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Identification of regulators of the innate immune
response to cytosolic DNA and retroviral infection

by an integrative approach

Mark N Lee!~3, Matthew Roy!-3, Shao-En Ong!-8, Philipp Mertins!, Alexandra-Chloé Villani!, Weibo Lil2,
Farokh Dotiwala%, Jayita Sen®, John G Doench!, Megan H Orzalli®, Igor Kramnik’, David M Knipe®,

Judy Lieberman*>, Steven A Carr! & Nir Hacohen!-3

The innate immune system senses viral DNA that enters mammalian cells, or in aberrant situations self-DNA, and triggers type
| interferon production. Here we present an integrative approach that combines quantitative proteomics, genomics and small
molecule perturbations to identify genes involved in this pathway. We silenced 809 candidate genes, measured the response to
dsDNA and connected resulting hits with the known signaling network. We identified ABCF1 as a critical protein that associates
with dsDNA and the DNA-sensing components HMGB2 and IFI204. We also found that CDC37 regulates the stability of the
signaling molecule TBK1 and that chemical inhibition of the CDC37-HSP90 interaction and several other pathway regulators
potently modulates the innate immune response to DNA and retroviral infection.

The innate immune system detects viral infection primarily by rec-
ognizing viral nucleic acids inside an infected celll. In the case of
retroviruses, which are RNA viruses that replicate via a DNA inter-
mediate, genomic RNA can be recognized in endosomes of specialized
innate immune cells using Toll-like receptor 7 (TLR7)?, whereas the
reverse-transcribed DNA is believed to be recognized during entry
into a host cell by a cytoplasmic DNA sensor (or sensors) that triggers
type Linterferon production?. This latter response has been observed
in cells that lack the endoplasmic reticulum (ER)-associated 3" to 5
exonuclease, TREX1. When TREXI is present, it can degrade the viral
DNA before sensing occurs.

Self DNA from the host cell seems to have a similar fate: a deficiency
in TrexI leads to the accumulation of endogenous retroelements and
genomic DNA in the cytoplasm, causing aberrant activation of the
DNA-sensing pathway and subsequent initiation of autoimmunity*>.
Indeed, mutations in TREX1 are associated with human autoimmune
disorders such as Aicardi-Goutiéres syndrome (AGS)®, familial chil-
blain lupus” and systemic lupus erythematosus (SLE)®. Genetic ablation
of DNA-sensing pathway components (Irf3 or Tmem173 (also known
as Sting)) or the type I interferon receptor can prevent disease onset in
TrexI~~ mice (an animal model of AGS)*, demonstrating the key epi-
static relationship between TrexI and the interferon-stimulatory DNA
(ISD)-sensing pathway, and linking the recognition of DNA viral and
retroviral infection to the initiation of autoimmune disease. Identifying

components of this pathway may facilitate the identification of thera-
peutics that modulate the DNA-sensing response to mitigate disease.

How cytosolic DNA elicits production of type I interferons is a
long-standing question® that has gained key insights recently. Specific
DNA sequences, for example, (A+T)-rich DNA, are recognized by
cytosolic RNA polymerase III, which transcribes the DNA ligand into
an RNA product that is recognized by the cytosolic RNA-sensing
receptor RIG-I°-11. The innate immune recognition of retroviruses,
retroelements and other non—(A+T)-rich DNA does not involve RNA
polymerase I1I or RIG-I3>1213 but involves several of the downstream
components of the RIG-I pathway. Recognition of cytosolic DNA
relies on the intracellular transmembrane protein, STING!415, which
binds to the kinase TBK1 and the transcription factor IRF3 to allow
IRF3 phosphorylation!®. Phosphorylated IRF3 then dimerizes and
translocates into the nucleus to induce Ifnbl expression. In addi-
tion, certain HMGB family proteins as well as the AIM2-like recep-
tor, IFI16, are believed to have at least a partial role in the cytosolic
DNA response!7-18. However, the underlying mechanisms remain
poorly understood.

We describe here an integrative approach for identification of
new components of this DNA-sensing pathway (referred to as the
‘ISD-sensing pathway’ here) and the innate immune response to
retroviral infection. We combined unbiased quantitative proteomics
with curation of candidates from existing proteomic, genomic
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and domain-based data sets, and functionally tested 809 of these
candidates by high-throughput loss-of-function (RNA inter-
ference; RNAi) screening. We then validated hits by chemical
inhibition, cDNA rescue or targeted knockout, and mined existing
protein-protein interaction data sets (host-host and host-viral) to
form a network model of the ISD-sensing pathway.

RESULTS

Quantitative proteomics identifies candidate pathway components
We generated 809 candidate genes from proteomic, genomic and
domain-based data sets that we hypothesized contain unidentified
ISD-sensing pathway components (Fig. 1a). First, we used protein-
protein interaction data sets to nominate 36 candidate proteins
that interacted with the known DNA-sensing signaling proteins
STING!415, TBK1 (refs. 13,16), IKKe!? and IRF3 (ref. 12) from a
recent mass spectrometry study!® as well as 99 candidates from our
own mass spectrometry-based list of putative STING-interacting
proteins (Supplementary Table 1). Second, we selected 321 DNA-
stimulated genes and interferon-stimulated genes (ISGs) from our
own and existing microarray data sets (Online Methods) based on the
hypothesis that a subset of components of this pathway are feedback-
regulated!”20. Third, we focused on 126 annotated phosphatases
(Gene Ontology (GO): 0004721) and 71 deubiquitinases (GO: 0004221
and ref. 21) as part of our pilot screen to identify regulators of the
ISD-sensing pathway!6:20,

Because there was no existing data set of cytoplasmic DNA-
interacting proteins, we used quantitative proteomics to discover such
proteins. We prepared cytoplasmic extracts from mouse embryonic
fibroblasts (MEFs; Supplementary Fig. 1a) and added biotinylated
45-base-pair double-stranded DNA (‘ISD sequence’?) coupled to
streptavidin beads as bait. We used three-state stable isotope labeling
by amino acids in cell culture (SILAC) to label and quantify pro-
teins using mass spectrometry?2, with ‘medium’ molecular weight
(M) isotope-labeled cells used as negative control (lysates incubated
with beads alone), ‘light’ (L) isotope-labeled cells for bead-DNA
precipitation and ‘heavy’ (H) isotope-labeled cells for bead-DNA

precipitation preceded by IFN-f stimulation to upregulate pathway
components (Supplementary Fig. 1b).

Although only a handful of bands were visually distinguishable
by protein electrophoresis (Supplementary Fig. 1¢,d), we identified
184 proteins with SILAC ratios that exhibited enrichment for DNA
binding after mass spectrometry (Fig. 1b, Supplementary Table 2
and Supplementary Fig. le). Among the 184 proteins, 121 (64.2%)
were classified by Gene Ontology as having nucleic acid binding func-
tion (P = 5.95 x 10758; GO: 0003676), and others were components of
DNA-binding complexes.

Twenty of the 184 identified proteins (10.9%) represent the major-
ity of known proteins involved in the immune sensing of cytosolic
DNA (Fig. 1c). We identified known components of DNA-sensing
pathways including HMGB family proteins (HMGB1, HMGB2 and
HMGB3)!8, components of the AIM2 inflammasome (IFI202B and the
HMGB proteins)!$23 and the cytosolic RNA polymerase III complex
(POLR3A, POLR3B, POLR3C, POLR3D, POLR3E, POLR3F, POLR3G,
POLR3H, POLRI1C, POLR1D, POLR2E, POLR2H and CRCP). We
also identified three members of the SET complex (TREX1, APEX1
and HMGB2) that regulate the ISD-sensing pathway as well as HIV-1
detection and infection3%18:24, Tn addition, we identified the proteins
SAMHDI1 and TREXI1 (refs. 25,26), which are involved in regulating
retroviral and retroelement detection and are responsible for AGS»?7.
These results validate the utility of quantitative mass spectrometry for
finding components of cytosolic DNA-sensing pathways.

RNAi screen defines components of the ISD-sensing pathway

To functionally test the 809 proteomic, genomic and domain-based
candidate genes described above (Fig. 1a), we developed a robust
high-throughput screening assay, in which we knocked down genes
with small interfering RNAs (siRNAs) in MEFs transfected with
dsDNA and measured production of the interferon-inducible pro-
tein CXCL10 by enzyme-linked immunosorbent assay (ELISA;
Supplementary Fig. 2a,b). We used CXCL10 as a readout for inter-
feron-inducible genes because of its high induction in response to
nucleic acids, its dependence on IRF3 and the availability of robust
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Figure 1 Generation of a candidate gene set by quantitative proteomics and curation. (a) Sources of the 809 ISD-sensing pathway candidates from
proteomic, genomic and domain-based data sets. Data sets included protein-protein interactors of STING, TBK1, IKKe and IRF3 identified by mass
spectrometry (Supplementary Table 1 and ref. 19); cytoplasmic DNA-interacting proteins identified by mass spectrometry in b; DNA-regulated and
IFN-B-regulated genes found by microarray analysis; and annotated phosphatases and deubiquitinases. (b) Quantitative mass spectrometry analysis
showing DNA-binding proteins precipitated from cytoplasmic extracts of MEFs; proteins were precipitated with biotinylated DNA immobilized on
streptavidin beads with streptavidin beads alone used as a negative control; white, red, purple, blue, green and orange circles, DNA-interacting
proteins with colors corresponding to pathways in c; yellow dots, nonsignificant precipitated proteins; A, abundance; H, M and L, isotope-labeled
samples. Ratio of DNA-binding (DNA pull-down, +IFN-fB; Ay) to bead-binding (empty bead pull-down, +IFN-B; Ay) per protein on the x axis is plotted
against ratio of DNA binding with IFN-B prestimulation (DNA pull-down, +IFN-B; Ay) to DNA binding without IFN-B prestimulation (DNA pull-down,
—IFN-B; Ap) per protein on the y axis. (c) Representation of SILAC assay-selected hits to indicate the involvement of identified proteins in known

cytosolic DNA-sensing pathways.

VOLUME 14 NUMBER 2 FEBRUARY 2013 NATURE IMMUNOLOGY



© 2013 Nature America, Inc. All rights reserved.

&

RESOURCE

Figure 2 RNAI screen defines functional a DNA SILAC Phosphatases
components of the ISD-sensing pathway. 154
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ing phosphatases (for example, Ppp6¢ and
Mdp1I), deubiquitinases (for example, Usp12
and Cyld) and regulated genes (for example, Tiparp). We investigated
several of the siRNA screening hits in detail (see below).

Several cytoplasmic DNA-interacting mass spectrometry hits had
functional phenotypes in the siRNA screen (Supplementary Table 3a).
HMGB2 regulates nucleic acid-sensing pathways (ref. 18 and
Supplementary Fig. 3a) and interacts with DNA. ABCF1 isa cytosolicand
ER-localized member of the ATP-binding cassette (ABC) fam-
ily of transporters with a role in translational control?’, but unlike
other members of the ABC family, the Abcf subfamily proteins lack
transmembrane domains. Although a role in DNA sensing had
not been previously observed for ABCFI1, there is evidence that
human polyomavirus 6 and 7 proteins interact with ABCF1 (ref. 30
and Fig. 2b). We used 14 different siRNAs targeting AbcfI to interfere
with Abcfl mRNA expression in MEFs and measured by ELISA the
induction of CXCL10 in response to stimulation of the ISD-sensing
pathway. Knockdown of AbcfI correlated with loss of CXCL10 induc-
tion (R? = 0.62), with three different siRNA screening pools (si-0, si-1
and si-2) that inhibited both AbcfI mRNA and ABCF1 protein expres-
sion and CXCL10 induction most strongly (Fig. 3a). Knockdown of
AbcfI with the strongest AbcfI siRNA (si-1) resulted in >93% less
production of CXCL10 (Fig. 3b). Expression of an siRNA-resistant
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cDNA (AbcfI rescue gene), but not of a Renilla luciferase cDNA con-
trol, significantly rescued this phenotype in a manner dependent on
the amount of doxycycline used to titrate cDNA expression (Fig. 3b
and Supplementary Fig. 3b,c).

Known components of the ISD-sensing pathway such as Sting,
TbkI and Irf3 represented strong hits in our siRNA screen (Fig. 2a).
Knockdown of each of these genes resulted in over 90% less CXCL10
production in response to stimulation with ISD (Supplementary
Table 3b,c). Several siRNA screening hits, including Cdc37, Numal
and Cyb5r3, whose protein products were found to interact with
STING (Supplementary Table 1) or TBK1 (ref. 30) also resulted in
loss of CXCL10 expression in the siRNA silencing screen (Fig. 2a,b
and Supplementary Table 3¢). siRNA-mediated knockdown of Cdc37
resulted in over 96% less CXCL10 production in response to stimu-
lation with ISD, which is comparable to the reduction induced by
knockdown of Sting, Tbk1 or Irf3 (Supplementary Table 3¢). In addi-
tion, treatment of primary mouse lung fibroblasts or human monocyte-
derived dendritic cells (MoDCs) with celastrol, a small molecule
inhibitor of the CDC37-HSP90 interaction3!32, potently decreased
Ifnbl and CXCL10 induction in cells stimulated with ISD (Fig. 4a and
Supplementary Fig. 4a). CDC37 is a molecular co-chaperone that
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Figure 3 Validation of AbcfI as a regulator of the a 4 b Doxy Renilla-HA Doxy-Abcf1(rescue)

ISD-sensing response. (a) ELISA of CXCL10 in MEFs R + —+W 25 1.00

treated with control siRNA (siCtrl) or 14 different € sr = 20 =075 o
siRNAs targeting Abcf1 and stimulated with DNA, f; —‘-+— A2=0.62 ?i,, 15 §

plotted against qRT-PCR analysis of AbcfI mRNA 8 2f + L = ' S 050

expression in corresponding siRNA-treated MEFs. 5 il /—_‘f;1 A siCtrl si-0 si-1 si-2 1.0 g *

Inset, immunoblot analysis showing knockdown Si'o\ﬁﬁ-agin QHNA :... S os 5 025

efficiency of siCtrl or siRNAs si-0, si-1 and si-t—p o

si-2 targeting mRNA encoding ABCF1 in MEFs; sie”0 25 50 75 100 125 Doxy _ 0o 03 3 30 Doxy _ o 03 3 30
B-actin served as a loading control. (b) ELISA of Abof1 expression (%) (ho/mi siCtrl siAbcf1 (si-1) g/mi siCtrl  siAbcf1 (si-1)

CXCL10 in MEFs stably expressing doxycycline (Doxy)-inducible hemagglutinin epitope-tagged Renilla

luciferase (Renilla-HA) or Doxy-inducible Abcfl-rescue cDNA treated with siRNA to Abcf1 (si-1) and doxycycline and
stimulated with DNA. Bottom, immunoblot analysis showing knockdown efficiency of no siRNA, siCtrl or si-1 in
MEFs stably expressing hemagglutinin epitope-tagged Abcf1 (Abcfl-HA) or hemagglutinin epitope-tagged siAbcfl
(si-1)-knockdown-resistant Abcfl (Abcfl(rescue)-HA). Data are from one experiment representative of three )
independent experiments (mean and s.d. in b). *P< 0.05, **P < 0.001 (Student’s t-test).

interacts with HSP90 to stabilize specific proteins, notably protein
kinases3?, and is a putative interacting partner of TBK1 (ref. 33). Thus
we tested whether CDC37 regulates TBK1 expression. siRNA-mediated
knockdown of Cdc37 in MEFs substantially decreased TBK1 protein
expression (Fig. 4b). In addition, siRNA-mediated knockdown of Cdc37
in MEFs abrogated phosphorylation of IRF3 at Ser396, a modification
known to occur during activation of the ISD-sensing pathway (Fig. 4b).
Chemical inhibition of HSP90 (by 17-DMAG) or of TBK1 (by BX795)
decreased production of ISD-stimulated IfnbI and CXCL10 in mouse
lung fibroblasts and human MoDCs, similar to the decreases in the
amounts of these cytokines caused by CDC37 inhibition (Fig. 4a and
Supplementary Fig. 4a). Thus, targeting the members of this complex
(Fig. 2b) with small molecules blocked the ISD-sensing response by
potently inhibiting TBK1 protein stability or activity.

Secondary signaling downstream of the interferon receptor is also
important in the ISD-sensing response (Fig. 2b), and we identified
known (for example, Irf9 and Statl) and candidate mediators (for
example, Ptpn1; ref. 34) of the secondary signaling network (Fig. 2b,
Supplementary Fig. 4b and Supplementary Table 3b,d). MEFs defi-
cient in the protein tyrosine phosphatase Ptpnl produced 2.4-fold
more CXCL10 in response to stimulation with ISD than rescued MEFs
did (Fig. 4c and Supplementary Fig. 4c). Consistent with this result,
small molecule inhibition of PTPNI increased CXCL10 production
9.1-fold in human MoDCs stimulated with ISD (Fig. 4d).

We also tested siRNA screening hits with unknown molecular inter-
action partners in the ISD-sensing pathway. SP110 is an interferon-
regulated nuclear body protein. A natural deleterious mutation in

Figure 4 Small molecule inhibitors a
modulate the ISD-sensing response. 03
(a) ELISA of CXCL10 in human MoDCs
treated with small-molecule inhibitors

(500 nM celastrol, 75 nM 17-DMAG or

500 nM BX795) or vehicle control and
stimulated with 0.3 ug/ml DNA (HIV
gag-100) for 24 h or left unstimulated (-).
(b) Immunoblot analysis of TBK1, IRF3,
p-IRF3 or CDC37 in MEFs treated with
control siRNA (siCtrl) or siRNA targeting
Cdc37 (siCdc37) and stimulated for 4 h with
DNA. (c) ELISA of CXCL10 in Ptpnl7~ MEFs
and Ptpnl-~ MEFs rescued with Ptpnl cDNA 0=
(Ptpnl-- (rescue)) stimulated with DNA. i\‘c’\q&
(d) ELISA of CXCL10 in human MoDCs treated
with 7.5 uM PTPN1 inhibitor, 1 nM okadaic

Cdc37 & Hsp90

CXCL10 (ng/ml)
o
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Abcf1(rescue)-HA

Sp110 (ref. 35) resulted in over 30% less Ifnbl induction in mouse
conventional dendritic cells (cDCs) in response to stimulation with
ISD compared to wild-type ¢cDCs (Supplementary Fig. 4d). The
serine-threonine phosphatase PPP6C has been proposed to interact
with IkB-€33, but its target in the ISD-sensing pathway is unknown.
Consistent with the increased CXCL10 production we observed in the
siRNA screen, we found that small molecule inhibition of PPP6C by
okadaic acid increased ISD-stimulated CXCL10 production in human
MoDCs 2.6-fold (Fig. 4d). Taken together, our experiments identified
regulators of the ISD-sensing pathway with roles in DNA sensing,
primary signaling and secondary signaling.

ABCF1 interacts with HMGB2, IFI204 and the SET complex

Because the role of ABCF1 in DNA sensing has not been established
previously, we investigated the interaction partners of ABCFI.
In an unbiased quantitative mass spectrometry-based approach
(Supplementary Fig. 5a), we identified 53 proteins that significantly
(P < 0.01) precipitated with hemagglutinin epitope-tagged ABCF1
(ABCF1-HA) in MEFs (Fig. 5a and Supplementary Table 4). Three
of these proteins, SET, HMGB2 and ANP32A, are members of the
ER-associated SET complex (Fig. 5a,b and Supplementary Fig. 5b)
that also contains the DNA exonucleases TREX1 and APEX1, which
we identified in ISD interaction experiments (Fig. 1b,c). None of these
proteins were found upon pull-down of hemagglutinin epitope-tagged
STING protein (STING-HA; Supplementary Table 1), indicating spe-
cificity for ABCF1. By immunofluorescence staining of MEFs stably
expressing ABCF1-HA, we found that a subset of ABCF1 localized
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acid or vehicle control and stimulated with 0.3 pg/ml DNA (HIV gag-100) or left unstimulated (-). Data are from one experiment representative of
three independent experiments (mean and s.d. in a,c,d). *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s t-test).
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Figure 5 ABCF1 interacts with HMGB2, a b c SET ABCF1-HA
IF1204 and SET complex. (a) Quantitative mass z 4 JABCF1

spectrometry analysis of ABCF1-HA-interacting gg 3]
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(e) qRT-PCR analysis of Abcfl and ISG mRNA
in MEFs treated with indicated siRNAs and

infected with HSV-1 d109 (6 h). (f,g) qRT-PCR analysis of /fnb1 (f) or Abcf1 and ISG mRNA (g) in TrexI”~ MEFs treated with indicated siRNAs and
stimulated with 4 pg/ml DNA (HIV gag-100) for 5.5 h or infected with Sendai virus for 6 h (f) or stimulated with 300 U/ml IFN-B for 8 h (g). Data
in b—g are from one experiment representative of three (mean in e,g; mean and s.d. in f). **P < 0.01 compared with stimulated siCtrl-treated cells

(Student’s t-test).

with SET and the ER marker calreticulin (Fig. 5¢c and Supplementary
Fig. 5¢), consistent with previous reports that ABCF1 localizes to both
ER and cytosolic compartments?®. These results suggest that ABCF1
interacts with the SET complex at the ER.

In addition to its role in the SET complex, HMGB?2 is thought to
function as a co-ligand for nucleic acid sensors, though its precise
role remains unclear!$. In our mass spectrometry analysis of ABCF1-

HA-interacting proteins (Fig. 5a), we found that ABCF1 interacted
with HMGB2 as well as IFI204 (Fig. 5a,b), whose related human
protein, IFI16, is a putative DNA sensor!’. Consistent with the
reported functions of Hmgb2 and Ifi16 (refs. 17,18), siRNA-mediated
knockdown of AbcfI suppressed TBK1 and IRF3 phosphorylation in
MEFs stimulated with ISD (Fig. 5d and Supplementary Fig. 5d,e).
siRNA-mediated knockdown of AbcfI also significantly decreased
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Figure 6 Inhibition of identified regulators by RNAi or small molecules modulates the innate immune
response to retroviral infection. (a) qRT-PCR analysis of Cxc/10 mRNA in TrexI~ MEFs treated with )
indicated siRNAs and infected with retrovirus for 21.5 h. Known ISD-sensing pathway genes are =
shown in blue text; small molecule inhibitors of selected targets are labeled and marked with arrows. §
(b,c) qRT-PCR analysis of /fnb]1 mRNA in TrexI~ MEFs treated with control siRNA (siCtrl), siRNA £
to Abcf1 (si-1) or siRNA to Cdc37 (siCdc37) and infected with retrovirus. (d,e) gRT-PCR analysis of o
Ifnb1 or ISG mRNA in TrexI”- MEFs treated with vehicle alone or small molecule inhibitors (400 nM 3
celastrol, 750 nM 17-DMAG, 500 nM BX795, 30 uM PTPN1 inhibitor or 10 nM okadaic acid) and

infected with retrovirus. (f) gRT-PCR analysis of mRNA of the ISG, MX1, in TREXI mutant (AGS
patient 1, R114H,D201ins; AGS patient 2, R114H,R114H) human fibroblasts and healthy control
fibroblasts treated with vehicle alone or small molecule inhibitors (500 nM celastrol, 100 nM 17-DMAG

and 500 nM BX795) and infected with retrovirus. Data are from one experiment representative of two (a) or three (b—f) independent experiments (mean
and s.d. in a-d,f; mean ine). *P< 0.05, **P < 0.01 (Student’s t-test; after Benjamini-Hochberg correction for multiple testing in a).
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Ifnbl and ISG induction in MEFs after stimulation with dsDNA
(HIV gag-100 sequence) or infection with HSV-1 d109 (Fig. 5e,f and
Supplementary Fig. 5f,g) but had no significant effect on Ifnb1 or
ISG induction by Sendai virus (which stimulates the RIG-I pathway)
or by recombinant IFN-B (Fig. 5f,g). Taken together, these results
suggest that ABCF1 interacts with HMGB2 and IFI1204 and is a criti-
cal node in the DNA-sensing network (Supplementary Fig. 5b).

Identified factors regulate host responses to retrovirus

We further examined whether the ISD-sensing pathway regula-
tors described above also regulate the innate immune response to
retroviral infection. Infection by an HIV-based retrovirus induced
type I interferon and ISG production in TrexI~/~ MEFs but not in
wild-type MEFs (ref. 3 and Supplementary Fig. 6a). Knockdown
of four of the genes identified in our siRNA screen (Ptpnl, Tiparp,
Mdp1 and Ppp6c) in TrexI~/~ MEFs followed by infection with an
HIV-based retrovirus significantly enhanced the ability of the retro-
viral infection to induce IfnbI and ISG production, whereas knock-
down of ten of these genes (Asb13, Abcfl, Usp49, Reep4, Cyb5r3,
Numal, Wdr77, Asfla, Mtmr3 and Cdc37) as well as of four known
signal transduction components (Trim56, Sting, Tbkl and Irf3)
significantly abrogated the innate immune response (Fig. 6a—c and
Supplementary Fig. 6b).

Chemical inhibition of CDC37, HSP90 or TBK1 potently abro-
gated retroviral infection—induced Ifnb1 induction in Trex1~/~ MEFs
(Fig. 6d,e and Supplementary Fig. 6¢); in contrast, chemical inhi-
bition of PTPN1 or PPP6C increased ISG induction in response
to retroviral infection in a dose-dependent manner (Fig. 6e and
Supplementary Fig. 6c). We also tested several of these small mol-
ecules in human fibroblasts derived from two healthy individuals and
from two patients with AGS that carry mutations in TREX1 (AGS
patient 1 had an R114H substitution on one allele and an Asp201 inser-
tion on the other allele, named ‘R114H,D201ins, and AGS patient 2
had homozygous mutations that encoded proteins with R114H sub-
stitutions, called ‘R114H,R114H")25. The R114H variant is the most
common mutation found in individuals with AGS and is also found in
individuals with SLE®. Small-molecule targeting of CDC37 (celastrol),
HSP90 (17-DMAG) and TBK1 (BX795) abrogated the induction of
ISGs in the AGS fibroblasts (Fig. 6f and Supplementary Fig. 6d).
Taken together, these results suggest that genetic or chemical inhibi-
tion of ISD-sensing pathway regulators we identified can modulate
the innate immune response to retroviral infection in TrexI~/~ MEFs
and in fibroblasts from patients with AGS.

DISCUSSION

We described here the integration of complementary genomic and
proteomic data sets to identify new components and physical interac-
tions in the ISD-sensing signaling network. We generated and used
DNA-protein interaction, protein-protein interaction and loss-of-
function screening data sets to identify new ISD-sensing pathway
components; validated several of the newly identified components,
including AbcfI; demonstrated that a subset of these newly identi-
fied components have functional roles in the response to retroviral
infection in Trex1~/~ MEFs; and showed that small-molecule inhibi-
tors of several of these components can modulate the innate immune
response to dsDNA and retroviral infection in both mouse and
human cells.

We identified SET complex members (SET, ANP32A and HMGB2)
as interacting partners for ABCF1. The SET complex contains three
DNA nucleases (TREX1, APEX1 and NME1), the chromatin-
modifying proteins SET and ANP32A, and HMGB2, which functions

as a co-receptor for nucleic acid receptors among other roles3¢. The
observed interactions (whether direct or indirect) among dsDNA,
ABCF1, HMGB2 and other SET complex members suggest that early
steps in DNA recognition may occur at the ER-localized SET com-
plex. Consistent with this hypothesis, the complex member TREX1
can prevent HIV-1 DNA detection, and its absence results in accu-
mulation of retroelement DNA at the ER which drives an ISD-sensing
response>*37. Furthermore, the complex members SET and NME1
also detect HIV-1 DNA and in turn regulate HIV-1 infectivity?’.
A recent model suggests that the SET complex may recognize viral
DNA as damaged DNA, specifically via its base excision repair (BER)
activity and/or its distorted structure (for example, HMGB2)38.
Consistent with this model, the DNA interactors we identified included
the SET and BER complex member APEX1 as well as nearly the entire
BER complex (for example, PARP1, PARP2, POLB, LIG3, XRCCI,
FEN1 and PCNA). Overall, these results suggest that the SET complex
has a central role in DNA sensing and forms a coordinated system for
detecting, modifying and degrading viral or retroelement DNA.

We also tested the impact of small-molecule inhibitors on the
DNA-sensing response and found that inhibition of five components
modulates the innate immune response to cytosolic DNA in human
dendritic cells and to retroviral infection in TREXI mutant fibroblasts.
Targeting the two inhibitory phosphatases PTPN1 and PPP6C may
serve as a way to enhance the immune response to DNA viruses and
retroviruses or the immunogenicity of DNA vaccines!>3°. In contrast,
inhibition of CDC37, HSP90 or TBK1 may be useful in treating cer-
tain autoimmune conditions. Several of these small molecules have
already been tested for other conditions in mice and humans. For
example, 17-DMAG is being explored for the treatment of autoim-
mune disease and various cancers*’, and extracts of the medicinal
plant Tripterygium wilfordii, from which the natural product celas-
trol is derived, have been used as an anti-inflammatory*!. Although
current treatments for TREX1-dependent autoimmune disorders
(including AGS, familial chilblain lupus and SLE) do not target the
cause of these diseases, small molecules such as celastrol, 17-DMAG
and BX795 that inhibit the ISD-sensing response may represent new
therapeutics for this class of disorders.

Several concrete results and new lines of investigation have emerged
from the integrative approach described here. First, the proteomic and
functional RNA interference data sets provide a resource for immu-
nologists to mine and identify factors involved in any aspect of the
cellular response to cytosolic DNA. Second, the finding that ABCF1
interacts with the SET complex and other critical factors opens up a
new direction for studies of the ISD-sensing pathway, focusing on
the hypothesis that DNA degradation and sensing are coordinated.
Finally, our list of putative factors provides a large target space for
seeking small-molecule inhibitors, leading us to identify several com-
pounds with potential utility in treating patients with an overactive
ISD-sensing pathway, as observed for AGS and related disorders.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. Gene Expression Omnibus: GSE42802 and
GSE42803 (microarray data).

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS

Cells, viruses and reagents. p53~/~ MEFs were derived from p53~/~ mice
(gift from D.J. Kwiatkowski (Harvard Medical School) and D.M. Sabatini
(Massachusetts Institute of Technology)). Trex1~/~- MEFs and C57BL/6 wild-
type control MEFs were a gift from T. Lindahl (London Research Institute).
Ptpn1~- MEFs and Ptpn1~'~ MEFs rescued with Ptpn1 cDNA were a gift from
B.G. Neel (Ontario Cancer Institute)*?. Human AGS patient (TREX1 R114H/
D201ins and TREX1 R114H/R114H) fibroblasts and healthy control fibrob-
lasts were a gift from Y.J. Crow (University of Manchester). Primary murine
lung fibroblasts were derived from lung tissue of 4-8 wk old female C57BL/6
mice. Mouse conventional dendritic cells (cDCs) were prepared from wild-
type or B6.C3H-sst1 (Sp110 LoF) mice as previously described3>43. The 293T
cells were obtained from the American Type Culture Collection. Cells were
maintained in DMEM (Mediatech) with 10% FBS (Sigma). Human monocytes
were isolated by negative selection (Life Technologies) from peripheral blood
mononuclear cells, and differentiated into dendritic cells in GM-CSF (R&D)
and IL-4 (R&D) in RPMI (Life Technologies) with 10% FBS (Life Technologies)
for 7 d. Sendai virus was obtained from ATCC and used at a multiplicity of
infection (MOI) of 1. HSV-1 d109 (ref. 44) was obtained as a gift from N.A.
DeLuca (University of Pittsburgh) and used at an MOI of 1. Self-inactivating
minimal HIV-1 virus was produced in 293T cells using the vector pLX301
(TRC, Broad Institute), packaging construct psPAX2 and envelope plasmid
pCMV-VSVG.ISD, HIV gag-100 and HSV60 dsDNA were annealed from oligo-
nucleotides (IDT) as described®1217; sequences are listed in Supplementary
Table 5a. In vitro-transcribed RNA was synthesized as described*>. Nucleic
acids were mixed with Lipofectamine LTX (Life Technologies) at ratio of
1:3 (wt/vol) in Opti-MEM (Life Technologies) and added to cells at 1 ug/ml
(DNA) or 0.1 pg/ml (RNA) unless otherwise indicated. Recombinant IFN-f
was obtained from PBL InterferonSource, murine CXCL10 ELISA kit from
R&D, NE-PER from Pierce, Coomassie blue (SimplyBlue SafeStain) from Life
Technologies and EXPRESS35S Protein Labeling Mix from Perkin Elmer.
Antibodies used were anti-p-TBK1 Ser172 (5483; Cell Signaling), anti-
p-IRF3 Ser396 (4947; Cell Signaling), anti-TBK1 (3504; Cell Signaling), anti-
IRF3 (4302; Cell Signaling), anti-CDC37 (4793; Cell Signaling), anti-ABCF1
(SAB2106638, Sigma), anti-HMGB2 antibody (ab67282, Abcam), anti-SET
(sc25564, Santa Cruz Biotechnology), anti-IFI204 (SAB2105265, Sigma),
anti-o-tubulin (T5168, Sigma), anti-B-actin (ab6276, Abcam), anti-HA (High
Affinity 3F10; Roche), anti-SMARCB1 (H-300; Santa Cruz Biotechnology),
anti-calreticulin (ab14234; Abcam) and rat IgG control (012-000-003, Jackson
Laboratories). PTPN1 inhibitor (CAS 765317-72-4), okadaic acid and celastrol
were obtained from Millipore; BX795 and 17-(Dimethylaminoethylamino)-17-
demethoxygeldanamycin (17-DMAG) were from Invivogen.

Plasmid construction. To create the tet-on lentiviral vector (p)CW57d-P2AR),
pLKO.1 (ref. 46) was modified as follows: U6 shRNA cassette was removed a
tetracycline-responsive promoter element (TRE) with a multiple cloning site
was inserted upstream of PGK promoter; rtTA was cloned 3" of puroR (with
2A multicistronic cleavage site in between) with a woodchuck hepatitis virus
posttranscriptional regulatory element (WPRE). To create the AbcfI-rescue
construct, silent mutations were made in the siRNA to AbcfI (si-1) target-
ing site using overlap extension PCR; the rescue cDNA was then cloned into
pCW57d-P2AR. The Irf3-rescue construct was similarly cloned, with silent
mutations made in the siRNA to Irf3 (silrf3) targeting site. To generate the
HA-tagged Abcfl (Abcfl-HA) and HA-tagged Sting (Sting-HA) expression
vectors, an HA tag—encoding sequence was added to C terminus of the cDNAs
during PCR, and the constructs were cloned into pLX301. Primer sequences
are listed in Supplementary Table 5b.

Identification of DNA-interacting proteins by SILAC mass spectrometry.
537/~ MEFs were grown for six cell doublings in DMEM depleted of L-arginine
and L-lysine (Caisson Labs Inc.) and supplemented with 10% dialyzed FBS
(Sigma) and either L (L-arginine and L-lysine), M ([!3C¢]L-arginine and [D4]L-
lysine) or H ([13Cq,!°N,]L-arginine and ['3Cg,1°N,]L-lysine) isotope-labeled
amino acids (Sigma Isotec). L and H isotope-labeled cells were stimulated with
1,000 U/ml IFN-B for 18 h. Cells were pelleted and incubated in hypotonic lysis
buffer (10 mM HEPES pH 7.4, 10 mM KCI, 1 mM EDTA; HLB) containing
protease inhibitors (Roche) for 10 min on ice followed by lysis for 1 min in
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HLB with 0.3% Triton X-100. Nuclei and insoluble proteins were removed by
centrifugation. Lysates (11 mg) from H and L isotope-labeled samples were
mixed with 1:1 mix of biotinylated DNA (‘ISD’ sequence is used throughout
the study unless otherwise specificied) and DNA with a tetraethylene glycol
arm between biotin and nucleic acid (IDT). No DNA was added to 11 mg of M
isotope-labeled sample. Streptavidin beads (Ultralink; Pierce) were added to
all samples, which were then rotated for 2.5 h at 4 °C. Beads were pelleted and
washed extensively with wash buffer (50 mM Tris-HCI pH 7.8, 150 mM NaCl,
1 mM EDTA, 0.75% NP-40, 0.175% sodium deoxycholate). All samples were
mixed, cysteines were reduced by DTT and alkylated with iodoacetamide, and
proteins eluted by heating in SDS sample buffer (Life Technologies) for 10 min
before separation on a 4-12% gradient gel (NuPAGE; Life Technologies).
Resolved proteins were divided into 13 fractions and subjected to trypsin
proteolysis. Peptide extracts were cleaned up offline with C18 StageTips before
90 min nano-electrospray ionization-liquid chromatography mass spectro-
metry (nanoESI-LCMS) analyses with a gradient of 3-35% acetonitrile and
0.1% formic acid. Protein and peptide identification and quantification was
performed with MaxQuant (v1.0.12.31) using International Protein Index
(IPI) mouse v3.52 as search database. Protein ratios were medians of ratios
from at least two quantified peptides. Log(Ag/Ay,) is the ratio of abundance
of a protein when pulled down with DNA beads versus empty beads, and
log(Ay/Ay) represents abundance of a protein when pulled down with DNA
beads from cells stimulated with IFN-f versus from cells without IFN-3.
To identify ‘significant’ proteins, P values were calculated via Gaussian model-
ing of log(Ay/Ay) data, and significance threshold of P < 1 x10™* was used.

Identification of STING- and ABCFl-interacting proteins by SILAC mass
spectrometry. p53~~ MEFs mock infected (L isotope-labeled) or stably express-
ing Sting-HA (H isotope-labeled) or Abcf1-HA (M and H isotope-labeled) were
grown in SILAC solutions (see above) and then stimulated with 1,000 U/ml
IFN-P for 18 h. H isotope-labeled cells were transfected with DNA for 2.5 h.
Cells were lysed in 50 mM Tris-HCI pH 7.8, 150 mM NaCl, 1 mM EDTA,
0.2% NP-40, and insoluble proteins were removed by centrifugation. We mixed
18 mg of each lysate with 1 pg/ml anti-HA antibody and Protein G beads
(Pierce) and rotated the mixture for 2.5 h at 4 °C. Samples were then handled
as above (with Sting-HA and Abcf1-HA cells handled separately) with the follow-
ing differences: peptides were analyzed with a 100 min acquisition method on a
Thermo EASY-nLC 1000 UHPLC coupled to a Q Exactive mass spectrometer;
MaxQuant (v1.2.2.5) and IPI mouse v3.68 were used. To identify significant
interactions, P values were calculated via Gaussian modeling of the log,(Ap/A)
and logy(Ap/A}) data, and significance threshold of P < 0.01 was used.

RNA interference screen. We seeded 750 p53~/~ MEFs per well in 96-well
plates in 60% DMEM and 40% Opti-MEM. siRNA (25 nM) was complexed with
0.5 ul Lipofectamine RNAiMax (Life Technologies) in Opti-MEM, incubated
for 12 min and added to wells. Cells were transfected with DNA 72 h later.
Supernatants were collected 26 h later, and CXCL10 was quantified by ELISA.
Cell viability was estimated by CellTiter-Glo Luminescent Cell Viability
Assay (Promega); CellTiter-Glo values below 3.75 x 10° were considered
toxic. Dharmacon siGENOME SMARTpools from Harvard ICCB were used
for screening. ON-TARGETplus Nontargeting Pool (Dharmacon) was used
as negative control (siCtrl). Individual siRNAs are listed in Supplementary
Table 5c.

cDNA rescue. p53~/~ MEFs stably expressing cDNA in the pPCW57d-P2AR
vector were subjected to siRNA. Doxycycline (Sigma) was added 72 h later
and cells were stimulated with ISD DNA.

Quantitative RT-PCR. Total RNA was extracted using RNeasy Mini kit
(Qiagen). cDNA was synthesized using High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). Real-time qPCR was performed using
SYBR Green and LightCycler 480 system (Roche). The primers used for gPCR
are listed in Supplementary Table 5d.

Co-immunoprecipitation assays. p53~/~ MEFs stably expressing doxycycline-

inducible Abcfl-HA were treated with 3 pg/ml doxycycline, and lysed in
10 mM Tris-HCl, 2 mM EDTA, 0.4% NP-40 with complete EDTA-free protease

doi:10.1038/ni.2509



© 2013 Nature America, Inc. All rights reserved.

&

inhibitors (Roche). Anti-HA was cross-linked to Protein G beads (Roche)
at 1 pug antibody per 20 ul beads using dimethyl pimelimidate dihydrochlo-
ride (Sigma). Cleared supernatants were incubated with antibody-bound
beads, and rotated overnight at 4 °C. Rat IgG control bound to Protein G was
used as IP control with 48 h doxycycline-treated lysates. Beads were washed
extensively with wash buffer (10 mM Tris-HCI, 2 mM EDTA and 1% NP-40).
Immunoprecipitates were eluted with 100 pl 2.5 M glycine (pH 3) and buff-
ered to pH 7.5 by adding 25 ul of 2 M Tris. Samples were boiled in reducing
Laemmli buffer for 10 min, separated by SDS-PAGE and immunoblotted.

Immunofluorescence assays. We grew 5 x 10% p53~/~ MEFs stably trans-
fected with doxycycline-inducible AbcfI-HA overnight on glass cover slips.
Expression was induced by adding 3 pug/ml doxycycline for 48 h. Cells were
fixed using 4% PFA for 15 min and permeabilized using PBS + 0.2% Triton
X-100. Cells were treated with primary antibodies at concentration of 1/200
for 1 h, followed by treatment with fluorophore-labeled secondary antibod-
ies. Cells were mounted on glass sides using DAPI-containing Vectashield
(Vector Laboratories) and visualized using 503 Platform (Intelligent Imaging
Innovations) under x40 and x63 oil-immersion objective. Eight z stacks were
taken per image at 1 um per step; images were deconvolved using nearest
neighbor algorithm.

DNA microarray analysis. (i) The 293T cells were stimulated with 1,000 U/ml
IFN- and lysed 12 h later. RNA was hybridized to Affymetrix Human U133
Plus 2.0 array by the Molecular Profiling Laboratory (MGH Center for Cancer
Research). (ii) p53~/~ MEFs were treated with siRNAs for 72 h and then trans-
fected with DNA for 6 h (in biological duplicates). RNA was hybridized to
Affymetrix GeneChip Mouse Gene 1.0 ST Array by Expression Analysis.
(iii) Genes were curated as follows: >6.1-fold upregulation after poly(dA-dT)-
poly(dT-dA) stimulation of MEFs for 4 h from GDS1773 (ref. 13); >3.9-fold
upregulation after IFN-3 stimulation of NIH3T3 cells for 4 h, and >6.25-fold

doi:10.1038/ni.2509

upregulation after IFN-f stimulation of 1929 cells for 4 h from GSE14413
(ref. 47); >1.3-fold upregulation after IFN-f3 stimulation of 293T cells from
above-described arrays.

Network analysis. Network analysis was carried out using protein-protein
interaction data from Ingenuity, the STRING database (http://string.embl.
de/), and protein-protein interactions found experimentally in published stud-
ies!9:30:3348.49 and in above-described SILAC experiments.

Statistics. Statistical significance was determined by paired Student’s -test.
P < 0.05 was considered statistically significant.
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