion ( 14 , 26 , 27 ). The second stage is manifested as puncta lo-
calizing to nucleoplasmic regions containing nuclear bodies
and viral replication compartments ( 14 , 17 , 26 , 28 ). This nu-
clear localization is followed by the e v entual degradation of
IFI16 in the context of wild-type HSV-1 infection ( 8 , 28–30 ).
In contrast, when cells are infected with ICP0-null HSV-1
virus and exhibit heightened antiviral cytokine levels, IFI16
oligomerization has been shown to expand into filamentous
structures that can recruit host restriction factors to sup-
press viral replication ( 20 , 29 , 31 ). It was also established that
these filaments assembled cooperatively, and the strength
of cooperativity is positively correlated with the length of
DNA ( 16 ). 

Despite such advances, many molecular aspects of IFI16
oligomerization remain unclear. Little is known about the
biophysical properties of IFI16 oligomers that govern their
morphological changes upon DNA sensing. It is also un-
clear how IFI16 oligomers are regulated to pre v ent au-
toimmune activation due to the presence of host DNA.
Gi v en that IFI16 cooperati v e binding in vitro was shown to
be dependent on DNA length, it has been speculated that
the presence of nucleosomes could pre v ent IFI16 diffusion
along host DNA and oligomerization ( 17 ), thereby distin-
guishing self from non-self DNA ( 16 , 31 ). In addition, it re-
mains unknown whether the distinct phases of IFI16, from
the dynamic puncta at the nuclear periphery to the stable
filaments, have distinct biophysical properties and serve dif-
ferent functions. The mechanisms underlying the transition
of IFI16 through these stages of host antiviral response re-
main to be elucidated. 

Here, we provide in vitro and in vivo evidence that the
formation of IFI16 puncta and filaments is mediated by
liquid–liquid phase separation (LLPS), which is nucleated
by interaction with double stranded DN A (dsDN A). Using
mutagenesis and microscopy, we have identified an intrin-
sically disordered region (IDR) on IFI16 that mediates its
LLPS. We show that multiple phosphorylation sites within
the IDR function in a combinatorial manner to promote
IFI16 transition through phase separation stages. Results
from mutagenesis and truncation of IFI16 domains lead us
to propose a model in which IFI16 filaments are assembled
through the end-to-end binding of IFI16 PY and IDR, me-
diated by PY charged residues and IDR phosphorylations.
We further establish that IFI16 LLPS is critical for its in-
duction of antiviral cytokines and inhibition of viral spread,
but not for the initial suppression of virus gene expression,
providing an example of functional decoupling of the two
antiviral functions of IFI16. Additionally, using biochemi-
cal enrichment, bioinformatics, and mass spectrometry, we
identified CDK2 and GSK3 � as kinases present at the nu-
clear periphery during infection and contributing to the
IFI16 IDR phosphorylation. These observations provide a
unifying explanation for how IFI16 switch-like phase sep-
arations, from puncta on / off kinetics to filamentation, are
achie v ed with high temporal resolution for immune signal-
ing initiation and maintenance. IFI16 oligomerization as
dictated by its phosphorylation status serves as a biophys-
ical rheostat that toggles phases of innate immune activ-
ity. Overall, our findings uncover biophysical properties of
mammalian PRR sensors in the nucleus, pro viding k ey in-
sights into the tight regulation of IFI16 and innate immu-
nity. 

MATERIALS AND METHODS 

See Tables 1 , 2 and 3 . 

Statistical analyses 

All PRM data was loaded into and analyzed in Skyline
(MacCoss Lab, Uni v ersity of Washington). 

All heatma ps, gra phs, and statistical analyses were done
in GraphPad Prism 9. Throughout this study, * signifies
P ≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001, as determined
by the significance tests indicated in figure legends. For
all mass spectrometry (MS), molecular virology, and mi-
croscopy data in this manuscript, the quantification work-
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Table 1. Reagents 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 
Anti-ICP4, Mouse Santa Cruz Biotechnology sc-69809 
Anti-alpha-tubulin, Mouse Sigma Aldrich T6199 
Anti-GAPDH, Rabbit Cell Signaling D16H11 
Anti-IFI16, Mouse Santa Cruz Biotechnology sc-8023 
Anti-IFI16, Mouse Sigma Aldrich WH0003428M3 
Anti-GFP, Mouse Sigma Aldrich 11814460001 
Anti-NUP153, Mouse Abcam ab24700 
Anti-histone H3, Rabbit Abcam ab1791 
Anti-calreticulin, Rabbit Abcam ab2907 
GFP-Trap Magnetic Agarose Chromotek gtma-20 
Alexa Fluor secondary antibodies Thermo Fisher Scientific A-11001, A-11004, A21141, A21124 
Chemicals, inhibitors, and recombinant proteins 
X-tremeGENE HP DNA transfection 
reagent 

Sigma Aldrich 6366236001 

Prolong Diamond Antifade Mountant Thermo Fisher Scientific P36961 
Immobilon-FL PVDF membranes Millipore Sigma IPFL00010 
TCEP ThermoFisher Scientific 77720 
S-TRAP Micro Spin Columns Protifi CO2-micro-10 
DAPI Thermo Fisher Scientific 62248 
AT7519 Cayman Chemical 16231 
1,6-Hexanediol Sigma Aldrich 240117 
Recombinant cGAS Cayman Chemical 22810 
Recombinant IFI16 OriGene TP302193 
TrueCut Cas9 Protein v2 Invitrogen A36498 
Recombinant Cdk2 / Cyclin E Sigma Aldrich 14–475 
Recombinant DNA-PK Life Technologies 

Corporation 
PV5866 

Recombinant GSK3 beta Abcam ab60863 
Critical commercial assays, kits and reagents 
BCA Assay Thermo Fisher Scientific 23225 
Roche In Situ Cell Death Detection 
Kit – Fluorescein TUNEL Assay 

Sigma Aldrich 11684795910 

Alexa Fluor ™ 488 Protein Labeling 
Kit 

Thermo Fisher Scientific A10235 

HiScribe ® T7 High Yield RNA 

Synthesis Kit 
New England BioLabs E2040S 

Applied Biosystems PowerUp SYBR 

Green Master Mix 
Thermo Fisher Scientific A25778 

Oligonucleotides 
Cy5-VACV70mer F IDT 5 ′ - CCA TCAGAAAGAGGTTTAA TA TTTTTGTGAGA 

CCATCGAAGAGAGAAAGAGATAAAA CTTTTTTA C 

GACT 

Cy5-VACV70mer R IDT 5 ′ - AGT CGTAAAAAAGTTTTAT CT CTTT CT CT CTT 

CGATGGT CT CACAAAAATATTAAACCT CTTT CTG 

ATGG 

isg54 qPCR primer F IDT 5 ′ -ACGGTAT GCTT GGAACGATT G 

isg54 qPCR primer R IDT 5 ′ - AACCCA GA GT GT GGCT GAT G 

isg56 qPCR primer F IDT 5 ′ -AA GGCA GGCTGTCCGCTTA 

isg56 qPCR primer R IDT 5 ′ -T CCTGT CCTT CAT CCTGAAGCT 

icp4 qPCR primer F IDT 5 ′ -GCGT CGT CGAGGT CGT 

icp8 qPCR primer R IDT 5 ′ -CGCGGA GACGGA GGA G 

icp4 qPCR primer F IDT 5 ′ -GTGGTTACCGAGGGCTTCAA 

icp8 qPCR primer R IDT 5 ′ -GTTACCTTGT CCGAGCCT CC 

ul5 qPCR primer F IDT 5 ′ -T CGTGAGGT CCAAAAT CACC 

ul5 qPCR primer R IDT 5 ′ -CGA CCCATCAA CA CCATCTT 

ul30 qPCR primer F IDT 5 ′ - GCGAAAAGA CGTTCA CCAAG 

ul30 qPCR primer R IDT 5 ′ -CGGAGACGGTAT CGT CGTAA 

GAPDH qPCR primer F 5 ′ -TT CGACAGT CAGCCGCAT CTT CTT 

GAPDH qPCR primer R 5 ′ -CAGGCGCCCAATA CGA CCAAATC 

MISSION(R) siRNA Uni v ersal 
Negati v e Control #1 

Sigma Aldrich Proprietary 

MISSION(R) siRNA Uni v ersal 
Negati v e Control #1 

Sigma Aldrich Proprietary 

MISSION(R) siRNA targeting 
human CDK2 

Sigma Aldrich Proprietary 
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Table 2. Biological r esour ces 

Bacterial and virus strains 
One Shot ™ TOP10 Chemically Competent 
E. coli 

Invitrogen C404010 

ICP0-RF HSV-1 Gift from Dr. Bernard Roizman of University of Chicago 
(Chicago, IL, USA) and Dr. Saul Silverstein of Columbia 
Uni v ersity (Ne w Yor k, NY, USA). 

N / A 

RFP-VP26 HSV-1 Gift from Dr. Lynn Enquist of Princeton Uni v ersity (Princeton, 
NJ, USA). 

N / A 

Experimental models: cell lines 
Primary human foreskin fibroblasts (HFFs) American Type Culture Collection (ATCC) CRL-1634 
HEK293T-STING Generated in Diner et al. , 2016 ( 14 ) N / A 

U-2 OS American Type Culture Collection (ATCC) HTB-96 

Table 3. Programs, softwares, algorithms 

Softw ar e and algorithms 
Skyline https://skyline.ms MacLean et al., 2010 ( 79 ) 
GraphPad Prism v9 Gr aphPad, https://www.gr aphpad.com/scientific-software/prism/ N / A 

ImageJ National Institutes of Health N / A 

NIS Elements AR Analysis Nikon N / A 

IUPred3 https://iupred3.elte.hu/ Erd ̋ os et al., 2021 ( 46 ) 
GPS 5.0 http://gps.biocuckoo.cn Wang et al., 2020 ( 80 ) 
PPSP http://ppsp .biocuckoo.org/results .php Xue et al., 2006 ( 81 ) 
PhosphoPICK http://bioinf.scmb.uq.edu.au/phosphopick/phosphopick Patrick et al., 2016 ( 82 ) 
ELM http://elm.eu.org Kumar et al., 2022 ( 83 ) 
NetPhorest 2.1 http://netphorest.science/index.shtml Horn et al., 2014 ( 84 ) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

flows , software , replicates ( N values), results , and graphi-
cal display keys can be found in the figure legends and / or
experiment-specific descriptions are included in the accom-
panying Methods section. 

Experimental model and subject details 

Cell culture, virus strains, and infection protocols. Infec-
tion and transfection experiments were performed in HFF
human fibroblast cells (ATCC, CRL-1634) or HEK293T-
STING cells (generated in Diner et al. , 2016 ( 14 )). Virus
plaque assays were performed in U-2 OS cells (ATCC,
HTB-96). 

Cells were grown as monolayers in Dulbecco’s mod-
ified Eagle’s medium (DMEM, high glucose) supple-
mented with 10% fetal bovine serum (FBS) and 1%
penicillin / streptomycin at 37 

◦C in a 5% CO 2 atmosphere. 
The ICP0-RF HSV-1 strain used in this study is a

gift from Dr. Bernard Roizman of University of Chicago
(Chicago, IL, USA) and Dr. Saul Silverstein of Columbia
Uni v ersity (Ne w Yor k, NY, USA). The RFP-VP26 HSV-
1 strain used is a gift from Dr. Lynn Enquist of Prince-
ton Uni v ersity (Princeton, NJ, USA). Working stocks of
the viruses were generated by infecting U-2 OS cells at low
multiplicities of infection (MOI = 0.1) and incubated at
37 

◦C until 100% cytopathic effect (CPE) was observed (2–
3 days). Both culture supernatants and cells were collected
and buffered with MNT buffer (200 mM MES, 30 mM Tris–
HCl, 100 mM NaCl, pH 7.4). Supernatants were laid over
10% Ficoll in MNT buffer and subjected to ultracentrifuga-
tion (20,000 rpm, 2 h, 4 

◦C with SW28 swinging bucket rotor
[Beckman Coulter]) to concentrate virus. Cell-associated
virus was collected by sonication and pooled with pelleted
cell-free virus. Virus stock titers were determined by plaque
assay on U-2 OS monolayers. Virus stocks wer e stor ed at
−80 

◦C until use. 
For all infections in this study, cells were grown to 90–
100% confluency prior to infection, and inoculations were
performed in a quarter of the standard media volume. Cells
were infected for 1 h in 2% FBS + DMEM, rinsed in warm
PBS, and returned to 10% FBS + DMEM until sample col-
lection. The multiplicity of infection (MOI) varied by ex-
periment, as indicated in the text or figures. 

Method details 

Plasmid construction. All IFI16-GFP mutant constructs
were generated by a site-directed mutagenesis method in
the pEGFP-N1 plasmid for transient expression, pBAD
plasmid for protein expression and purification, and
LentiORF pLEX-MCS for stab le e xpression in HFFs, as
described. � IDR-IFI16-GFP, FUS-IFI16-GFP and MBP-
IFI16-GFP protein constructs were generated using the In-
Fusion ® HD Cloning Kit (Takara Bio USA, Inc.) follow-
ing the manufacturer’s instructions. 

Plasmids for expression in Ciona embryos were gener-
ated using the Sox1 / 2 / 3 regulatory region backbone ( 34 )
IFI16 cassettes were amplified by PCR using proof read-
ing polymer ases (Primestar, Takar a) and assembled using
NEB HiFi DNA assemb ly accor ding to the manufacturer’s
instructions. 

Cell line construction, transfections f or e xpression and knock-
down, and lentivirus. IFI16 CRISPR-Cas9 KO cell lines
were generated as described previously ( 35 ). 

Lentiviruses were generated in and harvested from
HEK293T cells: packaging vectors psPAX2 and pMD2.G
(VSV-G) were co-transfected with a lentiviral transfer vec-
tor in a ratio of 1.75:1:2.25 (psPAX2 : pMD2.G : trans-
fer vector) using XtremeGENE HP transfection reagent
(Roche Diagnostics) at a ratio of 1:3 ( �g DNA : �l
XtremeGENE HP). Lentivirus was collected at 48 and 72 h

https://skyline.ms
https://www.graphpad.com/scientific-software/prism/
http://www.pondr.com
http://gps.biocuckoo.cn
http://ppsp.biocuckoo.org/results.php
http://bioinf.scmb.uq.edu.au/phosphopick/phosphopick
http://elm.eu.org
http://netphorest.science/index.shtml
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ost-transfection in 20% FBS DMEM. Supernatants con- 
aining lentivirus were laid onto a 20% sucrose cushion and 

ubjected to ultracentrifugation (25,000 rpm, 2 h, 4 

◦C with 

W28 swinging bucket rotor [Beckman Coulter]). Lentivi- 
al pellets were solubilized in freezing buffer (5% Sucrose, 
0 mM Tris–HCl, pH 7.4, 20 mM MgCl 2 ) and flash-frozen 

n liquid nitrogen and stored at −80 

◦C until use. 
For plasmid transfections, HFF cells were seeded at 

 × 10 

5 cells / ml the e v ening before transfection with 3 �g
f DNA and a 1:3 ratio with X-tremeGENE transfection 

eagent in Opti-MEM. HEK293T cells were seeded at 70% 

onfluency the da y bef ore transfection with 2 �g of DNA 

nstead. Cells w ere allow ed to recover f or 24 h bef ore infec-
ion. 

siRNA oligos wer e pur chased through Sigma Aldrich 

custom siRNA consisting of heterogeneous mixture of 
iRNA that all target the same mRNA sequence). For 
iRNA-mediated knockdown, HFF cells were seeded at 
0,000 to 65,000 cells / ml prior to KD. 20 pmol of siRNA 

ligos were used per 1 ml well of cells. siRNA was incu- 
ated in Lipofectamine RNAiMAX (ThermoFisher Scien- 
ific) and Opti-MEM for 5 min, according to the manu- 
actur er’s instructions, befor e being added to cells in fresh, 
omplete DMEM. KD cells were left for 48 h before further 
xperiments and were not passaged during siRNA transfec- 
ions. 

NA isolation and quantitative RT-PCR. Total cellular 
NA was purified with the RNeasy Mini kit (Qiagen) fol- 

owing the manufacturer’s instructions from 3 × 10 

5 HFF 

ells. Contaminating DNA was digested with DNase I (In- 
itrogen) for 15 min at room temperature. RNA was re v erse 
ranscribed using the SuperScript IV First-Strand Synthesis 
it (ThermoFisher Scientific) following manufacturer’s in- 

tructions. Gene-specific primers and the SYBR green PCR 

aster mix (Life Technologies) were used to quantify the re- 
ulting cDNA by qPCR on ViiA 7 real-time PCR systems 
Applied Biosystems). Relati v e mRNA quantities were de- 
ermined using the �� CT method with GAPDH as an in- 
ernal control. 

 irus pr og eny virion titer s. Virus titers were determined by 

laque assay on U-2 OS monolayers. Cells were lysed by 

reezing, and both cell-associated and cell-free viruses were 
ollected, briefly sonicated, and serially diluted. Infections 
ere as above, but after 1 h, the inoculum was replaced with 

% METHOCEL (w / v) in DMEM with 10% FBS. After 
2 h, when plaques were evident, the cells were incubated 

ith crystal violet [1% crystal violet (w / v) in 50% methanol 
v / v)] for 15 min at room temperature before rinsing and 

laque quantification. 

r otein expr ession and purification of MBP-IFI16-GFP. 
T MBP-IFI16-GFP or MBP-IFI16(6A or 6D)-GFP were 

xpressed and purified from Escherichia coli. One Shot ™
OP10 Chemically Competent E. coli (Invitrogen) was 
sed for transformation of codon-optimized plasmid en- 
oding His6-MBP-IFI16-GFP and its mutants. Bacteria 

er e cultur ed until OD 600 ∼0.8 and induced with 0.5% L -
+)-Arabinose (Sigma-Aldrich, Inc.) at 16 

◦C for 12 h. Bac- 
eria were pelleted at 4,600 × g for 20 min, resuspended 
n lysis buffer (50 mM Tris–HCl pH 8.0, 150 mM NaCl, 
% glycerol, and Halt ™ Protease and Phosphatase Inhibitor 
ocktails [Thermo Fisher Scientific]), and lysed on Emulsi- 
lex C3 (Avestin). Crude lysates were clarified by centrifu- 
a tion a t 35,000 × g for 30 min a t 4 

◦C . Clarified lysa tes were
ffinity-purified using Ni-NTA Superflow beads (Qiagen), 
ashed six times with wash buffer (50 mM Tris–HCl pH 

.0, 150 mM NaCl, 40 mM imidazole, 5% glycerol), and 

luted with 50 mM Tris–HCl pH 8.0, 150 mM NaCl, 250 

M imidazole, 5% glycer ol. Eluted pr oteins were immedi- 
 tely buf fer exchanged into 50 mM Tris–HCl pH 8.0, 500 

M NaCl, 5% glycerol using Amicon Ultra-4 Centrifugal 
ilter Unit with 30k MW filter (MilliporeSigma) and stored 

 t 4 

◦C . Pr oteins were then subjected to size-exclusion chr o-
ato gra phy using a Super de x S200 column (GE Health- 

are) in 50 mM Tris–HCl pH 8.0, 500 mM NaCl, 5% glyc- 
rol. Fractions wer e collected, stor ed at 4 

◦C and only con- 
entra ted immedia tely before in vitro assays. All proteins 
ere purified to ≥95% purity and concentrations were de- 

ermined using Pierce ™ BCA Protein Assay Kit (Thermo 

isher Scientific). 
MBP-IFI16 was purified in a similar manner and labeled 

y using Alexa Fluor ™ 488 Protein Labeling Kit (Ther- 
oFisher) following manufacturer’s manual. The estimated 

egree of labeling was 0.7 mol of Alexa Fluor 488 per mol 
f IFI16. 

n vitro phase separation assay. Assay was performed in 

ultur eWell ™ Chamber ed Coverglass (Invitrogen) coated 

ith 20 mg / ml BSA. Mixtures containing indicated com- 
onents except for MBP-IFI16-GFP were initially added 

nd incubated in 50 mM Tris–HCl pH 8.0, 5% glycerol and 

% Ficoll. Phase separation was achie v ed by adding MBP- 
FI16-GFP (in 50 mM Tris–HCl pH 8.0, 500 mM NaCl, 5% 

lycerol) to the mixtures such that the final concentration of 
aCl was 83.3 mM. 

n vitro kinase assay. 4 �g of purified MBP-IFI16-GFP 

as incubated with 1 �l of indicated purified recombinant 
inase in 1X kinase reaction buffer (25 mM Tris–HCl pH 

.5, 5 mM beta-glycerophosphate, 2 mM DTT, 0.1 mM 

odium orthovanadate, 10 mM MgCl 2 ), 10 mM ATP and 

 �M Cy5-DNA. The samples were incubated at 30 

◦C with 

haking at 300 rpm. The reaction was then stopped by the 
ddition of 4XTES (4% sodium dodecyl sulfate, 20 mM 

DTA, 40 mM Tris–HCl pH 7.4) to 1XTES and frozen at 
20 

◦C before sample preparation for mass spectrometry. 

n vitro transcription assay. HiScribe TM T7 High Yield 

NA Synthesis Kit (NEB) was used following manufac- 
urer’s manual. Specifically, 100 ng of FLuC positi v e con- 
rol template provided by the kit was used for each reaction. 
 �M of purified IFI16 or BSA was added to the reaction 

ix (to a total of 30 �l) and incubated at 37 

◦C for 4 h. 2 �l
f DNase I (NEB) was added to the reaction mix and in- 
uba ted a t 37 

◦C for 15 min. Transcribed RNA was isolated 

y adding 25 �l of LiCl solution from the kit, incubated 

t −20 

◦C for 30 min and centrifuged at 15,000 × g, 4 

◦C 

or 15 min. Pellet was washed with 500 �l of 70% ethanol 
nd centrifuged at 15,000 × g, 4 

◦C for 15 min before being 
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resuspended in 30 �l of wa ter. RNA concentra tions were
measured using nanodrop. 

Fluor escence r ecovery after photob leaching. FRAP was
performed using a Nikon A1 confocal microscope equipped
with a full incubation chamber maintained at 37 

◦C and sup-
plied with 5% CO 2 . The point region was bleached for 2 s
at 100% of maximum laser power of a 405 nm laser. The
recovery was recorded at 100 ms intervals for 2 s, and 1 s
intervals for 5 s. Images were analyzed in Fiji. Fluorescence
intensities of regions of interest (ROIs) were normalized to
pre-bleached intensities of the ROIs. The exponential curve
was generated by plotting the normalized fluorescence in-
tensity values to time by GraphPad Prism. 

Fluor escence micr oscopy and analysis . For imaging of
HFF cells, cells were seeded onto sterile 10.5 × 22 mm glass
coverslips (Thermo Fisher Scientific) at 2 × 10 

5 cells / ml
and infected and treated as indicated. Samples were fixed
in 4% paraformaldehyde for 15 min at room temperature
and washed three times with PBS. Cells were permeabilized
in 0.1% Triton X-100 in PBS for 15 min at room temper-
ature and washed three times with PBS with 0.2% Tween
20 (PBST). Cells were then blocked with 2% bovine serum
albumin (BSA), 2.5% human serum in PBST and incu-
bated with primary antibodies for 1 hr (IFI16: Sigma, 1:250;
ICP4: Santa Cruz, 1:250 in PBST). Samples were washed
three times with PBST and incubated with Alexa Fluor-
conjugated secondary antibodies (1:2,000 in PBST). Sam-
ples were then washed three times with PBST and incubated
with 4 

′ ,6-diamidino-2-phenylindole (DAPI) (1:100 in PBS;
Thermo Fisher Scientific), washed three times with PBST
and mounted using ProLong ™ Diamond Antifade Moun-
tant (Thermo Fisher Scientific). 

For imaging of in vitro phase separation, the chambered
coverglass was maintained at 30 

◦C if TEV protease was
added using an environmental control chamber, and later
lowered to 25 

◦C after 1 h of incubation. 
Imaging experiments were done in the Princeton Confo-

cal Imaging Core using a Nikon A1 confocal microscope
or an inverted fluorescence confocal microscope (Nikon Ti-
E) equipped with a Yokogawa spinning disc (CSU-21) and
digital CMOS camera (Hamamatsu ORCA-Flash TuCam)
using a Nikon 100X Plan Apo objecti v e with a 100X mag-
nification or 60X magnification with Nikon 60X Plan Apo
objecti v e as indicated. To image cells expressing IFI16-
GFP during infection with RFP-tagged VP26 HSV-1, a
Nikon Ti-E2 confocal microscopy equipped with a super-
resolution CSU-W1 SoRa module was used with a Nikon
60X Plan Apo objecti v e. These images were processed with
Nikon 3D deconvolution in NIS-Elements AR. Image anal-
ysis was performed using ImageJ. 

Ciona electr opor ation and imaging. Ciona intestinalis
adults were supplied from M-REP (San Diego, CA) and
embryos were handled using standard procedures as pre-
viously described ( 34 ). Plasmids were electroporated into
embryos in cuvettes containing 800 �l Mannitol seawa-
ter according to standard conditions ( 36 ). 80 �g of IFI16-
GFP containing plasmids were electroporated and 20 �g
of H2b::mCh or PH::mAp plasmids were electroporated.
Imaging was performed using a Zeiss 880 Confocal with
an Airyscan detector in fast mode using a 63 ×/ 1.40 Plan-
apochromat objecti v e as pre viously described ( 34 ). 

Nuclear periphery and core fractionation. The protocol
was modified from ( 37 ). About 1.5 × 10 

7 HFF cells
were used per fractionation. Nuclei of the cells were iso-
lated using NE-PER ™ Nuclear and Cytoplasmic Extrac-
tion Reagents (Thermo Fisher Scientific) following manu-
facturer’s instructions. Isolated nuclei pellets were washed
twice with PBS and resuspended in 10 mM Tris–HCl pH
7.4, 1.5 mM KCl, 0.5% Triton X-100, 0.5% Deoxycholate,
2.5 mM MgCl2, with fresh 0.2 M LiCl and protease in-
hibitors (ratio 1:2 v / v). The mixture was rotated for 1 h
at 4 

◦C and centrifuged at 2,000 × g for 5 min a t 4 

◦C . Su-
pernatant was further centrifuged at 10,000 × g for 10 min
at 4 

◦C to obtain perinuclear fraction (PNF) from the su-
pernatant. P ellet fraction w as resuspended in 0.34 M su-
crose and centrifuged at 2,000 × g for 10 min at 4 

◦C. The
pelleted fraction was dissolved in 8 M urea, sonicated and
centrifuged at 10,000 × g for 10 min a t 4 

◦C . Superna tant
from the la test centrifuga tion was collected as the core nu-
clear fraction (CNF). BCA assay was performed to equili-
brate protein concentrations between PNF and CNF prior
to sample preparation for mass spectrometry analysis. 

TUNEL assay. Each TUNEL experiment included three
biological replicates for each condition and the following
controls: (i) cells treated with DNase (10 min) for a positi v e
control and (ii) cells for a negati v e control (not treated with
TUNEL enzyme). A Roche In Situ Cell Death Detection
Kit (Sigma Aldrich) was used to detect apoptotic cells in
96-well plates. In short, cells wer e fix ed in 4% paraformalde-
hyde (PFA) for 10 min at room temperature, washed in PBS,
and permeabilized with 0.1% TritonX + 0.1% sodium cit-
rate in PBS for 2 min a t 4 

◦C . All wells were washed in PBS,
and then positi v e control wells were treated with 10 units of
DNase I recombinant + 1 mg / ml BSA + 1 M Tris–HCl pH
7.5 in water for 10 min at room temperature. All wells were
washed in PBS again, and then incubated for 1 h at 37 

◦C
in TUNEL mix (enzyme solution + label solution). Cells
were stained with DAPI and imaged with a Perkin Elmer
Operetta automated microscope, scoring apoptotic cells by
those positi v e for TUNEL staining. 

Immunoaffinity purifications. Cells were washed once with
cold PBS and scraped for collection. After pelleting by cen-
trifuga tion a t 300 × g, cells were lysed in lysis buffer (20 mM
K-HEPES, pH 7.4, 0.11 M KOAc, 0.1% Tween-20 (v / v),
200 mM NaCl, 1% Triton X-100, 1 × PIC / PhIC, 100 U / ml
Benzonase [Pierce]). Cells were kept on ice for 30 min with
vorte xing e v ery 10 min and centrifuged at 8000 × g for 10
min at 4 

◦C. 25 uL GFP-Trap MA GFP antibody-coupled
magnetic beads (Chromotek) was added to each sample and
incubated for 1 h at 4 

◦C. The beads were washed three times
with wash buffer (20 mM K-HEPES, pH 7.4, 0.11 M KOAc,
0.1% Tween-20 (v / v), 200 mM NaCl, 0.6% Triton X-100).
Proteins were eluted in 1 × TES (1% sodium dodecyl sul-
fate, 5 mM EDTA, 10 mM Tris–HCl 7.4) by incubating at
70 

◦C for 10 min then vigorously vortexing for 10 min. Sam-
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les were then frozen at −20 

◦C or immediately pr epar ed for
ass spectrometry analysis. 

hr omatin-immunoaffinity purifications . Upon infection 

f HFF cells with ICP0-RF HSV-1 (2 hpi and MOI of 1), 
 × 10 

6 cells per biological r eplicate wer e tr eated with 1% 

FA in complete medium (DMEM supplemented with 10% 

BS and 1% penicillin / streptomycin) for 7 min at 37 

◦C. 
old glycine was added to a final concentration of 125 mM 

nd incubated at room temperature for 5 min. Cells were 
ashed twice in cold PBS and scraped in PBS supplemented 

ith 1 × Halt protease and phosphatase inhibitor cock- 
ail (P / PhIC; Thermo Fisher Scientific). Cells were pelleted 

nd lysed in 50 mM HEPES–KOH, 140 mM NaCl, 10% 

lycerol, 0.5% NP-40, 0.25% Triton X-100, 1 mM EDTA, 
nd 1:100 P / PhIC to isolate nuclei. Nuclei were pelleted 

pon centrifuga tion a t 1,350 × g for 10 min at 4 

◦C, sub-
equently washed in 10 mM Tris–HCl (pH 8.0), 200 mM 

aCl, 1 mM EDTA, 0.5 mM EGTA, and 1:100 P / PhIC, 
nd lysed in 10 mM Tris–HCl (pH 8.0), 100 mM NaCl, 
 mM EDTA, 0.5 mM EGTA, 0.1% sodium deoxycholate, 
.5% N-lauroylsarcosine, and 1:100 P / PhIC. Samples were 
hen individually sonicated in a cup horn sonicator (20 sec 
ontinuously, medium power, repeated 9 times) with 1 min 

ncubation on ice in between rounds. Samples were brought 
o 1% Triton X-100 and centrifuged at 20,000 × g, for 10 

in a t 4 

◦C . IPs were performed on the soluble fractions 
sing 25 �l GFP-Trap MA GFP antibody-coupled mag- 
etic beads (Chromotek) per IP and incubated for 1 h at 
 

◦C with end-over-end rotation. Beads were washed five 
imes with 50 mM HEPES–KOH (pH 7.6), 100 mM LiCl, 
 mM EDTA, 1% NP-40, and 0.7% sodium deoxycholate, 
ashed once with 10 mM Tris–HCl (pH 8.0), 100 mM 

DTA, 50 mM NaCl, and eluted in 50 mM Tris–HCl (pH 

.0), 1% SDS, 10 mM EDTA upon hea ting a t 65 

◦C in a
hermoMixer (Eppendorf) with shaking at 300 rpm for 30 

in. Cross-links were re v ersed in input samples and eluates 
y incubating at 65 

◦C overnight. All samples were treated 

ith 0.4 mg / ml RNase A and incuba ted a t 37 

◦C for 30 min,
nd 0.4 mg / ml Proteinase K at 55 

◦C for 2 h. Relati v e le v els
f viral genomic DNA were determined by qPCR using the 
� CT method with GAPDH as an internal control. 

ample pr epar ation for mass spectr ometry. Samples were 
rst reduced and alkylated in 5 mM TCEP, 15 mM 

hloroacetamide for 20 min a t 70 

◦C , then acidified to 1.2% 

hosphoric acid prior to protein extraction. Digestion was 
erformed with trypsin (1:25 of trypsin to sample protein) 
nd suspension trapping columns (S-Trap, Protifi) for 1 h 

 t 47 

◦C , according to the manufacturer’s instructions. Fol- 
owing digestion, peptide eluates were resuspended in 10 �l 
f 1% FA, 1% ACN at a concentration of 1 �g / �l prior to

oading on the instrument. 

ass spectrometry acquisition. For samples collected in 

NF / CNF fractionation and IFI16-GFP IP-PRM: 
Peptides were analyzed by nano-liquid chromatography 

oupled to tandem mass spectrometry with a Q Exac- 
i v e HF Hybrid Quadrupole-Orbitrap instrument (Thermo 

cientific) using data-dependent acquisition (DDA). For 
DA, Peptides (2 �l injections) were separated with a linear 
radient of 3% solvent B to 30% solvent B gradient (solvent 
: 0.1% FA, solvent B: 0.1% FA, 97% ACN) over 150 min 

t a flow rate of 250 nl / min on a self-packed 50 cm Reprosil
18 column (Dr. Maisch GmBH) or with an EASYSpray 

18 column (75 �m × 50 cm, Thermo) heated to 50 

◦C. The 
ull scan range was set to 350–1,800 m / z at 120,000 resolu- 
ion and recorded in profile. The top 15 most intense pre- 
ursors were subjected to DDA HCD fragmentation with a 

ormalized collision energy (NCE) of 28. Tandem MS / MS 

pectra wer e acquir ed at a r esolution of 30,000 and an au-
omatic gain control (AGC) target set to 1e5 and a 150 ms 
aximum injection time (MIT). Precursors were selected 

ith an isolation window of 1.2 m / z . For PRM analyses, 
eptides were separated chromato gra phicall y identicall y to 

he DDA method. A full MS survey scan was acquired at 
esolution of 30,000, an AGC target of 3e6, MIT of 15 ms, 
can range of 350–1,800 m / z , and data was collected in pro-
le. For the PRM scans, the resolution was set to 30,000, 
n AGC target of 1e5, a MIT of 60 ms, loop count of 20,
r ecursors wer e selected with a 0.8 m / z isolation window, 
 fixed first mass of 125 m / z , NCE of 27, and spectra were
ollected in profile. 

For samples collected in in vitro kinase assays: 
Peptides from samples with kinase added were pooled to 

ake a master mix and subjected to DDA analysis. Pep- 
ides (2 �l injections) were separated with a linear gradi- 
nt of 3% solvent B to 30% solvent B gradient (solvent A: 
.1% FA, solvent B: 0.1% FA, 97% ACN) over 60 min at 
 flow rate of 250 nl / min on a self packed 50 cm Reprosil
18 column (Dr Maisch GmBH) heated to 50 

◦C. The full 
can range was set to 350–1500 m / z at 120,000 resolution 

nd recorded in profile. The top 20 most intense precursors 
ere subjected to DDA HCD fragmentation with a normal- 

zed collision energy (NCE) of 28. Tandem MS / MS spectra 

er e acquir ed at a r esolution of 15,000 and an automatic 
ain control (AGC) target set to 1e5 and a 25 ms maxi- 
um injection time (MIT). Precursors were selected with 

n isolation window of 1.2 m / z . For PRM analyses, pep- 
ides were separated chromato gra phicall y identicall y to the 
DA method. A full MS survey scan was acquir ed at r es- 

lution of 120,000, an AGC target of 3e6, MIT of 200 ms, 
can range of 150–2,000 m / z , and data was collected in pro-
le. For the PRM scans, the resolution was set to 15,000, 
n AGC target of 2e5, a MIT of 200 ms, loop count of 25,
r ecursors wer e selected with a 1.2 m / z isolation window, 
 fixed first mass of 125 m / z , NCE of 27, and spectra were
ollected in profile. 

RM library and analysis of MS data. PRM assays were 
esigned and analyzed using the Skyline Daily software. 
ominant proteotypic peptides for each IFI16 phosphory- 

ation site were selected based on detection le v els in DDA 

nd the elution and fragmentation profiles were experimen- 
ally determined for each targeted peptide. Peptide abun- 
ance was quantified using the summed area under the 
urve of 3–5 fragment ions per peptide. Peptide abundance 
alues were normalized by the abundance value of a se- 
ected unmodifiable peptide of IFI16 and scaled to the mock 

ondition in each IP. Two-tailed Student’s t -tests were per- 
ormed using GraphPad Prism 9. 
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Tandem MS spectra collected from DDA mode were an-
alyzed by Proteome Discoverer v2.4 (Thermo Fisher Scien-
tific). For identification of protein enriched in PNF, abun-
dance ratio for each protein was calculated by taking the
ratio of PNF / CNF of average abundance values across bi-
ological replicates, and two-tailed Student’s t -tests were per-
formed to calculate the P -value for the abundance ratio. 

RESULTS 

IFI16 undergoes liquid–liquid phase separation in vitro 

We pre viously observ ed tha t IFI16 undergoes d ynamic
changes in its subnuclear localiza tion a t the early stages (30
min–2 h) of HSV-1 and HCMV infections ( 14 ). IFI16 leaves
the nucleolus and forms discrete foci at sites of viral genome
deposition at the nuclear periphery ( 14 ). The IFI16 foci have
a dynamic behavior, forming round puncta that are uni-
form in size and that appear and disappear on the order
of minutes (Supplementary Figure S1A, Movie 1). The ini-
tial enrichment of IFI16 within nucleoli, which are phase-
separated organelles, and its dynamic spherical puncta for-
mation led us to ask whether IFI16 undergoes liquid–liquid
phase separation (LLPS) during the initial stages of binding
to incoming viral DNA. LLPS is a process involving the for-
mation of membrane-less compartments mediated by weak
interactions among the components, and has been shown
to be involved in regulating intracellular organization, sig-
naling tr ansduction, tr anscription, and cell str ess r esponse
( 38–41 ). 

We first determined whether IFI16 alone is sufficient to
cluster DNA in vitro (Figure 1 A). Purified IFI16 (10 �M)
was mixed with equimolar amounts of Cy5-labelled vac-
cinia virus dsDNA 70mer (VACV 70mer). Cyclic GMP-
AMP synthase (cGAS), a DNA sensor known to undergo
LLPS in the cytoplasm ( 41 ), was included as a positi v e con-
tr ol. Confocal micr oscopy showed r obust Cy5-DNA puncta
formation in the presence of either IFI16 or cGAS (Figure
1 B), suggesting that either IFI16 or cGAS is sufficient to
cluster DNA in vitr o . As nega ti v e controls, we incubated
Cy5-DNA with either BSA, which does not bind to DNA,
or DN A-PK, w hich binds to DN A but has not been shown
to undergo LLPS. Both proteins failed to induce Cy5-DNA
puncta (Figure 1 B). Although we did not observe a differ-
ence in the size of the Cy5-DNA puncta in the presence of
cGAS or IFI16, we noticed that DNA puncta induced by
cGAS appeared as more spherical than those induced by
IFI16 (Figure 1 B). This may be dri v en by the difference in
the type of oligomeriza tion tha t cGAS or IFI16 undergo,
with cGAS known to dimerize and IFI16 shown to undergo
oligomeriza tion tha t can expand into filaments. 

To directly visualize IFI16 morphology upon its bind-
ing to DNA in vitro , we purified IFI16-GFP with a mal-
tose binding protein (MBP) and 3X TEV protease cleav-
a ge sites ta gged at the IFI16 N-terminus (Figure 1 C). Only
in the presence of DNA, MBP-cleaved IFI16-GFP formed
micr ometer-sized spherical dr oplets that colocalized with
Cy5-DNA (Figure 1 D). The IFI16 droplet formation was
concentration-dependent, being most apparent at the low-
est concentration tested, i.e. 1 �M. At a higher concen-
tration (3 �M), in addition to forming droplets, IFI16-
GFP started to expand into filamentous structures (Fig-
ure 1 D). The prevalence of droplet formation at 1 �M was
confirmed by quantification (Figure 1 E). Further increas-
ing the IFI16 concentration to 10 �M caused the MBP-
cleaved IFI16-GFP to display fully filamentous structures
(Figure 1 F, first row). Additionally, e v en at 10 �M, the
presence of MBP, which has been reported as a solubility-
enhancing tag ( 42 , 43 ), in the uncleaved MBP-IFI16-GFP
led to droplet formation that colocalized with Cy5-DNA
(Figure 1 F, second row and Movie 2). The observed state for
the uncleaved IFI16 fits into a model in which the MBP af-
fects the interaction strength among IFI16-GFP molecules,
likely by inhibiting PY-dependent homotypic interactions
and IFI16 oligomerization. Altogether, these results illus-
tra te tha t the clustering of IFI16-GFP is dependent on the
presence of DNA, and its ma terial sta te transition from
droplets to filaments is linked to its concentration and inter-
action strength, fitting into the canonical model for proteins
capable of undergoing LLPS (Figure 1 G) ( 44 ). 

To further validate the IFI16 LLPS in vitro , we incubated
low or high concentrations of IFI16-GFP (1 or 20 �M) with
Cy5-DNA in the presence or absence of 1,6-hexanediol (1,6-
HD), a chemical reported to selecti v ely inhibit liquid-phase
condensates ( 45 ). For both concentrations tested, IFI16-
GFP morpholo gy was significantl y altered by the addition
of 1,6-HD (Figure 1 H-I). At 20 �M, the presence of 1,6-
HD, which was added prior to the addition of the TEV pro-
tease and the purified IFI16 protein, pre v ented filament for-
mation, arresting IFI16-GFP in a droplet form (Figure 1 H).
The observa tion tha t filaments are not completely dissolved
by 1,6-HD could be attributed to a number of factors, in-
cluding the primary inhibition of hydrophobic interactions
by this treatment ( 45 ) and expected maintenance of IFI16-
DNA interaction and PY charge-media ted oligomeriza tion.
Under the same condition at 1 �M, the IFI16-GFP droplets
were abolished (Supplementary Figure S1A). Further sup-
porting the involvement of LLPS in IFI16 droplet forma-
tion, we observed that droplets fused ra pidl y, within seconds
(Figure 1 J). Altogether, the in vitro spherical puncta forma-
tion in the presence of DNA, together with the response to
1,6-HD treatment and the observed droplet fusion all point
to the ability of IFI16 to undergo LLPS in vitro . 

To confirm that the C-terminal GFP did not impact the
IFI16 LLPS capacity, we purified untagged IFI16, which we
then labeled with Alexa Fluor 488. Similar to IFI16-GFP,
untagged IFI16 displayed a concentration-dependent LLPS
morphology, forming droplets and filaments at similar con-
centrations (1 and 10 �M respecti v ely, Figure 1 I and S1B).
The droplets formed by untagged IFI16 were also inhibited
by 1,6-HD (Figure 1 I). These data suggest that the GFP did
not affect the LLPS capacity of IFI16 in vitro . 

We next asked whether IFI16 also displays LLPS behav-
ior in cells. Within the nucleus, IFI16 has been shown to dis-
play nucleolar, as well as diffuse nuclear localizations, which
may be linked to different cell states and cell types, as well
as different epitopes targeted by the antibodies used. To as-
sess a possible IFI16 LLPS behavior in cells, we first mon-
itored uninfected cells where we noticed pronounced nu-
cleolar localization. Using primary human fibroblasts sta-
b ly e xpressing IFI16 fused to monomeric eGFP (IFI16-
eGFP), we monitored recovery after photobleaching within
the nucleolus. IFI16 fluorescent signals r ecover ed ra pidl y,
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Figure 1. IFI16 forms droplets and filaments mediated by LLPS in vitro in the presence of DNA. ( A ) Schematics of IFI16-DNA interactions leading to 
LLPS. Green and blue boxes represent the pyrin domain and HIN domains of IFI16 respecti v ely. ( B ) Images of 5 �M Cy5-DNA in the presence or absence 
of purified 5 �M cGAS or IFI16. Ar eas and cir cularities of Cy5-DNA puncta were quantified using Fiji. Scale bar, 5 �m. Statistical analysis was performed 
using unpaired t-test. ( C ) Construct of MBP-IFI16-GFP and schematics of the optimized protocol for purifying MBP-IFI16-GFP. MBP, maltose-binding 
protein. PY, pyrin domain. Monomeric eGFP was used. ( D ) Representati v e images of IFI16-GFP LLPS at 1 or 3 �M incubated with equimolar Cy5-DNA 

after TEV protease treatment. Scale bars, 1 �m. ( E ) Quantitati v e measurements of roundness and percentage of droplets of IFI16-GFP at 3 and 1 �M. 
Percentage droplets at each concentration was calculated as the percentage of puncta with roundness > 0.8. Roundness values were calculated using Fiji. 
Statistical analysis was performed using unpaired t-test. Values are means ± SEMs ( n = 3). ( F ) Representati v e images of 10 �M IFI16-GFP or MBP- 
IFI16-GFP incubated with equimolar Cy5-DNA in the presence or absence of TEV protease. Scale bar, 5 �m. ( G ) Schematic phase diagram r epr esenting 
distinct material phases that can be undertaken by LLPS proteins at varying concentrations and interaction strength amongst constituent molecules. ( H ) 
Representati v e images and quantification of IFI16-GFP LLPS at 20 �M in the presence or absence of 10% 1,6-HD. Scale bar, 5 �m. ( I ) Representati v e 
images of untagged IFI16 labeled by Alexa Fluor 488 LLPS at 1 �M in the presence or absence of 10% 1,6-HD. Scale bar, 5 �m. ( J ) Time-lapse micrographs 
of merging droplets of IFI16-GFP (20 �M) in the presence of 10% 1,6-HD and Cy5-DNA. Scale bar, 1 �m. 
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Figure 2. IFI16 displays dynamic exchange with surroundings and IFI16 
puncta forma tion a t the nuclear periphery can be inhibited by 1,6- 
hexanediol. ( A ) FRAP images showing the recovery of IFI16-GFP after 
photob leaching. HFF cells stab ly e xpressing IFI16-GFP was subjected to 
FRAP analysis. The r ed cir cle indicates the ar ea of photobleaching. ( B ) 
Recovery kinetics of IFI16-GFP in (A). Values are means ± SEMs ( n = 

3). ( C ) IFI16-GFP stab ly e xpressing HFFs were infected with ICP0-RF 

HSV-1 (MOI = 10, 1 hpi), treated with DMSO or 300 mM 1,6-HD for 10 
min and stained for ICP4. Scale bar, 5 �m. ( D ) Confocal microscopy im- 
ages showing WT HFFs infected with ICP0-RF HSV-1 (MOI = 10, 1 hpi 
or 8 hpi), treated with DMSO or 300 mM 1,6-HD for 10 min and stained 
for endogenous IFI16 and ICP4. Scale bar, 5 �m or 1 �m for inset. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

within seconds, suggesting that nucleolar IFI16 exhibits a
highly dynamic exchange with its surroundings (Figure 2 A-
B). The nucleolar population of IFI16 likely contributes to
the formation of perinuclear puncta during infection (Sup-
plementary Figure S1C), as we observed an anti-correlation
between the fluorescence intensities of IFI16-eGFP in the
nucleolus and those at the nuclear periphery upon infec-
tion with HSV-1 (Supplementary Figure S1D). To assess

whether LLPS is involved in the recruitment of IFI16 to in-  
coming viral DNA, we tested the impact of 1,6-HD treat-
ment on IFI16 localization during HSV-1 infection. As
HSV-1 is known to target IFI16 for degradation ( 8 ), we
performed infections with an HSV-1 strain that harbors a
mutation in the ring finger (RF) domain of the viral E3
ubiquitin ligase ICP0 and thereby lacks the ability to sup-
press IFI16 functions ( ICP0-RF HSV-1). As expected, we
observed IFI16-GFP puncta localizing at the nuclear pe-
riphery, at sites of viral genome deposition, early in infec-
tion, i.e. at 1 h post infection (hpi) with ICP0-RF HSV-1
(Figure 2 C). By 8 hpi, IFI16-GFP displayed a filamentous
appearance (Supplementary Figure S1E). In both instances,
IFI16 co-localized with the vir al immediate-ear ly protein
ICP4, which marks sites of viral genomes. These findings
wer e r eca pitulated w hen staining for endo genous IFI16 at
similar time points, indicating that these phenotypes are not
an artifact of the ov ere xpression system (Figure 2 D). Treat-
ment with 1,6-HD inhibited the ability of either IFI16-GFP
or endogenous IFI16 to become enriched and form puncta
at viral genome sites at the nuclear periphery (Figure 2 C-
D). On the other hand, as expected when considering the
metastability of proteins with LLPS properties ( 44 ) (Fig-
ure 1 G), once IFI16 filaments were formed at 8 hpi, 1,6-
HD treatment was no longer able to re v erse this solid-like
state (Figure 2 D). These observations confirm that the 1,6-
HD treatment specifically inhibits liquid-state condensates.
Taken together, these results demonstrate that the puncta
formation of IFI16 is mediated by LLPS, and that this con-
densation ability is r equir ed for the localization of IFI16 to
viral genomes at the nuclear periphery. 

IFI16 contains an intrinsically disor der ed r egion r equir ed f or
LLPS and antiviral function 

Proteins with capabilities to undergo LLPS often con-
tain multivalent domains or intrinsically disordered regions
(IDR) to mediate weak and tr ansient inter actions ( 44 ). To
determine if IFI16 contains disordered regions, we per-
formed a bioinformatics analysis using Prediction of Intrin-
sically Unstructured Proteins (IUPred3) ( 46 ). Two regions
of disorder wer e pr edicted (aa 88–188 and 347–574, Figure
3 A). The most evident IDR region, positioned between the
PY and first HIN domain, coincides with the region that
we pr eviously r eported to be decorated by multiple phos-
phorylation sites ( 11 , 35 ). Accumulating evidences have sug-
gested that phosphorylation e v ents within disordered re-
gions can contribute to either promoting or suppressing
LLPS ( 47 , 48 ), with a recent stud y demonstra ting phospho-
ryla tion signa tur es pr esent specifically in either condensates
or the soluble populations of phase separating proteins ( 49 ).
Hence, we focused on characterizing the possible contribu-
tion of the first IDR to the observed IFI16 LLPS. We gener-
ated IFI16-GFP constructs containing either an IDR dele-
tion ( � IDR-IFI16) or a replacement of the IFI16 IDR with
FUS aa 1–163 (FUS-IFI16) (Figure 3 B), an IDR known
to be sufficient to induce LLPS ( 42 ). Following the equiva-
lent expression of these IFI16-GFP constructs in primary
human fibroblasts (HFFs) and HEK293T cells (Supple-
mentary Figure S2A), we quantified the percentage of cells
displaying diffuse or LLPS IFI16-GFP phenotypes, either
punctate or filamentous (Supplementary Figure S2B). We
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Scale bar, 5 �m. ( I ) Maximal projection confocal sections of IFI16::GFP puncta formation in Ciona nuclei at mid gastrula stages (in min). Scale bar, 5 
�m. ( J ) Confocal sections of single Ciona nuclei at late gastrula stages at high magnifications. Scale bar, 1 �m. ( K ) Quantification of nuclear fluorescence 
intensity of IFI16::GFP in neurula embryos. Statistical analysis was performed using unpaired t -test. 
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found that � IDR-IFI16 lost the ability to form puncta or
filaments, e v en in cells with high expression levels of this
construct, whereas the FUS-IFI16 rescued this ability to the
WT le v el (Figure 3 C-E). We next asked if the loss of LLPS
impacts the antiviral function of IFI16. For this, we used an
IFI16-deficient cell line that expresses STING (HEK293T-
STING) and which has been shown to allow the recon-
stitution of the STING-TBK1-IRF3 signaling axis to as-
sess cellular antiviral responses ( 14 , 50 ). Infection of cells
expressing � IDR-IFI16 with ICP0-RF HSV-1 resulted in
three-fold higher virus titers than cells expressing WT-IFI16
and greater than two-fold higher than cells expressing FUS-
IFI16, indicating a defect in the ability of � IDR-IFI16 to
inhibit viral production (Figure 3 F). Altogether, these re-
sults suggest that the IDR is necessary for promoting IFI16
LLPS and antiviral function. 

IFI16 IDR regulates LLPS in vivo 

To determine whether the IDR is also relevant in regulat-
ing IFI16 aggregation in vivo, we took advantage of a re-
cently de v eloped system for observing nuclear proteins in
the embryos of Ciona intestinalis ( 34 ). Ciona di v erged from
modern v ertebrates ov er 500 million years ago and provides
an evolutionarily simple model system ( 51 , 52 ). Directly rel-
evant for this study, we selected Ciona given reports that
demonstrated its ease of use specifically for visualizing the
dynamics of phase separating proteins with high spatial and
temporal resolution as they transition across different bio-
physical states ( 34 ). Fluorescently-tagged proteins can be
r eadily expr essed by electroporation in Ciona embryos, and
the large nuclei of these embryo enhance the visualization
of condensates for nuclear proteins. As Ciona does not ex-
press a direct sequence homolog of IFI16, it provides the
ability to reconstitute and monitor IFI16 material states in
an in vivo model system. We expressed WT, � IDR, or FUS
IFI16-GFP in the ectoderm of li v e, de v eloping Ciona em-
bryos under the regulation of a Sox1 / 2 / 3 promoter (Fig-
ure 3 G). The concentration-dependent distributions and
dynamics of these IFI16 constructs were visualized in li v e
embryos using time-lapse microscopy (Movie 3). WT IFI16-
GFP displayed evident nuclear localization in early gastrula
embry os, being distributed unif ormly throughout the nu-
cleus (Figure 3 H). No IFI16-GFP was retained on the chro-
matin during mitosis. After the first mitosis, puncta formed,
typically starting at the sites closest to the former cleavage
furrow. By the mid gastrula stage, IFI16 puncta were con-
sistently visible at the nuclear periphery (Figure 3 H and I).
These puncta grew into larger nuclear aggregates by the late
gastrula stage (a pproximatel y two hours and two rounds
of mitosis later, Figure 3 J). After these aggregates formed,
IFI16 was retained on the chromatin during the next mi-
tosis. In contrast, � IDR IFI16-GFP retained a diffuse nu-
clear distribution throughout gastrula stages (Figure 3 J and
Supplementary Figure S2C), with no aggregation being de-
tected e v en a t la te stages (Figure 3 J). Similar to our observa-
tions in mammalian cells, the addition of a FUS domain res-
cued the ability of IFI16 to a ggregate. FUS-IFI16-GFP a g-
gr egates wer e evident immedia tely, starting a t early gastrula
stages (Supplementary Figure S2C). The FUS-IFI16-GFP
fibrous aggregates were retained on the chromatin after
the first mitosis and were present throughout de v elopment
(Supplementary Figure S2C, Movie 4). These aggregates
had a filamentous appearance, forming multiple string-like
patterns. Since e xpression le v els of transgenes in Ciona em-
bryos can be variable, we took advantage of this property
and measured the fluorescence intensity of IFI16-GFP in
neurula stage embryos, comparing nuclei where aggregates
were observed with those without aggregates. Nuclei that
contained aggregates typically had 2- to 3-fold higher flu-
or escence intensities (Figur e 3 K), suggesting that a critical
nuclear concentration of IFI16 needs to be reached for ag-
gregates to form. Altogether, consistent with our findings
in mammalian cell culture, these results demonstrated that
the WT IFI16 forms concentration-dependent puncta and
filamentous aggregates in vivo , a property that r equir es the
presence of the IDR. 

Multiple phosphorylation sites within the IDR combinatori-
ally regulate IFI16 LLPS 

Having established the importance of the IDR in regulat-
ing IFI16 LLPS in vitro and in vivo , we next asked what
properties of the IDR facilitate this function. Gi v en that we
pre viously observ ed that this IFI16 region contains multi-
ple phosphorylation sites ( 11 , 35 ), we asked whether these
phosphorylation e v ents (S95, S106, T149, S153, S168, and
S174) contribute to the regulation of the IFI16 LLPS. Using
sequence alignment, we observed that most of the identified
phosphorylation sites within the IDR are conserved among
dif ferent prima te species (Supplementary Figure S3A, B).
Next, we assessed whether these IFI16 sites become phos-
phorylated early in HSV-1 infection, at time points when
IFI16 binds to the incoming viral DNA and exerts the
dynamic puncta behavior. To accurately define the IFI16
phosphoryla tion sta tus, we designed a targeted mass spec-
trometry assay using parallel reaction monitoring (PRM)
that detects signature parameters for each of the predicted
phosphorylated peptides. This PRM assay was then applied
following enrichment of IFI16 via immunoaffinity purifica-
tion (IPs) at one- and six-hours post infection (hpi) with
ICP0-RF HSV-1 (Supplementary Figure S4A, Supplemen-
tary Table S1). We reliably detected fragment ion peaks for
fiv e out of the six candidate phosphorylated peptides (Sup-
plementary Figure S4B), confirming the presence of S95,
S106, T149, S153 and S168 phosphorylation sites at both
one and six hpi (Supplementary Figure S4C). 

To determine whether the identified phosphorylation
sites impact the IFI16 LLPS capability, we generated a se-
ries of single phosphorylation mutants. Each site was indi-
vidually converted from a serine / threonine to either an ala-
nine or aspartate to introduce an unmodified residue or a
phosphorylation mimic, respecti v ely (Figure 4 A). In agree-
ment with our in vivo observations, filamentous IFI16 phe-
notypes wer e corr elated with IFI16 expr ession le v els in cells
(Supplementary Figure S4D). Howe v er, the presence of the
single phospho-mutants did not significantly change the
ability of IFI16 to form puncta or filaments (Supplementary
Figure S4E-F). Additionally, the expression of equivalent
le v els of the single mutants (Supplementary Figure S4G)
did not result in significant differences in virus titers when
compared to the WT IFI16 (Supplementary Figure S4H).
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Figure 4. Multiple phosphorylation sites within the IDR combinatorially regulate IFI16 LLPS and antiviral functions. ( A ) IFI16 schematic showing mu- 
tated sites within the IDR. ( B ) Representati v e images of WT, 6A- or 6D-IFI16-GFP transiently expressed in WT HFFs. Scale bar, 5 �m. ( C ) Quantification 
of percentage of cells ( N > 115) displaying LLPS (filament or puncta) or diffuse phenotypes in cells expressing WT IFI16 or those described in (B). Statis- 
tical analysis was performed using ordinary one-way ANOVA. Values are means ± SEMs ( n = 2). ( D ) Representati v e images of stab le cell lines expressing 
either WT, 6A- or 6D-IFI16-GFP in IFI16-KO HFFs at early or late stage of infection. Images were taken at the edge of de v eloping plaques and cells were 
infected with ICP0-RF HSV-1 (MOI 0.1) and fixed at 24 hpi. ( E ) Construct schematics of IFI16 truncation mutants. ( F ) Representati v e images of IFI16 
truncation m utants transientl y expressed in WT HFFs. Scale bar, 5 �m. ( G ) Schema tic showing the muta ted sites within PY and IDR. ( H ) Representati v e 
confocal images for cells transiently expressing each of the IFI16 mutants in WT HFFs. Scale bar, 5 �m. ( I ) Quantification of percentage of cells ( N > 100) 
displaying punctate, filament or diffuse phenotype in cells transiently expressing each of the IFI16 mutants as described in (H). Quantification is shown 
for one r epr esentati v e biological replicate. 
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Hence, we reasoned that a single phosphorylation e v ent is
not sufficient to control the LLPS status or antiviral func-
tion of IFI16. 

To assess whether a combinatorial effect is at play, we
generated IFI16 constructs containing all six phosphory-
la ted residues muta ted to alanine or asparta te (6A- and
6D-IFI16-GFP, respecti v ely) and e xpressed these in HFFs
(Figure 4 A). In the absence of infection, 6A-IFI16-GFP
m utant transientl y expressed in HFFs lost the ability to
form puncta or filaments, whereas the 6D-IFI16-GFP dis-
played normal or e v en enhanced puncta and filament for-
mation compared to WT IFI16 (Figure 4 B-C). Gi v en these
differences, we next investigated these combinatorial phos-
phomutants during infection. To ensure that the tested
impact on IFI16 localization and antiviral functions is
the result of the presence of the phosphomutants and
not contributed by endogenous IFI16, we generated IFI16
CRISPR / Cas9-mediated knockouts in HFFs and stably ex-
pr essed CRISPR-r esistant forms of WT-IFI16-GFP, 6A-
IFI16-GFP or 6D-IFI16-GFP in the knockout background
(Supplementary Figure S4I). 

Using the stable cell lines expressing the phosphomu-
tants, we examined the impact of phosphorylation on the
ability of IFI16 to bind incoming viral genomes at the nu-
clear periphery during the initial stages of HSV-1 infection.
To be able to track virus capsids, we infected the stable cell
lines with an HSV-1 strain that expresses the major capsid
surface protein, VP26, fused to monomeric red fluorescent
protein ( HSV-1::rfp-vp26 ). Upon detection of RFP-tagged
viral capsids at the outer nuclear periphery, we observed
the simultaneous and adjacent association of WT, 6A or
6D IFI16-GFP puncta at the inner nuclear periphery dur-
ing early infection with ICP0-RF HSV-1 at 2 hpi (Supple-
mentary Figure S5A). As an orthogonal approach to con-
firm that phosphorylation does not impact the capacity of
IFI16 to bind viral DNA during infection, we performed a
chroma tin immunoprecipita tion (ChIP) followed by quan-
titati v e PCR at 2 hpi, when viral genomes enter the nucleus.
We found that both 6A and 6D IFI16 are capable of bind-
ing to viral genomes to a similar extent as WT IFI16 (at
genomic loci ul30 and ul5 , Supplementary Figure S5B). Al-
together, these findings indicate that the phosphorylation
state of IFI16 does not impact the ability of IFI16 to be re-
cruited to the site of viral genome deposition and bind to
viral DNA. 

We next investigated whether the localization of IFI16
to viral genomes is sustained throughout infection upon
the de v elopment of nuclear viral replication compartments.
We analyzed cells within de v eloping HSV-1 plaques and
assessed IFI16 co-localization with a viral protein marker
for viral genomes, ICP4, at both plaque edges (early infec-
tion) and plaque interiors (late infection). Early in infec-
tion, we observed that both 6A and 6D mutants of IFI16
retain their co-localization with ICP4 at the nuclear periph-
ery. In contrast, later in infection, relati v e to either WT-
or 6D-IFI16 formation of filaments within viral replica-
tion compartments, 6A-IFI16 failed to transition from ini-
tial puncta to filaments (Figure 4 D). These observations
suggest that the phosphorylation state of IFI16 impedes
its ability to progress through LLPS stages (Figure 1 G) to

filaments.  
Our observa tions tha t 6A-IFI16 still forms puncta a t the
nuclear periphery early in infection, but fails to de v elop fil-
aments later in infection, led us to propose that the ini-
tial puncta formation at the nuclear periphery is facilitated
by DNA-binding and PY-mediated oligomerization. These
puncta then transition through IDR phosphorylation-
regulated phase separation stages as viral replication com-
partments form, transitioning from droplet-like aggregates
to filaments at later stages of infection. To test this hypoth-
esis, we generated IFI16 truncation mutants bearing 1) only
the PY domain (PY-GFP), 2) only the IDR domain (IDR-
3XFLAG), and 3) both PY and IDR domains (PY-IDR-
GFP, as in ( 14 )) (Figure 4 E). We observed robust puncta
f ormation f or PY-onl y m utants, suggesting that the PY do-
main alone is sufficient to gi v e rise to puncta. Howe v er, fil-
amentation was only observed in cells expressing PY-IDR-
GFP (Figure 4 F). These results suggest that both PY and
IDR domains are required for IFI16 filamentation, imply-
ing a possible synergistic interaction between the two do-
mains. 

To investigate the relationship between the IDR LLPS
and PY oligomerization functions, we took advantage of
our previously identified point mutations that can con-
trol the IFI16 PY-mediated oligomerization ( 24 ). Specifi-
call y, m utating the PY R23 residue to a structural mimic
(R23Q), but not to a charge mimic (R23K), inhibited
IFI16 oligomeriza tion. Hence, we genera ted combina torial
IFI16 mutants bearing gain- or loss-of-function mutations
within both PY and IDR and tested their abilities to form
aggregates in cells by confocal microscop y (Figur e 4 G).
Cells transiently expressing IFI16 that is deficient in either
oligomerization or LLPS failed to form filaments. In con-
trast, IFI16 bearing gain-of-function mutations in both PY
and IDR (R / K-6D) rescued the ability to form filaments
(Figure 4 H-I). This indica tes tha t the oligomerization and
LLPS abilities of IFI16 act synergistically to promote its ag-
grega te forma tion in cells, which is necessary for its antiviral
functions. 

IFI16 LLPS-deficient mutant has dampened capacity for cy-
tokine induction but maintained ability to suppress viral gene
expression 

Having established a combinatorial role for IFI16 phospho-
rylations in promoting transition through phase separation
stages, we sought to determine their effect on the antivi-
ral functions of IFI16 in either inducing cytokine expres-
sion or suppressing viral gene expression. To examine the
impact of phosphorylation on viral gene suppression, we
infected IFI16 KO, WT, 6A or 6D stable cell lines with
ICP0-RF HSV-1 and used quantitati v e re v erse transcrip-
tion PCR (RT-qPCR) to measure the mRNA le v els of HSV-
1 immediate-early (IE, icp4 ) and early (E, icp8 ) genes at 6
hpi. No major differences in the expression of these IE and
E genes were observed in cells expressing either WT or mu-
tant forms of IFI16 at 6 hpi (Figure 5 A). To further confirm
the retained transcriptional suppression capabilities of the
IFI16 phosphomutants, we performed an in vitro transcrip-
tion assay, as in ( 53 ). For this assay, we first purified WT-,
6A- and 6D-IFI16-GFP, which we then co-incubated with
an in vitro transcription reaction using a linearized plasmid
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Figure 5. IFI16 phosphorylation does not impact transcriptional suppression and specifically promotes cytokine induction. ( A ) Relati v e mRNA le v els of 
icp4 and icp8 in stable cell lines expressing either WT, 6A- or 6D-IFI16-GFP in IFI16-KO HFFs infected with ICP0-RF HSV-1 (MOI = 5) measured 
by RT-qPCR at 6 hpi. Values are means ± SEMs ( n = 3 or 4). Statistical analysis was performed using ordinary one-way ANOVA. ( B ) Relati v e RNA 

transcript le v els from in vitro T7 transcription reaction containing 5 �M of purified WT or mutant IFI16. 100 ng of FluC control plasmid was used in 
each reaction as the templa te. Non-templa te DNA refers to the genomic DNA isolated from WT HFFs and was added at 1 �g per reaction as indicated. 
Values are means ± SEMs ( n = 3). Statistical analysis was performed using ordinary one-way ANOVA. ( C ) Relati v e mRNA le v els of isg54 and isg56 in 
stable cell lines expressing either WT, 6A- or 6D-IFI16-GFP in IFI16-KO HFFs infected with ICP0-RF HSV-1 (MOI = 20) measured by RT-qPCR at 6 
hpi. Values are means ± SEMs ( n = 3). Statistical analysis was performed using ordinary one-way ANOVA. ( D ) Progeny virus titers from stable cell lines 
in (D) infected with ICP0-RF HSV-1 virus (MOI = 0.2). Cell-associated and cell-free virus were pooled at 24 hpi or 48 hpi, and the titers of the virus on 
U-2 OS cells were determined by plaque assay. Values are means ± SEMs ( n = 3). Statistical analysis was performed using ordinary one-way ANOVA. 
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ontaining the firefly luciferase gene (Fluc) under the tran- 
criptional control of T7 promoter. In the presence of WT 

FI16, RNA pr oduced fr om transcription was reduced by 

en-fold, indica ting tha t IFI16 is suf ficient to suppress tran- 
cription in vitro . This transcriptional suppression ability 

as inhibited in the presence of excess non-template double- 
tranded DNA (Figure 5 B), in agreement with previous re- 
orts that IFI16 can bind indiscriminately to DNA in vitro 

 15 , 54 ). Importantly, both 6A- and 6D-IFI16 were equally 

apable of suppressing transcription in vitro , to an extent 
imilar to the WT, whereas BSA, as a negati v e control, did 

ot inhibit transcription at the same concentration. These 
a ta indica te tha t IFI16 is suf ficient to suppress transcrip- 
ion and that this ability is independent of its phosphoryla- 
ion state. 

We then asked if the capacity of IFI16 to induce cytokine 
xpression was impacted by its phosphoryla tion sta te. Us- 
ng the stable cell lines described above, we performed 
PCR to measure the mRNA le v els of cytokines ( isg54 and 

sg56 ) during ICP0-RF HSV-1 infection at 6 hpi. We found 

hat cells expressing 6D-IFI16 induced similar le v els of cy- 
okines compared to those expressing WT-IFI16. In con- 
rast, cells expressing 6A-IFI16 had dampened cytokine ex- 
r ession (Figur e 5 C). Consistent with this finding, infected 

A-IFI16 expressing cells had diminished ability to limit vi- 
al spread, as seen by the higher virus titer when compared 

o cells expressing WT or 6D IFI16 at 24 hpi (i.e. after at 
east one round of virus replication), a phenotype further 
nhanced at 48 hpi (i.e. after multiple rounds of replication) 
Figure 5 D). 

Overall, these results indica te tha t IDR phospho- 
ylation does not impact the ability of IFI16 to sup- 
ress transcription either in vitro or in cells during 

nfection, and that phosphorylation-mediated phase 
eparation of IFI16 specifically promotes cytokine 
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CDK2 and GSK3 � directly phosphorylate the IFI16 IDR 

Having determined a role for combinatorial IDR phospho-
rylation for IFI16 LLPS and antiviral functions, we next
asked which kinases target the IFI16 IDR for phospho-
ryla tion. We hypothesized tha t these kinases would local-
ize to the nuclear periphery early in infection. Addition-
ally, such a combinatorial modification status would re-
sult either from the action of one kinase phosphorylat-
ing multiple sites or of multiple kinases modifying distinct
sites. To identify infection- and localization-dependent ki-
nases, we designed a two-pronged approach, integrating
biochemical fractionation with computational kinase pre-
diction. Specifically, at 1 hpi with ICP0-RF HSV-1, when
IFI16 perinuclear puncta form, we separated the nuclear pe-
riphery from the nuclear core into distinct fractions (Fig-
ure 6 A). The effecti v eness of this fractionation protocol
was confirmed by monitoring the enrichment of nucleo-
porins and nuclear lamina proteins in the perinuclear frac-
tion (PNF) and of histones and nucleolar proteins in the
core nuclear fraction (CNF) using western blot and quan-
titati v e mass spectrometry (Figure 6B, S6A and Supple-
mentary Tab le S2). Ne xt, using mass spectrometry analysis,
we identified 34 kinases specifically enriched at the nuclear
periphery when compared to the nuclear core fraction at
1 hpi (Figure 6 C). These PNF-enriched kinases were fur-
ther probed using se v eral kinase prediction tools that an-
alyze sequence motifs, focusing on the IDR phosphoryla-
tion sites that we tested via mutations (Figure 6 A). Over-
all, 12 kinases passed the two criteria of being enriched in
the PNF and bioinformatically predicted as possibly tar-
geting the IFI16 IDR sites (Figure 6 D, left). Among these,
se v eral cy clin-dependent kinases (particularly CDK2) and
the gl yco gen synthase kinase 3 beta (GSK3 �) were the top
candidates (Figure 6 D, right). Both of these kinases were
predicted to phosphorylate multiple IFI16 sites (Supple-
mentary Figure S6B). To experimentally confirm their ac-
tivity on the IFI16 IDR, we used an in vitro kinase assay
and designed a targeted mass spectrometry method for the
detection and quantification of the IDR phosphorylated
peptides. In addition to these top two kinase candidates
(CDK2 and GSK3 �), we tested the catalytic subunit of
DNA-dependent protein kinase (DNA-PKcs, or PRKDC),
which we have pr eviously r eported to phosphorylate IFI16
at T149 ( 35 ) and our current bioinformatics analysis also
predicted to act on an additional IDR site (Supplemen-
tary Figure S6B). Specifically, we incubated purified IFI16-
GFP and DNA with the acti v e form of each purified ki-
nase in the presence or absence of its specific inhibitor.
We then subjected the samples to targeted mass spectrom-
etry to relati v ely quantify the phosphorylated IFI16 IDR
peptides. Fi v e of the IDR sites –– S95, S106, T149, S153
and S168 –– were found to be phosphorylated in a kinase
activity-dependent manner (Figure 6 E, Supplementary Ta-
ble S3). In agreement with our prior report and our cur-
r ent bioinformatics pr ediction, DNA-PK phosphorylated
the T149 site, acting as a positi v e control for our in vitro
assay. Additionally, we discovered that GSK3 � phospho-
rylates the IFI16 S95 site, an activity diminished by treat-
ment with a GSK3 �-specific inhibitor, TWS-119. CDK2
was found to modify multiple sites, S106, S153 and S168,
 

an activity reduced upon treatment with a specific inhibitor,
CDK2-IN-4. 

To determine whether the kinase activities we observed
in vitro support IFI16-mediated cytokine response, we in-
fected IFI16-KO HFFs or scrambled-KO HFFs with ICP0-
RF HSV-1 and treated the cells with vehicle control or
AT7519, a pan-CDK inhibitor that also inhibits GSK3 �
( 55 ). Upon verifying that the inhibitor treatment does not
promote apoptosis (Figure 7 A), we measured the mRNA
abundance of interferon-stimulated genes, isg54 and isg56,
by RT-qPCR. In the control cells (scrambled-KO HFFs),
kinase inhibition led to reduced isg54 and isg56 expres-
sion le v els (Figure 7 B). This effect was absent in IFI16-
KO HFFs, indica ting tha t the ef fect of the kinase modu-
lation on cytokine induction is dependent on IFI16. Gi v en
our finding that CDK2 phosphorylates multiple IFI16 sites,
we next specifically examined the role of CDK2 in regulat-
ing IFI16 LLPS and IFI16-dependent cytokine induction
in cells. Upon siRNA knockdown of CDK2 (Figure 7 C) in
IFI16-GFP e xpressing HFFs, we observ ed a significant re-
duction in IFI16 filament formation during infection (Fig-
ure 7 D, E). Additionally, CDK2 knockdown also led to re-
duced isg54 and isg56 le v els in scramb led-KO HFFs, but
not in IFI16-KO HFFs during infection (Figure 7 F). Al-
together, our results demonstrate that CDK2 is present at
the nuclear periphery early in HSV-1 infection and induces
the phosphorylation of multiple sites within the IFI16 IDR,
ther eby r egulating the induction of cytokine expr ession. 

DISCUSSION 

When facing foreign insults, cells must maintain a delicate
balance that allows for an effecti v e immune defense mech-
anism, while ensuring that the response is not too strong
to cause harmful autoimmunity. This is especially criti-
cal in the context of nuclear DNA sensing. The nucleus
is full of host chromosomes, so the DNA sensors need to
distinguish between foreign and host DNA to avoid aber-
rant spontaneous activation, and at the same time also
be tightly regulated to activate specifically in the presence
of foreign DNA. For example, aberrant expression of the
nuclear DNA sensor IFI16 has been associated with sev-
eral autoimmune diseases, including Sj ̈ogren’s syndrome
( 56 ), systemic lupus erythematosus ( 57 ), systemic sclero-
sis ( 58 , 59 ), inflammatory bowel disease ( 60 , 61 ), rheuma-
toid arthritis ( 58 ), and psoriasis ( 62 , 63 ). It has also been
suggested that IFI16 filamentation with DNA contributes
to its autoantigen status in Sj ̈ogren’s syndrome ( 64 ). Thus,
investigations into the mechanistic cues that toggle DNA-
dependent IFI16 oligomerization during contexts of PRR
sensing have important implications not only for under-
standing antiviral immunity, but also for autoimmune dis-
eases and imm unothera pies. 

Here, we establish that the innate immune PRR sen-
sor IFI16 undergoes LLPS in the presence of dsDNA in-
vitro and in vivo. We discovered an intrinsically disordered
region on IFI16 that regulates its LLPS capability, and
demonstra ted tha t CDK2 acts on multiple sites within the
IDR to promote LLPS and cytokine induction (Figure 7 G).
In vitro, we demonstrate that IFI16 LLPS controls the for-
mation of two distinct biophysical modalities, droplets and
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Figure 6. CDK2 and GSK3 � phosphorylate multiple sites within the IFI16 IDR. ( A ) Workflow schematic for IFI16 kinase prediction and identification. 
All experiments were performed in primary HFFs. ( B ) Western blot images of biochemical fractions for indicated proteins. PNF, perinuclear fraction. 
CNF, core nuclear fraction. ( C ) Heat map showing log 2 values of ratio of measured group abundances between nuclear periphery and core abundances of 
all identified kinases. HFF cells were infected with ICP0-RF HSV-1 (MOI = 5) and harvested at 1 hpi ( n = 3). ( D ) Volcano plot showing kinases enriched 
at perinuclear fractions in (C) . Perinuclear fold enrichment for each kinase was calculated as the grouped abundance value of perinuclear fraction over that 
of core nuclear fraction across three biological replicates. Frequency of prediction by bioinformatics was plotted for kinases with statistically significant 
( P -value < 0.05) perinuclear fold enrichment. ( E ) Normalized abundances for indicated phospho-peptides measured by quantitati v e mass spectrometry. 4 
�g of purified MBP-IFI16-GFP were incubated with Cy5-DNA and 1 �l indicated purified acti v e kinase in the presence or absence of its corresponding 
inhibitor for 1 h. Samples were then quantified by parallel reaction monitoring (PRM). Values are means ± SEMs ( n = 3). Samples with corresponding 
inhibitors added were indicated with ‘i’ appended at the end of the kinase name. Statistical analysis was performed using ordinary one-way ANOVA. 
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Figure 7. CDK2 knockdown led to reduced IFI16 LLPS and dampened IFI16-dependent cytokine induction. ( A ) Percentage cell survival of HFFs after 
AT7519 trea tment a t 5 �M for 6 h. Cell apoptosis was measured using TUNEL assays tha t measure PARP cleavage, a signa ture of apoptotic signaling. 
( B ) Relati v e mRNA le v els (means ± SEMs, n = 3) of isg54 and isg56 in IFI16-KO HFF stab le cell lines or scramb led-KO HFFs infected with ICP0-RF 

HSV-1 (MOI = 5) and treated with DMSO or 5 �M AT7519, measured by RT-qPCR at 6 hpi. Statistical analysis was performed using unpaired t -test. 
Values are means ± SEMs ( n = 3). ( C ) Western blot images of indicated samples blotting for CDK2 and GAPDH following siRNA-mediated knockdown 
in WT HFFs. ( D ) Representati v e confocal images of IFI16-GFP stab ly e xpressing HFFs infected with ICP0-RF HSV-1 (MOI = 10) at 8 hpi after negati v e 
control or CDK2 knockdown and stained for ICP4. Scale bar, 5 �m. (E) Quantification of percentage of cells (N > 100) displaying puncta, filament or 
diffuse phenotype for conditions described in (D) . Values are means ± SEMs ( n = 2). ( F ) Relati v e mRNA le v els (means ± SEMs, n = 3) of isg54 and 
isg56 in IFI16-KO HFF stable cell lines or scrambled-KO HFFs infected with ICP0-RF HSV-1 (MOI = 5) after negati v e control or CDK2 knockdown, 
measured by RT-qPCR at 6 hpi. Statistical analysis was performed using unpair ed t -test. Values ar e means ± SEMs ( n = 3). ( G ) Model for IFI16 LLPS in 
immune activation. IFI16 molecules first bind to viral DNA at the nuclear periphery, giving rise to puncta. CDK2 phosphorylates IFI16 IDR at S106, S153 
and S168, facilitating LLPS of IFI16. As infection progresses and IFI16 expression increases, IFI16 transitions from a puncta te sta te to solid filamentous 
state, which is mediated by interactions between positi v ely charged residues within PY and phosphorylated residues within IDR. Finally, LLPS of IFI16 
activates downstream signaling pathways to promote cytokine induction. 
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laments, in a concentration-dependent manner (Figure 1 ). 
n cells, we establish that LLPS governs IFI16-mediated 

inding to viral DNA genomes and induction of cytokines 
uring HSV-1 infection, ther eby r estricting virus produc- 
ion. Additionally, we identify an IFI16 IDR, located be- 
ween the PY and first HIN domain, which we demon- 
trate to be necessary for initiating LLPS. Taking advan- 
age of the ability offered by Ciona intestinalis to visualize 
he dynamics of phase separating proteins ( 34 ), we obtain 

n vivo evidence for the IDR r equir ement for IFI16 puncta 

nd filament formation. By manipulating IDR sequences 
hrough deletions and reconstitutions, we abolish and re- 
tor e IFI16 aggr ega tion during dif ferent stages of embry- 
nic de v elopment within Ciona . We find that at the core
f this IDR function in LLPS is a combinatorial effect of 
ultiple phosphorylation sites. We establish that phospho- 

ylation does not impact the initial recruitment of IFI16 to 

ir al genomes, but r ather its pr ogression thr ough stages of 
LPS from puncta to filaments as infection progresses. The 
hosphoryla tion-media ted phase separa tion in turn pro- 
otes IFI16-mediated cytokine expression and limits virus 

pr ead (Figur es 3 and 4 ). 
Our IFI16 phosphorylation mutant studies showed that 

iminished phase separation inhibited the ability of IFI16 

o induce cytokine expressions, but not to suppress vi- 
al gene expression early in infection (Figure 5 ). Thus, 
he phosphoryla tion-media ted phase separa tion uncouples 
hese two antiviral functions of IFI16, which were previ- 
usl y frequentl y considered to work in tandem. It is tempt- 

ng to propose a model in which LLPS of IFI16 provides 
he needed biophysical properties to recruit and activate 
ownstream signaling factors, such as those involved in the 
TING-TBK1-IRF3 axis, to trigger the induction of an- 
iviral cytokines. On the other hand, the suppression of 
irus gene expression by IFI16 may occur through mecha- 
isms independent of LLPS, such as the direct recruitment 
f transcriptional suppressors to the site of viral transcrip- 
ion through protein-protein interactions ( 14 , 20 , 24 , 65 , 66 ).
ur in vitro transcription assay suggests that, e v en in the 

bsence of other transcriptional suppressors, IFI16 is suf- 
cient for transcriptional suppression in vitro (Figure 5 B). 
his suggests a model where IFI16 could suppress tran- 

cription through occupancy of the DNA, possibly by in- 
ibiting the recruitment of the RN A pol ymerase. An al- 
ernati v e e xplanation for this would be that IFI16 could 

fold” the DNA through the oligomerization of multiple 
FI16 molecules occupying different regions of the DNA 

cross long distances, thus making transcription elonga- 
ion inef ficient. W hile futur e studies ar e still r equir ed to dif-
erentiate these mechanisms, our study establishes the suf- 
ciency of IFI16 to suppress transcription in vitro. Alto- 
ether, the IFI16 functional decoupling mutants we gen- 
rated can serve as valuable tools for dissecting down- 
tream antiviral pathways of IFI16, which could be con- 
erved across other innate immune factors that perform one 
r both functions similar to IFI16. 
The LLPS capability of IFI16 could also be linked to its 

eported role in inflammasome formation, which was pre- 
iously shown to involve ASC and caspase 1 in the context 
f Kaposi’s sarcoma-associated herpesvirus (KSHV) infec- 
ion in macrophages and endothelial cells ( 12 ), as well as 
f HSV-1 infection in macrophages and fibroblasts ( 67 , 68 ). 
imilar to NLRP6 inflammasome activation, which has 
een shown to be dri v en by doub le-stranded RNA induced 

LPS ( 69 ), IFI16 could also activate inflammasome forma- 
ion through its LLPS capability upon DNA binding. Fu- 
ure studies would be r equir ed to characterize a possible 
ink between IFI16 LLPS and its role in inflammasome ac- 
ivation. 

The r equir ement of phosphorylation to promote LLPS 

ndica tes tha t specific kinase(s) for IFI16 must also be 
resent at or in close proximity to the site of viral 
enome deposition. Through biochemical fractionation, 
roteomics , and bioinformatics studies , we found that 
DK2 and GSK3 � are present at the nuclear periph- 

ry early in HSV-1 infection and phosphorylate IFI16 

t multiple sites within the IDR (Figure 6 ). Importantly, 
DK2 knockdown reduced IFI16 filament formation at 

ater stages of infection (8 hpi; Figure 7 C) and dampened 

he induction of cytokines in an IFI16-dependent manner 
Figure 7 D). As the solid-state filament formation of IFI16 

ikely r epr esents a biochemically irr e v ersib le process ( 44 )
Figure 1 G) and thus a committed step of IFI16 activa- 
ion, these results suggest CDK2 as a potential licensing 

actor for the activation of IFI16. This model also high- 
ights the multi-layered regula tion tha t is r equir ed for DNA 

ensors in the nucleus, in a manner analogous to the co- 
ctivation model for T cell receptors ( 70 ). While the hete- 
 ochr oma tin sta te of the host DNA could still be the pre-
ominant way by which IFI16 autoimmune activation is 
egulated ( 16 ), the discovery of kinases targeting IFI16 and 

he regulation of the kinases themselves provide another 
echanism by which IFI16 can be inhibited. Specifically, 

he heter ochr oma tiniza tion sta te of the host DNA could 

icta te tha t self-DNA-bound IFI16 remains a t a low local 
oncentration below the threshold of LLPS. In contrast, the 
hosphorylation within the IFI16 IDR may act as a safe- 
uard mechanism by ensuring that this threshold remains 
igh (Figure 1 G). This may be more relevant during cell 
ycle progression in S phase, when nascent DNA is syn- 
hesized but is yet to be packaged with nucleosomes. Ki- 
ase misregulation could thus potentially lead to aberrant 
FI16 LLPS and immune activation. Indeed, increased ac- 
ivities of CDK enzymes have been associated with height- 
ned inflammation in activated macrophages ( 71 ). Addi- 
ionally, elevated CDK2 abundance was found in sera of 
atients with the autoimmune disease Pemphigus Vulgaris, 
ith CDK2 inhibition limiting the de v elopment of patholo- 
ies in a mouse model system of this disease ( 72 ). On 

he other hand, GSK3 � has been implicated in Sj ̈ogren’s 
yndrome, an autoimmune disease associated with IFI16 

v ere xpression and autoantibodies against IFI16 filaments 
 73 ). 

With the functional relevance of IFI16 filaments estab- 
ished, one important consideration is how they are mech- 
nistically assembled. Here, we demonstrate that the pos- 
ti v ely charged residues within the PY act synergistically 

ith the phosphorylated residues within the IDR to pro- 
ote IFI16 filamentation, since w e show ed that either do- 
ain alone was insufficient for filament formation (Figure 
 F) and loss of charge in either domain results in a failure 
o form IFI16 filaments in cells (Figure 4 G and H). Gi v en
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363–375. 
these findings, we propose a model in which IFI16 filamen-
tation is dri v en by multivalent interactions between PY and
IDR, thus allowing for a mesh-like binding of IFI16 that
gi v es rise to filaments (Figure 7 G). 

Taken together, our findings point to LLPS as a key bio-
physical pr er equisite to initiate IFI16 antiviral functions.
The r equir ement for a thr eshold in both concentration and
phosphorylation le v els enab les a switch-like behavior for
the activation of IFI16 to carry out its antiviral functions.
These findings also have important mechanistic implica-
tions for mammalian PY-containing proteins with poten-
tial IDRs immediately C-terminal of the PY, most of which
have reported roles in modulating immunity (e.g. NLRPs,
ASC, and PYHIN proteins AIM2, IFIX) ( 5 , 74–78 ). This
study also adds to the accumulating evidences for a broader
role for LLPS in innate immunity. For example, in the cy-
toplasm, the DNA sensor cGAS forms spherical liquid
condensa tes tha t are critical for its DN A sensing ca pacity
( 41 , 47 ). Here, we uncover the relevance of LLPS in the con-
text of nuclear DNA sensing, thus further expanding the
link between LLPS and the regulation of innate immunity.
Of interest is also the different relationship between phos-
phorylation and LLPS in these contexts of cytoplasmic or
nuclear sensing. While cGAS phosphorylation suppresses
LLPS to pre v ent acti vation during mitosis ( 47 ), IFI16 phos-
phorylation within the IDR acts to promote LLPS and cy-
tokine induction. This distinction highlights the di v ergent
roles of phosphorylations in regulating LLPS. By extension,
it is also possible for IFI16 to be inhibited through tog-
gling between dif ferent phosphoryla tion sta tes during mi-
tosis to pre v ent autoacti vation. Future studies can help de-
termine whether the phosphorylation sites characterized in
this study or other sites may also regulate IFI16 activity dur-
ing mitosis. 

Altogether, our study links phosphorylation-dri v en
LLPS with nuclear DNA sensing. Our findings provide a
mechanistic explanation for how IFI16 switch-like phase
transitions, including dynamic oligomeric puncta and
stable filamentation, are achieved with high temporal and
spatial resolution for immune signaling initiation and
maintenance. The IFI16 LLPS, as dictated by its phos-
phoryla tion sta tus, can serve as a biophysical rheosta t tha t
toggles phases of innate immune activity. These results also
pr omise to pr ovide valuable insights into the regulation of
autoimmunity. 
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panoramaw e b.org/IFI16 LLPS PRM.url . The RAW data
and a compiled peptide library have been uploaded to Pro-
teomeXchange (identifier PXD034348). 

SUPPLEMENT ARY DA T A 

Supplementary Data are available at NAR Online. 
ACKNOWLEDGEMENTS 

We thank members of the Cristea Lab, in particular J.L. Jus-
tice for the IFI16 KO cell line, M.A. Kennedy and J.L. Jus-
tice for help with figure design, and T.M. Greco for help
with PRM design. We are also grateful to the Korennykh
Lab (Princeton Uni v ersity) and the Toettcher Lab (Prince-
ton Uni v ersity), in particular J. Du, K. Solorio-Kirpichyan,
A. Koul and A.A. Gil for their technical support in pro-
tein purification. We thank Dr. Gary Laevsky and Dr. Sha
Wang (Princeton Confocal Imaging Facility) for training in
microscopy, and the Princeton Genomics Core and staff for
help. 

FUNDING 

National Institutes of Health [GM114141 to I.M.C.];
Mallinckrodt Scholar Award [to I.M.C.]; Princeton Catal-
ysis Initiati v e [to I.M.C .]; Na tional Institutes of Health
tr aining gr ant from National Institute of General Medi-
cal Sciences [T32GM007388]; NIH NCATS TL1 training
award [TL1TR003019 to K.K.L.]. Funding for open ac-
cess charge: NIH NIGMSR01GM114141; Princeton Catal-
ysis Initiati v e; Stand Up to Cancer Convergence 3.1416 Re-
search Team Grant Award [to I.M.C.]. 
Conflict of interest statement. None declared. 

REFERENCES 

1. Chow,K.T., Gale,M. and Loo,Y.-M. (2018) RIG-I and other RNA 

sensors in antiviral immunity. Annu. Rev. Immunol. , 36 , 667–694. 
2. Diner,B.A., Lum,K.K. and Cristea,I.M. (2015) The emerging role of 

nuclear viral DNA sensors. J. Biol. Chem. , 290 , 26412–26421. 
3. Kawai,T. and Akira,S. (2010) The role of pattern-recognition 

receptors in innate immunity: update on toll-like receptors. Nat. 
Immunol. , 11 , 373–384. 

4. Wu,H. (2013) Higher-order assemblies in a new paradigm of signal 
transduction. Cell , 153 , 287–292. 

5. Crow,M.S. and Cristea,I.M. (2017) Human antiviral protein IFIX 

suppresses viral gene expression during Herpes Simplex Virus 1 
(HSV-1) infection and is counteracted by virus-induced proteasomal 
degradation. Mol. Cell. Proteomics , 16 , S200–S214. 

6. Unterholzner,L., Keating,S.E., Baran,M., Horan,K.A., Jensen,S.B., 
Sharma,S., Sirois,C.M., Jin,T., Latz,E., Xiao,T.S. et al. (2010) IFI16 
is an innate immune sensor for intracellular DNA. Nat. Immunol. , 11 ,
997–1004. 

7. Wang,L., Wen,M. and Cao,X. (2019) Nuclear hnRNPA2B1 initiates 
and amplifies the innate immune response to DNA viruses. Science , 
365 , eaav0758. 

8. Orzalli,M.H., DeLuca,N.A. and Knipe,D.M. (2012) Nuclear IFI16 
induction of IRF-3 signaling during herpesviral infection and 
degradation of IFI16 by the viral ICP0 protein. Proc. Natl Acad. Sci. , 
109 , E3008–E3017. 

9. Ferguson,B.J., Mansur,D.S., Peters,N.E., Ren,H. and Smith,G.L. 
(2012) DNA-PK is a DNA sensor for IRF-3-dependent innate 
immunity. Elife , 1 , e00047 

10. Cagliani,R., Forni,D., Biasin,M., Comabella,M., Guerini,F.R., 
Riva,S., Pozzoli,U., Agliardi,C., Caputo,D., Malhotra,S. et al. (2014) 
Ancient and recent selecti v e pressures shaped genetic di v ersity at 
AIM2-like nucleic acid sensors. Genome Biol Evol , 6 , 830–845. 

11. Li,T., Diner,B.A., Chen,J. and Cristea,I.M. (2012) Acetylation 
modulates cellular distribution and DNA sensing ability of 
interfer on-inducible pr otein IFI16. Proc. Natl Acad. Sci. U.S.A. , 109 , 
10558–10563. 

12. Kerur,N., Veettil,M.V., Sharma-Walia,N., Bottero,V., Sadagopan,S., 
Otageri,P. and Chandran,B. (2011) IFI16 Acts as a nuclear pathogen 
sensor to induce the inflammasome in response to Kaposi 
Sarcoma-associated herpesvirus infection. Cell Host Microbe , 9 , 

https://panoramaweb.org/IFI16_LLPS_PRM.url
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad449#supplementary-data


Nucleic Acids Research, 2023, Vol. 51, No. 13 6839 

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

3

3

3

3

3

3

3

3

3

3

4

4

4

4

4

4

4

4

4

4

5

5

5

5

5

3. Jakobsen,M.R., Bak,R.O., Andersen,A., Berg,R.K., Jensen,S.B., 
Jin,T., Laustsen,A., Hansen,K., Ostergaard,L., Fitzgerald,K.A. et al. 
(2013) PNAS Plus: from the cover: IFI16 senses DNA forms of the 
lentiviral replication cycle and controls HIV-1 replication. Proc. Natl 
Acad. Sci. , 110 , E4571–E4580. 

4. Diner,B.A., Lum,K.K., Toettcher,J.E. and Cristea,I.M. (2016) Viral 
DNA sensors IFI16 and cyclic GMP-AMP synthase possess distinct 
functions in regulating Viral gene expression, immune defenses, and 
apoptotic responses during herpesvirus infection. Mbio , 7 , e01553-16. 

5. Jin,T., Perry,A., Jiang,J., Smith,P., Curry,J.A., Unterholzner,L., 
Jiang,Z., Horvath,G., Rathinam,V.A., Johnstone,R.W. et al. (2012) 
Structures of the HIN domain:DNA complexes re v eal ligand binding 
and activation mechanisms of the AIM2 inflammasome and IFI16 
receptor. Immunity , 36 , 561–571. 

6. Morrone,S.R., Wang,T., Constantoulakis,L.M., Hooy,R.M., 
Delannoy,M.J. and Sohn,J. (2014) Cooperati v e assemb ly of IFI16 
filaments on dsDNA provides insights into host defense strategy. 
Proc. Natl Acad. Sci. U.S.A. , 111 , E62–E71. 

7. Orzalli,M.H., Conwell,S.E., Berrios,C., DeCaprio,J.A. and 
Knipe,D.M. (2013) Nuclear interferon-inducible protein 16 promotes 
silencing of herpesviral and transfected DNA. Proc. Natl Acad. Sci. 
U.S.A. , 110 , E4492–E4501. 

8. Johnson,K.E., Bottero,V., Flaherty,S., Dutta,S., Singh,V .V . and 
Chandran,B. (2014) IFI16 Restricts HSV-1 replication by 
accumulating on the HSV-1 genome, r epr essing HSV-1 gene 
expression, and directly or indirectly modulating histone 
modifications. PLoS Pathog. , 10 , e1004503. 

9. Merkl,P.E., Orzalli,M.H. and Knipe,D.M. (2018) Mechanisms of 
host IFI16, PML, and Daxx protein restriction of Herpes Simplex 
virus 1 replication. J. Virol. , 92 , e00057-18. 

0. Merkl,P.E. and Knipe,D.M. (2019) Role for a filamentous nuclear 
assembly of IFI16, DNA, and host factors in restriction of 
herpesviral infection. Mbio , 10 , e02621-18. 

1. Hornung,V. and Latz,E. (2010) Intracellular DNA recognition. Nat. 
Rev. Immunol. , 10 , 123–130. 

2. Ishikawa,H. and Barber,G.N. (2008) STING is an endoplasmic 
reticulum adaptor that facilitates innate immune signalling. Nature , 
455 , 674–678. 

3. Tanaka,Y. and Chen,Z.J. (2012) STING specifies IRF3 
phosphorylation by TBK1 in the cytosolic DNA signaling pathway. 
Sci. Signal , 5 , ra20. 

4. Lum,K.K., Howard,T.R., Pan,C. and Cristea,I.M. (2019) 
Charge-mediated pyrin oligomerization nucleates antiviral IFI16 
sensing of herpesvirus DNA. Mbio , 10 , e01428-19. 

5. Li,T., Chen,J. and Cristea,I.M. (2013) Human Cytomegalovirus 
tegument protein pUL83 inhibits IFI16-mediated DNA sensing for 
immune evasion. Cell Host Microbe , 14 , 591–599. 

6. Everett,R.D. (2016) Dynamic response of IFI16 and promyelocytic 
leukemia nuclear body components to Herpes simplex virus 1 
infection. J. V ir ol. , 90 , 167–179. 

7. Cabral,J.M., Oh,H.S. and Knipe,D.M. (2018) ATRX promotes 
maintenance of herpes simplex virus heter ochr omatin during 
chromatin stress. Elife , 7 , e40228. 

8. Cuchet-Louren c ¸o,D., Anderson,G., Sloan,E., Orr,A. and 
Everett,R.D. (2013) The viral ubiquitin ligase ICP0 is neither 
sufficient nor necessary for degradation of the cellular DNA sensor 
IFI16 during Herpes Simplex Virus 1 infection. J. V ir ol. , 87 , 
13422–13432. 

9. Diner,B.A., Lum,K.K., Javitt,A. and Cristea,I.M. (2015) Interactions 
of the antiviral factor interferon gamma-inducible protein 16 (IFI16) 
mediate immune signaling and Herpes simplex virus-1 
immunosuppression. Mol. Cell. Proteomics , 14 , 2341–2356. 

0. Orzalli,M.H., Broekema,N.M. and Knipe,D.M. (2016) Relati v e 
contributions of Herpes Simplex Virus 1 ICP0 and vhs to loss of 
cellular IFI16 vary in different Human cell types. J. Virol. , 90 , 
8351–8359. 

1. Stratmann,S .A., Morrone,S .R., van Oijen,A.M. and Sohn,J. (2015) 
The innate immune sensor IFI16 recognizes foreign DNA in the 
nucleus by scanning along the duplex. Elife , 4 , e11721. 

2. Perez-Ri v erol,Y., Bai,J., Bandla,C., Garc ́ıa-Seisdedos,D., 
He wapathirana,S., K amatchinathan,S., Kundu,D.J., Prakash,A., 
Frericks-Zipper,A., Eisenacher,M. et al. (2022) The PRIDE database 
r esour ces in 2022: a hub for mass spectrometry-based proteomics 
evidences. Nucleic Acids Res. , 50 , D543–D552. 
3. Sharma,V., Eckels,J., Schilling,B., Ludwig,C., Jaffe,J.D., 
MacCoss,M.J. and MacLean,B. (2018) Panorama public: a public 
repository for quantitati v e data sets processed in skyline. Mol. Cell. 
Proteomics , 17 , 1239–1244. 

4. Treen,N., Shimobayashi,S.F., Eeftens,J., Brangwynne,C.P. and 
Levine,M. (2021) Properties of r epr ession condensates in living Ciona 
embryos. Nat. Commun. , 12 , 1561. 

5. Justice,J.L., Kennedy,M.A., Hutton,J.E., Liu,D., Song,B., Phelan,B. 
and Cristea,I.M. (2021) Systematic profiling of protein complex 
dynamics re v eals DNA-PK phosphorylation of IFI16 en route to 
herpesvirus immunity. Sci. Adv. , 7 , eabg6680. 

6. Corbo,J.C., Levine,M. and Zeller,R.W. (1997) Characterization of a 
notochord-specific enhancer from the Brachyury promoter region of 
the ascidian, Ciona intestinalis. Development , 124 , 589–602. 

7. Shaiken,T.E. and Opekun,A.R. (2014) Dissecting the cell to nucleus, 
perinucleus and cytosol. Sci. Rep. , 4 , 4923. 

8. Bunnell,S.C., Hong,D.I., K ar don,J .R., Y amazaki,T., McGlade,C.J ., 
Barr,V.A. and Samelson,L.E. (2002) T cell receptor ligation induces 
the formation of dynamically regulated signaling assemblies. J. Cell 
Biol. , 158 , 1263–1275. 

9. Protter,D.S.W. and Parker,R. (2016) Principles and properties of 
stress granules. T r ends Cell Biol. , 26 , 668–679. 

0. Larson,A.G., Elnatan,D., Keenen,M.M., Trnka,M.J., Johnston,J.B., 
Burlingame,A.L., Agard,D.A., Redding,S. and Narlikar,G.J. (2017) 
Liquid droplet formation by HP1 � suggests a role for phase 
separation in heter ochr omatin. Nature , 547 , 236–240. 

1. Du,M. and Chen,Z.J. (2018) DNA-induced liquid phase 
condensation of cGAS activates innate immune signaling. Science , 
361 , 704–709. 

2. Burk e,K.A., Jank e,A.M., Rhine,C.L. and Fawzi,N.L. (2015) 
R esidue-by-R esidue view of In vitro FUS granules that bind the 
C-terminal domain of RNA polymerase II. Mol. Cell , 60 , 231–241. 

3. Schuster,B.S., Reed,E.H., Parthasarathy,R., Jahnke,C.N., 
Caldwell,R.M., Bermudez,J.G., Ramage,H., Good,M.C. and 
Hammer,D.A. (2018) Controllable protein phase separation and 
modular recruitment to form responsi v e membraneless organelles. 
Nat. Commun. , 9 , 2985. 

4. Shin,Y. and Brangwynne,C.P. (2017) Liquid phase condensation in 
cell physiology and disease. Science , 357 , eaaf4382. 

5. Kroschwald,S ., Maharana,S . and Simon,A. (2017) Hexanediol: a 
chemical probe to investigate the material properties of 
membrane-less compartments. Matters , 3 , e201702000010. 

6. Erd ̋ os,G., Pajkos,M. and Doszt ́anyi,Z. (2021) IUPred3: prediction of 
protein disorder enhanced with unambiguous experimental 
annotation and visualization of evolutionary conservation. Nucleic 
Acids Res. , 49 , W297–W303. 

7. Li,T ., Huang,T ., Du,M., Chen,X., Du,F., Ren,J . and Chen,Z.J . (2021) 
Phosphorylation and chromatin tethering pre v ent cGAS activation 
during mitosis. Science , 371 , eabc5386. 

8. Su,X., Ditlev,J.A., Hui,E., Xing,W., Banjade,S., Okrut,J., King,D.S., 
Taunton,J., Rosen,M.K. and Vale,R.D. (2016) Phase separation of 
signaling molecules promotes T cell receptor signal transduction. 
Science , 352 , 595–599. 

9. Sridharan,S., Hernandez-Armendariz,A., Kurzawa,N., Potel,C.M., 
Memon,D., Beltrao,P., Bantscheff,M., Huber,W., Cuylen-Haering,S. 
and Savitski,M.M. (2022) Systematic discovery of biomolecular 
condensate-specific protein phosphorylation. Nat. Chem. Biol. , 18 , 
1104–1114. 

0. Sun,L., Wu,J., Du,F., Chen,X. and Chen,Z.J. (2013) Cyclic 
GMP-AMP synthase is a cytosolic DNA sensor that activates the 
type I interferon pathway. Science , 339 , 786–791. 

1. Jackson,H.A., Hegle,A., Nazzari,H., Jegla,T. and Accili,E.A. (2012) 
Asymmetric di v ergence in structure and function of HCN channel 
duplicates in Ciona intestinalis. PLoS One , 7 , e47590. 

2. Passamaneck,Y.J. and Di Gregorio,A. (2005) Ciona intestinalis: 
chor date de v elopment made simple. Dev. Dyn. , 233 , 1–19. 

3. Ackerman,C .M., Myhrvold,C ., Thakku,S.G., Freije,C .A., 
Metsky,H.C., Yang,D.K., Ye,S.H., Boehm,C.K., 
Kosoko-Thor oddsen,T.-S.F., K ehe,J. et al. (2020) Massi v ely 
multiplexed nucleic acid detection with Cas13. Nature , 582 , 277–282. 

4. Egistelli,L., Chichiarelli,S., Gaucci,E., Eufemi,M., Schinin ̀a,M.E., 
Giorgi,A., Lascu,I., Turano,C., Giartosio,A. and Cervoni,L. (2009) 
IFI16 and NM23 bind to a common DNA fragment both in the P53 
and the cMYC gene promoters. J. Cell. Biochem. , 106 , 666–672. 



6840 Nucleic Acids Research, 2023, Vol. 51, No. 13 

 

 

 

55. Squires,M.S., Feltell,R.E., Wallis,N.G., Lewis,E.J., Smith,D.-M., 
Cross,D.M., Lyons,J.F. and Thompson,N.T. (2009) Biological 
characterization of AT7519, a small-molecule inhibitor of 
cyclin-dependent kinases, in human tumor cell lines. Mol. Cancer 
Ther. , 8 , 324–332. 

56. Uchida,K., Akita,Y., Matsuo,K., Fujiwara,S., Nakagawa,A., 
Kazaoka,Y., Hachiya,H., Naganawa,Y., Oh-Iwa,I., Ohura,K. et al. 
(2005) Identification of specific autoantigens in Sj ̈ogren’s syndrome 
by SEREX. Immunology , 116 , 53–63. 

57. Kimkong,I., Avihingsanon,Y. and Hirankarn,N. (2009) Expression 
profile of HIN200 in leukocytes and renal biopsy of SLE patients by 
real-time RT-PCR. Lupus , 18 , 1066–1072. 

58. Gugliesi,F., Bawadekar,M., De Andrea,M., Dell’Oste,V., 
Caneparo,V., Tincani,A., Gariglio,M. and Landolfo,S. (2013) 
Nuclear DNA sensor IFI16 as circulating protein in autoimmune 
diseases is a signal of damage that impairs endothelial cells through 
high-affinity membrane binding. PLoS One , 8 , e63045. 

59. Mondini,M., Vidali,M., De Andrea,M., Azzimonti,B., Air ̀o,P., 
D’Ambrosio,R., Riboldi,P., Meroni,P.L., Albano,E., Shoenfeld,Y. 
et al. (2006) A novel autoantigen to dif ferentia te limited cutaneous 
systemic sclerosis from diffuse cutaneous systemic sclerosis: the 
interferon-inducible gene IFI16. Arthritis Rheum. , 54 , 3939–3944. 

60. Caneparo,V., P astor elli,L., Pisani,L.F ., Bruni,B., Prodam,F ., 
Boldorini,R., Roggenbuck,D., Vecchi,M., Landolfo,S., Gariglio,M. 
et al. (2016) Distinct anti-IFI16 and anti-GP2 antibodies in 
inflammatory bowel disease and their variation with Infliximab 
therapy. Inflamm. Bo w el Dis . , 22 , 2977–2987. 

61. Vanhove,W., Peeters,P.M., Staelens,D., Schraenen,A., Van der 
Goten,J., Cleynen,I., De Schepper,S., Van Lommel,L., 
Reynaert,N.L., Schuit,F. et al. (2015) Strong upregulation of AIM2 
and IFI16 inflammasomes in the mucosa of patients with acti v e 
inflammatory bowel disease. Inflamm. Bowel Dis. , 21 , 2673–2682. 

62. Cao,T., Shao,S., Li,B., Jin,L., Lei,J., Qiao,H. and Wang,G. (2016) 
Up-regulation of interferon-inducible protein 16 contributes to 
psoriasis by modulating chemokine production in keratinocytes. Sci. 
Rep. , 6 , 25381. 

63. Chili v eru,S ., Rahbek,S .H., Jensen,S .K., Jørgensen,S .E., Nissen,S .K., 
Christiansen,S.H., Mogensen,T.H., Jakobsen,M.R., Iversen,L., 
Johansen,C. et al. (2014) Inflammatory cytokines break down 
intrinsic imm unolo gical toler ance of human primary ker atinocytes to 
cytosolic DNA. J. Immunol. , 192 , 2395–2404. 

64. Antiochos,B., Matyszewski,M., Sohn,J., Casciola-Rosen,L. and 
Rosen,A. (2018) IFI16 filament formation in salivary epithelial cells 
shapes the anti-IFI16 immune response in Sj ̈ogren’s syndrome. JCI 
Insight , 3 , 120179. 

65. Hotter,D., Bosso,M., Jønsson,K.L., Krapp,C., Stürzel,C.M., Das,A., 
Littwitz-Salomon,E., Berkhout,B., Russ,A., Wittmann,S. et al. (2019)
IFI16 Targets the transcription factor Sp1 to suppress HIV-1 
transcription and latency reactivation. Cell Host Microbe , 25 , 
858–872. 

66. Howard,T.R., Lum,K.K., Kennedy,M.A. and Cristea,I.M. (2022) 
The nuclear DNA sensor IFI16 indiscriminately binds to and 
diminishes accessibility of the HSV-1 genome to suppress infection. 
MSystems , . 

67. Johnson,K.E., Chikoti,L. and Chandran,B. (2013) Herpes Simplex 
virus 1 infection induces activation and subsequent inhibition of the 
IFI16 and NLRP3 inflammasomes. J. V ir ol. , 87 , 5005–5018. 

68. Karaba,A.H., Figueroa,A., Massaccesi,G., Botto,S., DeFilippis,V.R. 
and Cox,A.L. (2020) Herpes simplex virus type 1 inflammasome 
activation in proinflammatory human macrophages is dependent on 
NLRP3, ASC, and caspase-1. PLoS One , 15 , e0229570. 

69. Shen,C., Li,R., Negro,R., Cheng,J., Vora,S.M., Fu,T.-M., Wang,A., 
He,K., Andreeva,L., Gao,P. et al. (2021) Phase separation drives 
C © The Author(s) 2023. Published by Oxford University Press on behalf of Nucleic A
This is an Open Access article distributed under the terms of the Creati v e Commo
permits unrestricted reuse, distribution, and reproduction in any medium, provided t
RNA virus-induced activation of the NLRP6 inflammasome. Cell , 
184 , 5759–5774. 

70. Chen,L. and Flies,D.B. (2013) Molecular mechanisms of T cell 
co-stimulation and co-inhibition. Nat. Rev. Immunol. , 13 , 227–242. 

71. Sca tizzi,J.C ., Mavers,M., Hutcheson,J., Young,B., Shi,B., Pope,R.M., 
Ruderman,E.M., Samways,D.S.K., Corbett,J.A., Egan,T.M. et al. 
(2009) The CDK domain of p21 is a suppressor of IL-1 �-mediated 
inflammation in activated macrophages: innate immunity. Eur. J. 
Immunol. , 39 , 820–825. 

72. Lanza,A., Cirillo,N., Rossiello,R., Rienzo,M., Cutillo,L., 
Casamassimi,A., de Nigris,F., Schiano,C., Rossiello,L., Femiano,F. 
et al. (2008) Evidence of key role of Cdk2 ov ere xpression in 
Pemphigus Vulgaris. J. Biol. Chem. , 283 , 8736–8745. 

73. Fern ́andez-Torr es,J., P ́er ez-Hern ́andez,N., Hern ́andez-Molina,G., 
Mart ́ınez-Nava,G.A., Garrido-Rodr ́ıguez,D., L ́opez-Reyes,A. and 
Rodr ́ıguez-P ́erez,J.M. (2020) Risk of wnt / �-catenin signalling 
pathway gene polymorphisms in primary Sj ̈ogren’s syndrome. 
Rheumatology (Oxford) , 59 , 418–425. 

74. Cai,X., Chen,J., Xu,H., Liu,S., Jiang,Q.-X., Halfmann,R. and 
Chen,Z.J. (2014) Prion-like polymerization underlies signal 
transduction in antiviral immune defense and inflammasome 
activation. Cell , 156 , 1207–1222. 

75. Diner,B.A., Li,T., Greco,T.M., Crow,M.S., Fuesler,J.A., Wang,J. and 
Cristea,I.M. (2015) The functional interactome of PYHIN immune 
r egulators r e v eals IFIX is a sensor of viral DNA. Mol. Syst. Biol. , 11 ,
787. 

76. Ho ward,T.R., Cro w,M.S., Greco,T .M., Lum,K.K., Li,T . and 
Cristea,I.M. (2021) The DNA sensor IFIX dri v es proteome 
alterations to mobilize nuclear and cytoplasmic antiviral responses, 
with its acetylation acting as a localization toggle. Msystems , 6 , 
e00397-21. 

77. Lu,A., Magupalli,V.G., Ruan,J., Yin,Q., Atianand,M.K., Vos,M.R., 
Schr ̈oder,G.F., Fitzgerald,K.A., Wu,H. and Egelman,E.H. (2014) 
Unified Polymerization mechanism for the assembly of 
ASC-dependent inflammasomes. Cell , 156 , 1193–1206. 

78. Sharma,B.R., K ar ki,R. and K anneganti,T. (2019) Role of AIM2 
inflammasome in inflammatory diseases, cancer and infection. Eur. J. 
Immunol. , 49 , 1998–2011. 

79. MacLean,B., Tomazela,D.M., Shulman,N., Chambers,M., 
Finney,G.L., Frewen,B., Kern,R., Tabb,D.L., Liebler,D.C. and 
MacCoss,M.J. (2010) Skyline: an open source document editor for 
creating and analyzing targeted proteomics experiments. 
Bioinformatics , 26 , 966–968. 

80. Wang,C., Xu,H., Lin,S., Deng,W., Zhou,J., Zhang,Y., Shi,Y., Peng,D. 
and Xue,Y. (2020) GPS 5.0: an update on the prediction of 
kinase-specific phosphorylation sites in proteins. Genomics 
Proteomics Bioinformatics , 18 , 72–80. 

81. Xue,Y., Li,A., Wang,L., Feng,H. and Yao,X. (2006) PPSP: prediction
of PK-specific phosphorylation site with bayesian decision theory. 
BMC Bioinf. , 7 , 163. 

82. Pa trick,R., Horin,C ., Kobe,B., Cao,K.-A.L. and Bod ́en,M. (2016) 
Prediction of kinase-specific phosphorylation sites through an 
integrati v e model of protein context and sequence. Biochim. Biophys. 
Acta (BBA) - Proteins Proteomics , 1864 , 1599–1608. 

83. Kumar,M., Michael,S., Alvarado-Valv er de,J., M ́esz ́aros,B., 
S ́amano-S ́anchez,H., Zeke,A., Dobson,L., Lazar,T., Örd,M., 
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