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TLR9 and STING agonists synergistically induce innate
and adaptive type-II IFN
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Agonists for TLR9 and Stimulator of IFN Gene (STING) act as vaccine adjuvants that induce
‘type-1 immune responses. However, currently available CpG oligodeoxynucleotide (ODN)
(K-type) induces IFNs only weakly and STING ligands rather induce type-2 immune
responses, limiting their potential therapeutic applications. Here, we show a potent syner-
gism between TLR9 and STING agonists. Together, they make an effective type-1 adjuvant
and an anticancer agent. The synergistic effect between CpG ODN (K3) and STING-ligand
cyclic GMP-AMP (cGAMP), culminating in NK cell IFN-y (type-II IFN) production, is due
to the concurrent effects of 1L-12 and type-I IFNs, which are differentially regulated by
IRF3/7, STING, and MyD88. The combination of CpG ODN with cGAMP is a potent type-1
adjuvant, capable of inducing strong Ty, 1-type responses, as demonstrated by enhanced
antigen-specific IgG2c and IFN-y production, as well as cytotoxic CD8* T-cell responses.
In our murine tumor models, intratumoral injection of CpG ODN and cGAMP together

© reduced tumor size significantly compared with the singular treatments, acting as an
antigen-free anticancer agent. Thus, the combination of CpG ODN and a STING ligand
may offer therapeutic application as a potent type-II IFN inducer.

Keywords: Adjuvant - cGAMP - CpG ODN - IFN-y - STING - TLR -

Additional supporting information may be found in the online version of this article at the .
publisher’s web-site

Introduction

Pathogen-derived factors, such as LPS or unmethylated CpG DNA .

(Cp@), stimulate innate immune cells to produce cytokines, such
as IL-12 and type-I or type-1I IFNs, which help generate Ty 1-type
responses and cellular immunity [1, 2]. IL-12 acts on naive CD4* T
cells to drive Ty, 1 development and IFN-y production [3, 4]. IFN-y-
producing Ty 1 cells, in turn, are the main players in the induction
of type-1 immunity, which is distinguished by high phagocytic

Correspondence: Prof. Ken . Ishii
e-mail: kenishii@biken.osaka-uv.ac.jp

activity [5, 6]. Moreover, T,1 cells play key roles in the gen-
eration of antitumor immunity, helping with proper activation
and effector functions of CTL, including IFN-y production [7, 8].
Thus, agents that can induce strong Tj, 1-type responses, CTL, and
NK cells [9] are urgently needed, as they may play critical roles
in developing efficient vaccine adjuvants or immunotherapeutic
agents against intracellular pathogens or cancer.

CpG oligodeoxynucleotides (ODNs) are synthetic single-
stranded DNAs containing unmethylated CpG motifs with imm-
unostimulatory properties due to their resemblance to bacte-
rial genomes, and are recognized by TLR9 in certain types of
innate immune cells [10, 11]. Upon ligand binding, TLR9 signals
through the adaptor molecule MyD88, leading to production of

© 2014 The Authors. European Journal of Immunology published by WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim
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IRF7-dependent type-1 IFNs and NF-«B-dependent cytokines [12]. .
Additionally, in vivo, CpG ODNs have been reported to induce Thl-
type responses because of the types of cytokines that are induced
by CpG ODNs in APGs [12]. Among the different types of CpG
ODNs, D-type CpG ODNs strongly induce both type-I and type-Il
IFNs, but are not capable of in ‘B-cell activation [12, 13]. K-

type CpG ODNs (K3 CpG) strongly induce B-cell activation, result- -

ing in IL-6 and antibody production, while they only weakly induce
type-I and type-I1 IFNs [12, 13]. However, since D-type CpG ODNs
form aggregates, only K3 CpG is available for clinical use [12, 13].

Along with microbial DNA, os‘ DNA can also become a dan-
ger signal, specifically if it ina 'pnately locates in the cytosol,
thereby leading to producti f IFNs and promﬂammatory
cytokines [14, 15]. One recentlykxdentlﬁed cytosolic DNA sensor
is cyclic GMP-AMP (cGAMP) symthase, which catalyzes produc—
tion of a noncanomcal cychc dlnucleonde cGAMP (2'3/cGAMP),
containing noncanonical ‘2 ‘d‘ 3,5’ linkages between its
purine nucleosides {16]. Canonical cGAMP (3'3') is synthesized
within bacteria and differs fr mammalian 2'3/cGAMP:in that
GMP and AMP nucleosrdes ar Jomed by bis- (3,5 linkages
[17, 18].

In addition to ¢cGAMP, c-di- AMP and ¢-di-GMP, which are
cyclic dinucleotides of bacterra gln are ligands for the adaptor
molecule Stimulator of IFN Gene (STING) that signals through
the TBK1-IRF3 axis to induce type-I IFN production and NF-
«B-mediated cytokine production [19, 20]. Recent studies have
shown that these cyclic dinucleotides function as potent vaccine
adjuvants due to theirability to enhance antigen-specific T-cell and
humoral immune responses [21]. Nevertheless, our group previ-
ously demonstrated that a STING ligand, DMXAA, induces type-2
immune responses unexpectedly [22] via STING-IRF3-mediated
production of type-1IFNs. As type-2 immune responses often fail to
induce type-1 immune responses, the clinical usefulness of STING

'ligands, including cyclic dmucleotrdes was debatable For exam-

ple, the most common adjuvant, alummum salt (alum), lacks the
ability to induce cell-mediated 1mmun1ty, Wthh is considered pro-
tective in cases of intracellular pathogen- -derived diseases or can-

cer [23]. To overcome this limitation, alum has been combined -

with many different kinds of adjuvants, including monophospho-
ryl lipid A [24] and CpG ODN [25].

Based on the evxdence described above, we trled to overcome
the issues that K3 CpG and cGAMP possess mdmdually by combin-
ing K3 CpG and 3’3’cGAMP We mvesngated the 1mmunolog1cal
characteristics, potency as a vaccine adjuvant and potential as an
antitumor 1mmunotherapeut1c of this combmatlon, as well as its
mechanisms of action in vitro and in vivo. In vitro, the effect of
combined K3 CpG and ¢cGAMP was analyzed using human and
mouse PBMCs (mPBMCs). Additionally, the effect of this combi-
nation was analyzed in vivo via an immunization model by mea-
suring the induction of antigen- -specific T- and B-cell -responses
after combination immunization. Fmally, we evaluated the abil-
ity of combined K3 CpG and ¢GAMP to suppress tumor growth
in a mouse.tumor model. Our results, suggest that the combina-
tion of K3 CpG and cGAMP makes a potent type-1 adjuvant and a
promising immunotherapeutic agent for cancer.

© 2014 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Results

Combination of K3 'CpG and cGAMP potently induces
IFN-y in human PBMCs (hPBMCs) :

K3 CpGisa humamzed K-type (also known as: B) CpG ODN that
has been reported to induce type-1 immune responses yet only
weakly induces IFNs [13, 26]. On the other hand, ‘w‘hlle cGAMP
can induce robust type-I IFNs and acts as an adjuvant’jf[z/l], other
STING ligands were reported to induce type-2 immune responses
[22]. To overcome these known limits of K3 CpG and cGAMP, we
examined the 1mmunostxmulatory propertxes of a combination of

K3 CpG and the canomcal 3'3'cGAMP in'vitro in hPBMCs. After

screening many cytokines usmg‘mulnple hPBMCs to find inter-
actions between TLRY- and STING-mediated signaling pathways
(data not shown), we found that our combination displayspotent
synergism in the mducnon of Ik N-y, approxrrnately 10- to 90-fold
more than stimulation with K3 CpG or cGAMP alone (Fig. 1A).

Next, to identify the major TFN-y-producing cell type .in
hPBMCs, we performed intracellular staining of IFN-y in hPBMCs
stimulated with K3 CpG, cGAMP, or the combination (gating strat-
egy is shown in Supporting Information Fig. 2). Our results indi- -
cate that CD3~CD56+CD16+ NK cells are the major producers of
synergistic IFN-y among; the hPBMCs in response to the combina-
tion stimulation, ‘while CD8" T cells and other cells produced a
minimal amount of IFN-y (Fig. 1B).

Type-11FNs and IL-12 are capable of activating NK cells for IFN-
y production in addition to inducing type-1 immune responses
[27, 28]. Therefore, we next examined the role of I1L-12 and
type-I IFNs in the combmatmn'mduced innate IFN-y produmon
in hPBMCs. Treéatment with IL-12 neutrahzmg antibody partially
reduced the'synergistic IFN-y induction by the combination ‘stirn-
ulation (Fig. 1C). Although trearment Wlth type-l IFN neutralizing
antibody did not have any effect on the combination-induced IFN-
y production, neutralizing both type- -1 IFNs.and IL- 12 at the'same

time further reduced the synerglstlc IFN-y production (Flg 10).

These results suggest that IL-12 works in coordination with type-I
IFNs for the synergistic production of IFN-y by hPBMCs. Taken
together, the results above indicate that, when combined, K3 CpG
and cGAMP can be potent NK activators, leading to the production
of large amounts of IFN-y through mechanisms partially depen-
dent on IL-12 and type-I IFNs. '

Cellular and mtracellular mechanisms of the
synerglstlc IFN-y induction by K3 CpG and cGAMP
in mice

To examine the synergism between our TLR9 and STING agonists
for early (innate) IFN-y induction in mice, we stimulated mPBMCs
in vitro with K3 CpG, ¢cGAMP, or the combination. Large amounts
of IFN-y production were observed ina synergistic manner similar
to what we observed in hPBMCs (Fig. 2A). Since IRF3 and IRF7
are the necessary downstream molecules for cGAMP- and CpG-
mediated type-1IFN induction, respectively [17, 29], we examined
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Figure 1. K3 CpG and cGAMP (TLR9 and STING agonists, respectively) synergistically induce innate IFN-y production by human NK cefls. (A)
hPBMCs from two healthy donors were incubated with K3 CpG (10 pg/mL), cGAMP (10 uM), or K3 CpG (10 ng/mL) + cGAMP (10 uM) for 24 h
and the supernatant IFN-y concentrations were measured by ELISA. Data are representative of at least two independent experiments, and are
shown.as-the mean +SD.of duplicates from one experiment, representative of at least'two performed."p-<.0.05; **p < 0.01 (one-way ANOVA with
Bonferroni's multiple comparison test). (B) hPBMCs from three healthy donors were stimulated with K3 CpG, cGAMP, or K3 CpG. + cGAMP for 16 h,
with'the last4 hinthe presence of Brefeldin A. After stimulation, cells were analyzed by flow cytometry for the detection of IFN-y-producing cells.
The percentage of IFN-y-producing CD3*CD8* T cells, CD3+CD8~ T cells (including CD4* T cells), and CD3-CD56+CD16™ NK cells'are indicated in
the quadrants. Data from one donor, which is representative of three donors, is.shown..(C) hPBMCs from two healthy donors were treated with
5 ng/mL of isotype control, type-l IFN neutralizing, 1L-12/23p40 neutralizing, or type-1IFN + IL-12/23p40 neutralizing antibodies 30 min prior to
24°h of stimulation with K3 CpG, cGAMP, or K3 CpG + cGAMP. IFN-y production was measured by ELISA. Data are representative of at least two
independent experiments;-and-are-shown-as the mean + SD of duplicates from one experiment, representative of at least two performed. *p <
0.05; "p <.0.01 (one-way ANOVA with Bonferroni's multiple comparison test).

the roles of IRF3 and IRF7 in the synergistic IFN-y production using  synergistic IFN-y induction by our combination. Together these

mPBMCs derived from- either ‘mice deficient for both IRF3 and
IRF7 (double knockout, DKO). The synergistic IFN-y production
was abrogated in the IRF3/7 DKO mPBMCs (Fig. 2A). :

AsIL-12 and type-I IFNs are responsible for the synergistic IFN-
y productionin hPBMCs (Fig: 1C), we further examined the ability
of combined K3 CpG and cGAMP to activate dendritic cells (DC)
that can produce 1L-12 and/or type-I IFNs. When we incubated
GM-CSF-derived DCs (GM-DCs) and Flt3L-derived DCs (FL-DCs).
with K3  CpG, ¢cGAMP, or the combination, we found a similar
synergy to-the one we observed in mPBMCs (Fig. 2B to D). The
combination of K3 CpG and ¢cGAMP induced significantly higher
1L-12p40- production by both GM-DCs (Fig. 2B) and FL-DCs
(Fig. 2C), -and" significantly higher IFN-o production by FL-DCs
(Fig. 2D) than the amounts induced by singular stimulations.
This suggests a potential role for 1L-12 and type-I IFNs in the

“© 2014 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

results demonstrate that the synergy between K3 CpG and cGAMP
that potently induces IFN-y in hPBMCs was reproduced in mice.
The mechanisms for this synergism involve IRF3/7-mediated
intracellular signaling, and the synergy induces type-I IFNs by
plasmacytoid DCs (pDCs) as well as 1L-12 production by both
conventional DCs and pDCs. k

TLR9/STING agonists induce type-1 immunity, CD8+
T cells, and suppress type-2 immunity

Given.the presence of different kinds of agonistic STING ligands,

¢-di-GMP, the mammalian 2'3'cGAMP and DMXAA, which was
reported to induce type-2 immune responses [18, 19, 22], we
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next examined the ability of K3 CpG to synergize with these other
STING ligands. mPBMCs stimulated with not only 3'3'cGAMP, but
also 2/3'cGAMP and c-di-GMP synergized with K3 CpG to induce
innate IFN-y production (Fig. 3A).

To evaluate the adjuvant properties of these combmatlons
in vivo, we immunized mice ‘with the OVA proteln and K3
CpG, STING agonists, or combinations of X3 CpG and STING
agonists twice, at days 0 and 10. At day 17, antigen- spec1ﬁc
antibody responses and spleen cell responses were examined. All
mouse groups adjuvanted with STING agonists, such as cGAMP,
¢-di-GMP, and DMXAA, but not those adjuvanted with the TLR9
agonist, K3 CpG had type-2 immune responses characterized by
a high titer of serum anti-OVA 1gG1 (Fig. 3B), and OVA spe(:lﬁc
1L-13 production by splenocytes (Fig. 3C). By sharp contrast, the
addition of K3 CpG converted all of the type-2 immune responses
induced by STING agomsts into type 1 immune _responses,
characterized by strong induction of OVA—specxﬁc serum IgG2c
and splenocyte IFN-y, while shutting down OVA “specific IgG1 and
IL-13 production (Fig. 3B and C). We also observed synergistic
induction of IFN:y by OVA-speciﬁc CD8* T cells (Supporting
Informatlon Fig 1A). Furthermore, our ‘in vivo CTL cytotox1c1ty
assay (gating strategy is shown in Supportmg Informatlon
Fig. 3) revealed that compared to the PBS, K3 CpG, or cGAMP
immunization groups, combination of K3 CpG and cGAMP could
induce strong antigen-specific CD8+ CTL cytotoxmlty (Supporting
Information Fig. 1B) These results suggest that combinations
of TLRY and STING agonists result in potent type-1 adjuvants,
capable of inducing robust CD8* T-cell responses"in addition
to the induction of synergistic adaptlve IFN-y productlon in the
antigen-stimulated spleen’ cells of the combmauon immunized

© 2014 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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£33 IRF3/7 DKO

Figure 2. Combination of K3 CpG and cGAMP causes syn-
ergistic induction of innate I[FN- ym mPBMGs in.an IRF3/7-
: dependent manner and producnon of IFN-u and IL-12 by
FL-DC DCs. (A) mPBMCs from WT and IRF3/7. D Qemvce were
i stimulated with K3 CpG, cGAMP, or,kKS“Cp #CGAMP for 24
we% #s% hand IFN-y production was measured by ELISA. Data are
™ rm representative of two independent,e‘xpe‘riments! and are
shown as the mean + SEM of duplicates from one exper-
iment, representative of two performed.**p < 0.001(Stu-
‘dent’s t-test); (B) GM-DCs were stimulated with K3 CpG,
“CGAMP, or K3 CpG + cGAMP for 24 h, and IL-12p40 pro-
duction was measured by ELISA. (C and D) FL-DCs were
stimulated with K3 CpG, cGAMP, or K3 CpG + cGAMP for
& 24 h, and (C) IL-12p40 and (D) IFN-o production were mea-
C’g sured by ELISA. (B to D) Data are representative of two
© independent.experiments and are 'shownas the mean
48D of duplicates from one experiment, representative
oftwo performed. **p<0.001 (one-way ANOVA wnh Bon-
ferroni’s multiple comparison test).

mice, and of suppressing the type-2 immune ‘responses that are
induced by STING ligands.

Synergistic induction of IFN-y depends on IRF3/7
STING, MyD88 IL- 12 and type-I1 IFN sugnahng

We showed in mPBMCs that synergistic production of innate IFN-y
was comp]etely dependent on IRF3 and 1RF7, Wh.lCh are requxred
for the mductlon of type-I IFNs by cGAMP and K3 CpG Tespec-
tively. Since cGAMP is a hgand for STING, and K3 CpG is a
hgand for TLR9 that 51gnals via the adapter molecule MyD88,
we evaluated the 1nvolvement of IRF3/7 MyD88 STING ~and
type-1 IFNs in the combmamon 1nduced synerglstlc productlon
of antigen- specxﬁc IFN- -Ys usmg IRF3/7 DKO, IFN -a/B . receptor
(IFNAR) KO, MyD88 KO, and STING mutant mice. Combmatlon-
induced antigen- spec1f1c IgGZc in the sera and IFN-y productlon by
spleen were significantly decreased in theST,ING, mutant, IRF3/7
DKO, MyD88 KO, and IFNAR KO mice, compared with the WT
mice (Fig. 4A and B). )
Our in vitro studles in mouse and hPBMCs also showed that
IL-12 contributes to synerglstlc mducnon of lnnate IFN~y There— .
fore, we next investigated the 1nvolvement of IL 12 by using
IL-12p40+/~ and IL-12p40~/~ mice. We found that IL- 12p40 was
required for the synergistic 1nductlon of antigen- spemﬁc IFN-y, but

~ not for the mducnon of IgG2c annbody responses (Fig. 4C and D).

Overall our ,results suggest that ,the combination of K3 CpG and

‘¢GAMP is a potent type-1- adjuvant synergistically inducing the

production of antigen- spec1ﬁc IFN-y inan IRFB/ 7, STING, MyD88, -
1L-12, and type-1 IFN mgnalmg—dependent manner.

www.eji-journal.eu
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representative of two performed.”p < 0.05;*'p. < 0.01; **p < 0.001 (one-way ANOVA with Bonferroni's multiple comparison test). (B and C) Mice
(n=4)were immunized i.m. with OVA (10 ng) with or without K3 CpG (10 ng), 3'3'/2'3’cGAMP (1 g), ¢-di-GMP (1 ug), DMXAA (50 ng), or K3 + 3’3/
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individual mouse. Data are representative of two independent experiments and are shown as the mean -+ SD of biological replicates from one
experiment, representative of two performed. *p < 0.05; *'p < 0.01 (Mann-Whitney U-test). i

Combination of K3 CpG and cGAMP efficiently
suppresses tumor growth in a murine model

B'eeause Tn1 and CD8* T-cell responses are important for the gen-
eration of antitumor 'immun'ity, we investigated the immunothera-
peutlc potenmal of the K3 CpG and cGAMP combmatlon in a mouse
" tumor model We inoculated mice with OVA-expressmg EG-7 lym-
k'phoma cells by s.c. injection. On days 7 and 10, mice were given
‘ mtratumor mjectlons of PBS, K3 CpG (10 ug) cGAMP (10 wg),
Vor K3 CpG and CGAMP. Comblnatlon treatment 51gn1ﬁcantly sup-
pressed the tumor growth compared with PBS, K3 CpG, or cGAMP
treatments (Flg 54), suggestmg ‘that our combmatlon can work
‘as an antigen-free 1mmunotherapeut1c agent for cancer. In addi-
 tion, the antitumor effect of the combination, in the EG-7 tumor
model, was dependent on the CD8* T- cell activity, rather than the
NK-cell activity, as the combination failed to suppress the tumor
) growth in the RAG2 KO mice (Suppomng mformatlon Fig. 4B),
and 51gn1f1cantly higher amounts of IFN- -y were ‘produced only by
i kthe OVA-specific CD8* T cells of the mice that were treated with
the comblnat:lon (Supportmg Information Fig. 4A). '
: To mvesmgate the: antitumor effect of our combination ina
tumor model that does not express an artlﬁaa] antigen, such as
“OVA, we inoculated mice with B16 F10 melanoma cells that were
' shown to. rely on NK cells for clearance [30] by s.c. injection.
On days 8, 11, and 13, mice were given intratumor injections of
PBS, K3 CpG (10 p.g),’ ¢GAMP (10 ug), or K3 CpG and cGAMP.

©' 2014 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Although cGAMP showed a significant antitumor effect compared
to the PBS treatment group, antitumor effect of the combination

- was the strongest among all groups (Fig. 5B).

Discussion

Efﬁcient': vaccines . against . intracellular pathogens or cancer
require adjuvants that induce type-1 immune responses. Cyclic
dinucleotides, such as cGAMP. and c-di-GMP, have attracted
attention as potential vaccine adjuvants because they directly
bind to. the transmembrane molecule STING and activate the
TBK1-IRF3-dependent. signaling,’pathwayy to induce type-I IFNs
[31]. However, evidence: that STING. agonists ‘induce type-2
immune responses [22], rather than protective type-1 immune
responses, suggests that their potential therapeutic applications

_are limited. In this study, we_solve this issue by combining
STING-agonists with K3 CpG, a TLR9 ligand. This combination -

synergistically enhances innate and adaptive IFN-y production.
It acts as a potent type-1 adjuvant, strongly inducing antibody
responses, and CD4* Ty,1 and CD8* T cells, and as an antitumor
agent that can efficiently suppress tumor growth in mouse tumor
models of lymphoma and melanoma.

The current study demonstrates that the combination of K3

'CpG and cGAMP synerglstxcally mduces innate IFN-y. production

in both human and mPBMCs (Flgs 1 and 2), suggestmg that this
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Figure 4. The synergistic effect of the combination of K3 CpG and cGAMP on antigen-specific IFN-y induction is dependent on IRF3/7, STING,
MyD88, 1L-12, and type-I.IFN signaling.(A) WT, Tmem173gt, IRF3/7 DKO, MyD88 KO, and IFNAR KO C57BL/6J mice (n = 3) were immunized with
OVA and K3.CpG, cGAMP, or K3 + cGAMP at days 0.and 10, via the i.m. route. On day 17, OVA-specific.serum.lgG2c and 1gG1 were ‘measured by
ELISA. Each symbols represent an individual mouse and data are representative of two |ndependent experiments and are shown.asthe mean + SD
of biological replicates from one experiment, representative of two performed.*p <'0. 05; **p < 0.01;**p < 0.001 (one- way ANOVA with Bonferrom S
multiple comparison test).(B) Spleencells.from/immunized ‘mice were stimulated with OVA'for 48'h. Production of IFN-y-and IL-13 were 'measured
by ELISA. Data are representative of twoindependent experiments and are. shown asthe mean + SD of biological replicates from.oneexperiment,
representative of two performed *p < 0.05; ’*p < 0.01;, ™p < 0.001 (one-way ANOVA with Bonferroni's multiple comparison test)./(C) 1L-12p40
4/~ and -/~ C57BL/6J ‘mice were immunized with OVA and K3 CpG, cGAMP, or K3 CpG + cGAMP at days 0 and 10, via the i.m. route. On day
17, OVA-specific:serum 1gG2c and 1gG1-were measured by ELISA. Data are representative of two'independent experiments.and-are shown as the
mean + SD of biological replicates from.one:experiment, representative of two performed. *p < 0.05.(Mann-Whitney U-test).(D) Spleen cells were
stimulated with OVA protein for 48 h. Productton of IFN-y was measured by ELISA. Data are representative of two independent experiments and

are shown as'the mean + SD of blologlcal rephcates from one experiment, representatlve of two performed p < 0:05 (Mann Wh:tney U test)

phenomenon is conserved between human and mouse. Impor-
tantly, combination stimulation does not affect cell viability (Sup-
porting Information Fig. 5), which may affect cytokine production.
Our in vitro results also demonstraté that the mechanisms of action
involve IL-12 and type-I IFNs. Specifically, during the synergism
between K3 CpG and CGAMP, type-1IFNs were dispensable since
the loss of their effect can be compensated by the increased pro-
duction of IL-12 (Fig. 1C and. Supportmg Informanon Fig. 6B). A
previous report suggested that type- -1 IFNs and IL-12 can syner-
glstlcally induce IFN-y production by CD4+ T cells after Listeria
monocytogenes infection. They showed;that the synergy was sig-
nificantly decreased in the absence of both cytokines, but partially
decreased in the absence of either one of the cytokines, which is

© 2014 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

consistent with our results [32]. Moreover, we found that, similar

to the synergy observed in PBMCs, our combination,éan synergisti-

cally induce IL-12p40 production in GM-DCs-and FL-DCs (Fig. 2C

and D), suggesting a potential role for conventional and plasma- '
cyt01d DCs in the combination- lnduced synergy A similar IL-12 ’
synergy was reported by Krummen et al. by the;cokm‘blnanon of

TLR ligands, CpG and Poly I.C, inkBM-derived DCs:that required

the combination of MyD88- and TRIF-dependent signaling path-

ways [33]. Our results also demonstrate that the combination of

molecules activating MyD88-dependent (TLR9) and independent

(STING) signaling pathways results in a robust immunostimula-

tory.agent, suggésting that such combinations might be useful for

immunotkherapekutic applications. :
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Figure 5. The combination of K3 CpG and cGAMP efficiently suppresses tumors in the EG-7 and B16.F10 mouse tumor models. (A) Mice were
injgcted with 1 x 108 EG-7 lymphoma cells (in 100 wL of PBS) s.c. on day 0. On days 7 and 10, mice were given intratumor injections of PBS (n =
8), K3 CpG (n = 8),cGAMP (n = 8), or K3 CpG + ¢cGAMP (n =8), and were monitored for tumor growth for 22 days. (B) Mice were injected with 0.5
x 108 B16 F10 cells (in 100 pL of PBS) s.c. on day 0. On days 8, 11, and 13, mice were given intratumor injections of PBS (n = 8), K3 CpG (n = 8),
CGAMP (n=8), or K3 CpG + cGAMP'(n = 8), and mice were monitored for tumor growth for 17 days. Data are representative of two independent

experiments and are shown as the mean + SEM of biological replicates from one experiment, representative of two performed. *p < 0.05;"p < 0.01

(Mann-Whitney U-test).

Aécording to our, findings, NK cells are the major IFN-y-
producing cells in'the hPBMC culture following combination stim-
ulation (Fig. 1B). On the other hand, previous reports;have shown
that;,alt\hough.NK cells ‘express low: levels of TLRY, cells. that
respond’to CpG stimulation are the TLR9-expressing pDCs and
B cells:in hPBMCs {34]. Also, IL-12 and type-I IFNs have been
reported to regulate IFN-y production-and cytotoxicity in NK cells
[28, 35]. Given those reports and our:in vitro data, our pro-
posed mechanism for the synergistic induction of innate IFN-y
is-that mainly pDCs may respond to K3.CpG, while, together with
pDCs, other cells, such as conventional DCs or macrophages, may
respond to CGAMP to produce high amounts of type-1. IFNs and
IL-12, which then:synergize: to. induce: IFN-y production in NK
cells, by signaling through 1L-12 and type-I IFN receptors (Sup-
portin'g: Information Fig. 6A).

The first report about the adjuvant effect of 2'3'cGAMP showed
that i.m. cGAMP immunization can induce antigen-specific B- and
T-cell responses, in a STING-dependent manner [21]. Our in vivo
immunization studies yusing 3'3'cGAMP are also consistent with
the previous reports; it induces strong antigen-specific B- and T-
cell responses in a STING-dependent manner (Fig. 4A and B).
‘We -also showed that 3'3'cGAMP is a type-2 adjuvant that can
induce not only1gG1, but also IgG2¢ antibody responsesand Tp2-
type cytokine responses in spleen cells (Fig. 3B and C). Although
type-2" adjuvants-do’ not usually induce the production of Ty1-
like Tg- isotype ‘(IgG2c), cGAMP can do so, probably due to ‘its

~ ability to induce type-I-IFNs, since t'ype¥I IFNs induce IgG2c anti-
body responses [36]. Moreover, we found that distinct mecha-
nisms ‘were involved in the induction of B- and T-cell responses
by ¢cGAMP, in which ¢cGAMP-induced antibody responses, but not
T2 responses, were dependent on type-I IFN signaling (Fig. 4B).
In addition, because c¢cGAMP ‘is known to signal only through
the STING-IRF3 axis to induce type-1 IFN production [17], we
expected to observe the loss of antibody and T-cell responses

© 2014 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

in IRF3/7 DKO .mice. However, while cGAMP-induced antibody
responses were slightly reduced in the IRF3/7 DKO mice, cGAMP-
induced T-cell responses were partially- dependent on IRF3/7 and,
surprisingly; on MyD88, although such effects. were completely
dependent on STING (Fig. 4A and B). Therefore; we are further
investigating the possibility that in addition to the STING-IRF3
pathway, cGAMP might activate an unknown signaling pathway
that involves the adapter molecule MyD88.

Although K3 CpG was reported as an adjuvant capable of
inducing type-1immune responses [37], we found that K3 CpG by
itself was a weak type-1 adjuvant, as it failed to induce antigen-
specific antibody or T-cell responses at levels comparable with
the ¢cGAMP .or combination- immunization- groups (Fig: 3B and
C). Interestingly, the combination of a weak type-1 adjuvant, K3
CpG, with a type-2 adjuvant, cGAMP, resulted in a strong type-1
adjuvant that induced synergistic antigen-specific IFN-y produc-
tion and strong Tpl-like antibody and CD8*% T-cell responses
(Fig. 3 and Supportinginformation Fig. 1). Our findings are also

consistent with a previous study showing that the combination of

CpG and IFA, a type-2 adjuvant, induces type-1 immune responses
while suppressing type-2 immune responses [37]. Importantly,
in addition to the induction of potent type-1 immune responses
by our combination; we showed that it can also suppress the
type-2 responses that are induiced by ¢cGAMP that is important for
increased safety as dominant type-2 responses have been reported
to cause a number of chronic diseases, such as allergy [5, 38, 39].
Our results are also consistént with the findings of Lin et al;, in that
production of IgG2c was enhanced while the production of 1gG1
was suppressed by CpG [40]. Furthermore, the synergistic effect of
our combination on antigen-specific IFN-y induction is dependent

_ on IRF3and IRF7 (Fig. 4A and B), indicating that type-I IFNs may

also play an important role in this synergy. This idea is further sup-
ported by the complete abolishment of synergy that we observed
in IFNAR KO mice (Fig. 4A and B). Moreover, because MyD88 is a
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downstream signaling molecule of TLR9 and cGAMP is a ligand of
STING ‘we found that the type-1 1mmun1ty mducmg effect of the
combination is dependent on both MyD88 and STING as expected
(Fig. 4A and B). On the other hand, we showed that IL- -12p40
is required for the synergistic induction of Ty1-type cytokine
responses, but not for the induction of IgG2¢ antibody responses
(Fig. 4C and D). Because IL-lZ is important for Tpl-cell devel-
opment and IFN-y production [3, 41, it is reasonable to observe
IL-12 dependency in the Ty1-type cytokine responses. A possible
explanation for the 1-12- -independent IgG2c mductron by our
comblnatlon could be that productlon of type-I1TFNs i in the KO mice
mlght be compensating for the absence of IL- 12. Prevxous Teports
showed that type-I IFNs can induce IgG2c antlbody responses in a
T-cell-independent manner [36], while IL-12 induces IgG2c anti-
body responses by 1nduc1ng IFN-y producuon frorn T or NK cells
[41]. In addition, use of anti-IL-12/23p40 neutrahzmg antlbodles
in our in vitro studies and IL-12p40 mice in the in vivo studies can-
not rule out the possible involvement of IL-23 in the mechanisms
of innate or adaptive IFN-y synergy, as 1L-23 31gnahng, which was
shown to affect NK-cell activation and T-cell responses [42, 43],
will be defective in both expenmental designs. Our studles
regarding this issue -showed that although no anngen spec1f1c
I1-17 was detected in the spleen cell cultures of the immunized
mice as an mchrect 1nd1cator of in v1vo IL-23 mducuon, and no
1L-23 was induced i in mPBMCs by comblnauon stimulation, IL-23
is mduced in the FL-DCs only by combmatlon stlmulanon but not
by ¢GAMP or K3 CpG stimulations (data not shown) suggesting
a possible role for IL-23 in the mechanisms of innate oradaptive
IFN-y synergy, which needs further investigation.

Finally, we found the K3 CpG and cGAMP combmauon has

a strong antitumor effect; as only treatment with the combina-

tion could efﬁcxently suppressed tumor growth i in the EG- 7 mouse
tumor model (Frg 5A). Because our in vivo results show that the
combination 1nduces strong CID8’L T- cell responses (Supportrng
Information Fig. 1A and B), and the antltumor effect of the com-
bination is lost in the RAGZ KO mlce (Supportlng Informauon
Fig. 4B), whxch lacks cps*t T cells, we concluded that the anti-
tumor effect of our combmatxon 1s due to the 1nductlon of robust
cpst cytotox1c T-cell actlvatlon Our hypothesxs is supported by
a previous report showmg that vaccmatlon with OVA-conJugated
CpG ODN also has potent antitumor effects whlch are depen—
dent on CD8* T cells [44]. Moreover smce we 1denuﬁed NK cells
as the main players in the IFN-y synergy in our in vitro hPBMC
studies, we also investigated the antitumor effect of our com-
bination in the B16 F10 mouse melanoma tumor model, which
relies on NK cells for clearance [30] and does not express artificial
antigens. Although cGAMP, itself, could significantly suppress the
tumor growth compared to the control group, combination had
the strongest antitumor effect, resultlng in almost cornplete tumor
elimination (Flg 5B). -Thus, our combmanon is a strong antitu-
mor agent, capable of suppressmg tumors that relies not only on
CD8* T cells, but also on NK cells for clearance. Furthermore, the
advantage of our combination therapy over previously reported
CpG-based antitumor agents, such as OVA- conJugated CpG ODN
[44] or nanopartlcle conjugated CpG ODN [45], is that it 'does

© 2014 The Authors. European journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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not require a chemiéal conjugation between K3 CpG and. cGAMP.
Addmonally, unlike those systems, our.approach does not require
the mjecuon or conjugation of a tumor antigen. It works as an
antigen-free anutumor agent rather. than a preventlve vaccine.

In conclusmn, our study suggests that combmatlon of TLR9
and STING agonists is an advantageous type 1 adjuvant for vac-

cines requiring strong cellular immune responses, anda promising

antitumor agent that can also stimulate human NK cells for syner-

. gistic IFN-y production. Thus our results prov1de 1ns1ght into the

mechamsms of the comblned acnon of TLR9 and STING 51gna11ng
pathways, whlch potentrally promote the 1rnmunotherapeut1c and
adjuvant properties of our combination.

Mice

Seven- to ten-week-old female C57BL/6J mice were. purchased
from CLEA Japan Inc. (Osaka, Japan). MyD88 KO mlce were pur-
chased from Onental BloServrce Inc. (Kyoto, Japan) 1L-12p40

KO and STING mutant mice (Tmem173gt), Wthh have a loss-of-

function mutation at the ligand- bmdlng site of STING [46] were
purchased from Jackson Laboratories (Bar Harbor ME, USA)

IRF3/ 7 DKO mice were generated from IRF3 KO [22] and IRF7 KO
mice, the latter of Wthl’l was provrded by the RIKEN BRC (Ibarak1

Japan) via the Natlonal BlO Resource Pro;ect of the MEXT Japan
[471. IFNAR2 KO miice were obtained from B&K Unlversal All of
the animal experlrnents were conducted accordmg to the gulde-

. lines of the Animal Care and Use Committee of RIMD and IFReC of

Osaka University, and the use of animals was approved by Osaka
University. :

Reagents

The 2'3' and 3’3’ cGAMPs were purchased from Invivogen (San
Diego, CA, USA) DMXAA was purchased from Slgma-Aldrxch (st
Louis, MO USA) and dxssolved in 5% NaHC03 Yamasa (Chiba,
Japan) krndly donated c- d1 GMP OVA was purchased from
Kanto Chemlcal (Osaka, Japan) and the endotoxin levels were
determlned by Tox1color® (Selkagaku Corp., Tokyo, Japan) as
less than 1 EU/mg K3 CpG ODN was synthes1zed by GeneDesign
as prevxously described [48]. CFSE was purchased frorn Life
Technologies (Carlsbad, CA, USA).

Immunizations and spleen cell cultures

After anesthetization, C57BL/6J mice were i.m. immunized mth
OVA (10 pg), or OVA and K3 CpG (10 pg), DMXAA (50 pg),
c-di-GMP (1 pg), 2'3' or 33 cGAMP (1 ng), or K3 CpG +
2/3'/3'3'¢GAMP/c-di- GMP/DMXAA at days 0 and 10. On day 17,
OVA-specific serum 1gG1 and IgG2c were measured. by ELISA as
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previously described [49]. The secondary antibodies used in IgG2c
and 1gG1 ELISAs were horseradish peroxidase conjugated goat
“anti-mouse IgG2¢ and IgG1 (Bethyl Laboratories, Montgomery,

- TX). On day 17, spleen cells were collected and’ single cell sus-
pensions were prepared using a gentleMACS dissociator (Miltenyi
Biotech, Gladbach, Germany). After red blood cell lysis using

“Tris:NH4Cl buffer, cells were cultured in RPMI (containing
1%‘penicilliu/streptomycin and 10% fetal calf serum [FCS)]
and stimulated with total OVA (10 pg/mL) or OVA peptides
(10 wg/mlL) that are specific for MHC class I (OVA 257) or MHC
class T (OVA 323) for 48 h. Production of IEN-y and IL-13 were
measured by ELISA.

'hPBMC isolation and stimulation |

All hPBMC experiments were conducted following approval from
the Institutional Review Board of the National Institute of Biomed-
ical Innovation. hPBMCs were isolated from the blood of healthy
volunteer blood donors, using human lymphocyte separation
) 'medlum (IBL Japan) and 1 x 10° cells were cultured in RPMI.
PBMCs were stlmulated with K3: CpG (10 ug/mL), cGAMP (10
wM), or KB CpG + ¢GAMP for 24 h and productlon of IFN-y and
IL-12 were measured by ELISA. k
_For in vitro neutrahzauon experiments, hPBMCs that were
cultured as descnbed above were subjected to IL-12/23p40
(clone cs. 6 BIoLegend San Drego CA, USA), type-1 IFN (clone:
MMHAR 2 PBL Interferon Source, Piscataway, NJ, USA), or both
IL 12/23p40 and type-I IFN neutrahzmg antibody treatments
(S ug/ mL) 30 mln before 24 h of sumulanon

mPBMC and DC cultures

mPBMCs were isolated from C57BL/6J mice using mouse lympho-
cyte separation medium (IBL, Japan), and 0.5 x 10° cells were
cultured in RPMI. GM-DC cultures were prepared by flushing BM
cells from the tibia and femurs of C57BL/6J mice and cultur-
ing these cells for 7 days in the presence of 20 ng/mL of GM-CSF
(PeproTech Rocky ‘Hill, NJ, USA). GM-DCs were cultured in RPMI,
) contam1ng 1% pemcllhn/streptomycm and 20% FCS. FL-DC cul-

tures were prepared from BM cells of C57BL/6J mice that were
' cultured for 7 days in the presence of 100 ng/mL of human FIt3L
' (PeproTech) FL-DCs were cultured in RPMI containing 1% peni-
 cillin/streptomycin and 10% FCS. )

In vitro cytotoxicity assay

Splenocytes were isolated from C57BL/6J mice and 1 x 106 cells
were cultured in RPMI in 96- well round- bottom plates for 24 h
with the stimulants. After the sumulanon, in order to prepare a
positive control, Triton X-100 was added into the nonstimulated
cells that were incubated at 37°C for 15 min, After centrifugation,
supernatants of the cells were mixed with' the substrate mix and

© 2014 The Authors. European Journal of Immunology published by
WILEY-VCH Veriag GmbH & Co. KGaA, Weinheim
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incubated for 15 min at room temperature. ODs at 490 nm were
measured and the percent cytotoxicity was calculated according
to the instructions of the Non-Radioactive Cytotoxicity Assay Kit
(Promega, W1, USA).

Cytokine measurement

Mouse 11-12p40, mouse IL-13, human IFN-y, and human IL-12
levels were measured using ELISA kits from R&D Systems (Min-
neapolis, MN, USA). Mouse IFN-y levels were determmed using
an ELISA kit from BioLegend.

Staining for intracellular cytokine and cell surface
molecules

hPBMCs were stimulated with K3 CpG (10 pg/mL), cGAMP
(10 M), or K3 CpG -+ ¢GAMP for 16 h, with the last 4 h being
in the presence of Brefeldin A. After the stimulation, cells were
harvested and stained for surface molecules with CD16-PerCP-
Cy5.5 (BD Biosciences, Franklm Lake NJ), CD56-BV421 (BioLe-
gend), CD3-FITC (BD Bloscxences), and CD8-PE (Miltenyi Biotech)
antibodies. Fixed and permeabilized cells were stained with IFN-
y-allophycocyanin (Biolegend) for the detection of intracellular
IFN-y and analyzed using the BD FACSCANTO 1I flow cytometer.

In vivo CTL cytotoxicity assay

Six-week-old C57BL/6J mice were immunized with OVA (10 wg)
only, or OVA and either K3 CpG (10 pg), cGAMP (1 1g), or K3
+ ¢GAMP once, via the i.m. route. On day 7, splenocytes from
the naive C57BL/6J mice were labeled with 2 or 0.2 wM of CFSE
for 10 min at 37°C. The cells, which were labeled with 2 pM of
CFSE, were subjected to peptide pulsing by incubating them with
the OVA257 (10 wg/mL) for 90 min at 37°C. Then, the cells were
washed, and equal numbers from each cells were transferred to the
immunizedmice via the i.v. route. Splenocytes were isolated, and
upon staining with the LIVE/DEAD® Fixable Near-IR Dead Cell
Stain (Invitrogen, Carlsbad, CA, USA), CFSE-labeled cells were
analyzed by flow cytometry 24 h after the transfer.

Tumor cells and treatment

EG-7-OVA thymoma cells were purchased from American Type
Culture Collection (VA, USA) and cultured in RPML. A total of 1 x
108 cells were s.c. injected to the back of mice on day 0. On days
7 and 10, mice were given intratumor injections of PBS (50 wL),
K3 CpG (10 g), cGAMP (10 pg), or K3 CpG + cGAMP, and mice
were monitored for tumor growth for 22 days.

B16 F10 melanoma cells were purchased from RIKEN Cell Bank

-(Japan) and cultured in DMEM, A total of 0.5 x 10° cells were s.c.

injected to the back of mice on day 0. On days 8, 11, and 13, mice
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were given intratumor injections of PBS. (50 L), K3 CpG (10 ng),
cGAMP (10 ug), or K3 CpG + ¢GAMP, and mice were monitored
for tumor growth for 17 days.

Statistical analysis

Mann-Whitney U-test, Student’s t-test, or one-way ANOVA with
Bonferroni's multiple comparison test were used for the statistical
analyses (*p < 0.05; **p < 0.01; ***p < 0.001). Statistical-analy-
ses were performed using GraphPad Prism software (La Jolla, CA,
USA).
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Background: RNA:DNA hybrids exist in the nucleus and mitochondria but not in the cytosbl except in viral in\fecktibn'k
Results: RNA:DNA hybrids exist in the cytosol of various human cells and are medlated by RNA polymerase it (Pol 1), whxch

regulates the microRNA machmery

Conclusion: Cytosolic RNA:DNA hybrids are regulated by Pol IIL.
Slgmﬁcance. Previous unknown cytosohc RNA DNA hybrids may have physiclogical relevance to mlRNA machmery and RNA

transport

RNA:DNA hybrids form in the nuclei and mitochondria.of
cells as transcription-induced R-loops or.G-quadruplexes, but
exist only in the cytosol of virus-infected: cells. Little is known
about the existence of RNA:DNA hybridsin the cytosol of virus-
free cells, in particular cancer or transformed cells. Here, we
show that cytosolic RNA:DNA hybrids are present in various
human cell lines, including transformed cells. Inhibition of RNA
polymerase III (Pol:III),; but not. DNA polymerase, abrogated
cytosolic RNA:DNA hybrids. Cytosolic RNA:DNA hybrids bind
to several components of the microRNA (miRNA) machinery-
related proteins, including AGO2 and DDX17. Furthermore; we
identified miRNAs that are specifically regulated by Pol 111, pro-
viding a potential link between RNA:DNA hybrids -and- the
miRNA machinery. One of the target genes, exportin-1, is
shown to regulate cytosolic RNA:DNA hybrids. Taken together,
we reveal previously unknown mechanism by which Pol Il reg-
ulates the presence of cytosolic RNA:DNA hybrids and mlRNA
biogenesis in various human cells.

RNA:DNA hybrids can occur'during transcription and rep-
lication of DNA (1). The DNA primase generates short RNA:
DNA fragments during replication of the lagging strand (2; 3).
Short hybrids also form during the transcription of DNA: by
RNA polymerases. In contrast,” long RNA:DNA hybrids can
occur during stalling of the RNA polymerase or during replica-
tion of mitochondria DNA.(1)Stalling of the RN A polymerases
can lead to the formation of R- loops, ‘which-consist of long
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RNA:DNA hybrids and the displaced non-template: DNA

strand. Long RNA:DNA hybrids also occur in G-quadruplexes,

which promote class switch recombination in B-cells (5).
Recent evidence suggests that R- 1oops and G- quadruplexes'

may occur more frequently than previously assumed and inter-
fere with gene-expression and threaten genome stability (6 —8).

-Although-many ‘studies ‘have focused ‘on the generation of

nuclear RNA:DNA: hybrids, it is-unclear how nuclear RNA:
DNA hybrids are resolved,-and their role in diseases related to

‘genomic instability, such as cancer, is riot understood.

We recently discovered the presence of sSDNA and dsDNA

in the cytosol of B-cell lymphoma cells (9). Inhibition of ATM
{(ataxiatelangiectasia-mutated) and’/ATR (ataxia telangiectasia-

and-Rad3-related) kinases, which initiate the DNA «damage
response (DDR),? leads to the disappearance of cytosolic DNA.
Conversely, the levels of cytosolic ssDNA and dsDNA increase
in response to DNA"damage; suggesting that constitutive
nuclear DNA damage and the-ensuing DDR induce the pres-
ence of cytosolic ssDNA and dsDNA in B-cell lymphoma cells.

Cytosolic DNA in B-cell lymphoma cells‘activates' STING-de-

pendent DNA sensor pathways, leading to the expression of
ligands for the activating immune receptor NKG2D (natural
killer group 2, member D) (9). Delocalized DNA is important
for -innate "immune " recognition of -pathogens, and recent
reports suggest that TLR9 and the NLRP3 inflammasome sense
pathogen-derived RNA:DNA hybrids in dendritic cells (10—
13). However, whether RNA:DNA hybrlds exist in the cytosol
of non-infected cells is unknown.

RNA polymerase TI (Pol III) is the largest RNA polymerase,
consisting-of 17 subunits; including a DNA-binding site (14—
16). It catalyzes the transcription of genes required for tran-

scription'and RNA processing, such as tRNAs, ribosomal 5 S

3The abbreviations used are: DDR, DNA damage response; Pol ill, RNA poly-
meraselll; miRNA/miIR, microRNA; DMSO, dimethylsulfoxide; COX 1V, cyto-
chrome ¢ oxidase; Bis-Tris, 2| [blS(Z -hydroxyethyl)amino}- 2v(hydroxy-
methyl)propane-1,3- diol.
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rRNA, and U6 snRNAs. It also transcribes short interspersed
elementsand. repeatcd elementsinthe human genome (14).Pol
11 expression is regulated by oncogene products, tumor sup-

pressors such as p53, and Pol HI-associated transcription: fac-
tors (17-19). Consistent with these observations, Pol Il activity

is increased in many cancers, including melanomas, myelomas,
and carcinomas (20). Although Pol I is present mostly in the
nucleus (20, 21), cytosolic Pol 111 was proposed to play a role in

the sensing of AT-rich DNA via the RIG-I (retinoic acid-induc--

ible;gene]) pathway (22-24). Despite the regulation of Pol 1II by
genes associated with tumorigenesis, little is known about the
role of Pol Il in the cellular function of transformed cells.

Here, we identified the presence of cytosolic RNA:DNA
hybrids in immortalized and transformed human tumor cells.
‘Chemical inhibition of Pol III abrogated the presence of cytosolic
RNA:DNA hybrxds in cells. Cytosolic RNA:DNA hybrids were
bound by microRNA (miRNA) machinery-associated proteins,
such as DDX17 (DEAD (Asp-Glu-Ala-Asp).box polypeptide 17)
and AGO2 (argonaute 2). We also identified Pol IlI-regulated
intracellular miRNAs in A549 lung cancer cells. In summary, we
demonstrate the constitutive presence of cytosolic RNA:DNA
hybridsinavariety of cell lines, and this accumulation depends on
. Pol I, at least in' A549 lung carcinoma cells.

EXPERIMENTAL PROCEDURES

- Cells—The human lung adenocarcinoma: (A‘349) colorectal
adenocarcmoma (LoVo and HT29),. colorectal carcinoma
- (HCT116), acute monocytic leukemia (THP-1), human cervix
‘carcinoma. (HeLa), :and normal lung tissue-derived (MRC-5)
- .cell lines were purchased from: American Type Culture Collec-
tion (Manassas; VA). Cells were grown in Dulbecco’s modified
Eagle’s medium (Nacalai Tesque) supplemented with 10% fetal
bovine serum (Nichirei- Biosciences Inc., Tokyo, Japan), 1%
penicillin/streptomycin (Nacalai Tesque), and 2% HEPES (Life
Technologies): Cells were maintained with 5 pg/ml Plasmocin
(InvivoGen) to prevent. mycoplasma infection.-
. Reagents.and Cell Treatments—Ara-C (cytarabine) was pur-
.chased: from:-Wako Chemicals..Aphidicolin, Pol III -inhibitor
ML-60218; and leptomycin:B.were purchased from Calbiochem.
ATMinhibitor KU60019 (Tocris Bioscience) and-ATR inhibitor
VEB821: (Axon: Medchem): - were- used- at- 10 uM. PicoGreen
-dsDNA reagent (Life Technologies) was used at 1:100 dilution.
MitoTracker Red:CM-H2XRos (Life Technologies) was-dis-
solvedin dimethylsulfoxide (DMSO) and used at 500 nm. Fixed
«cells were treated: with 0.5 units/ml RNase H (New England
Biolabs) for-3'h.at 37 °C.
~Immunofluorescence Studzes—Cells were fixed in 4% parafor—
- maldehyde (Nacalai- Tesque) for.10. min and permeabilized in
0.2% Triton X-100 for 15 min. Nonspecific sites were blocked
with:2% goat' serum and 1% BSA in 0.2% Triton X-100 for 1 h.
Transfected cells were stained with-anti-cytochrome ¢ oxi-
. dase subunit IV (COX IV) antibody (ab16056, Abcam), anti-
' POLR3G antibody (polymerase (RNA)-I1I-(3) (DNA-directed)
polypeptide G; LS-C163858, LSBio), or anti-DDX17 antibody
(19910-1-AP, Proteintech). The RNA:DNA hybrid-specific
antibody $9.6 was a kind. gift of Dr. D. Koshland (University of
California, Berkeley) (25). The secondary polyclonal antibodies
used were Alexa Fluor 488-conjugated goat anti-mouse IgG
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F(ab’), fragment (H+L) and Alexa Fluor 555-conjugated goat
anti-rabbit IgG F(ab'), fragment (H+L) (Life Technologies).
PicoGreen staining of DNA and MitoTracker staining of mito-
chondria were performed ‘according to the manufacturer’s
instructions. Cells were stained with 2 ug/ml Hoechst for 10
min and mounted in mountmg medium (Dako). Cell images
were taken with a Leica TCS SP2 laser confocal scanning micro-
scope and analyzed using Volocity (version 6.2.1) and Imaris.
Micrographsshow cells representative of total cell populations.

Transfection—A549 cells were transfected' with' POLR3G
siRNA (Qiagen) using Lipofectamine RNAiMAX transfection

" reagent (Life Technologies) according to the manufacturer’s

instructions. AllStars negative control siRNA (Qiagen) was
used as a control in transfection, and its sequence is proprietary.
The POLR3G siRNA sequences used were 5'-AAGGCACAC-
CACTCACTAATA-3' (siPOLR3G_1) and 5'-TCAGAGTAC-
TCAAGTGTACAA-3' (siPOLR3G_2).
Immunoblotting—Cells were lysed in cold radioimmune pre-
cipitation assay buffer (Nacalai Tesque), and lysates were elec-
trophoresed in 4~12% NuPAGE Bis-Tris gel (Life Technolo-
gies) and then blotted onto PVDF membranes. Antibodies
specificto DDX17 (sc-86409, Santa Cruz), AGO2 (C34C6, Cell
Signaling Technology), and GAPDH(M171-3, MBL Interna-
tional)-and horseradish peroxidase-conjugated secondary anti-
bodies (Cell Signaling - Technology) were used to develop the

‘blots with Immobilon Western chemiluminescent HRP sub-

strate (Millipore). Digital images were acquired using Image-
Quant'LAS 500 (GE Healthcare): .
Immunoprecipitation and Mass Spectrometry—A549 cells
(2 X 10°%) were seeded into 100-mm dishes and fixed in 1%
paraformaldehyde for 10'min; followed by treatment with 125
mM glycine (Wako Chemicals) for 5 min. Cells were fraction-

ated using a cell fractionation kit (MS861, MitoSciences). The

cytosolic-fraction was precleared by incubation with 5 pl of

- protein G-Sepharose beads (GE Healthcare) for 20 min at4 °C

on a.rolling shaker. The cleared supernatant was incubated
overnight at 4°C on a rolling shaker with 10'ug/ml RNA:DNA
hybrid-specific-antibody-and 10 ul of protein G-Sepharose
beads. Immunoprecipitates: were-washed  sequentially - with
radioimmune precipitation assay buffer, low salt buffer (20 mm
Tris-HCl (pH 8.1), 150 mmM NaCl, 0.1% SDS, 1% Triton X-100,
and 2. mM EDTA), high salt'buffer (20 mm Tris-HCl (pH 8.1),
600 mm-NaCl;.0.1% SDS; 1% Triton X-100, and 2 mm EDTA),
final wash buffer (20-mm Tris-HCl (pH 8.0),0.1% SDS, 1% Tri-

ton X-100, and: 1 mm EDTA), and Tris/EDTA buffer. Beads
~were resuspended in Tris/EDTA buffer with 1% SDS-and incu-

bated overnight at 65-°C to release protein.complexes for sub-

-sequent gel electrophoresis. For mass spectrometry, similarly pro-

cessed cell lysates: were immunoprecipitated with RNA:DNA
hybrid-specific antibody and silver-stained using a Silver Stain
Plus kit (Bio-Rad) according to the manufacturer’s instructions.

Bands of interest were cut out and sent for mass spectrometry
-analysis at the Osaka University mass spectrometry facility.
miRNA Microarray Analysis—A549 cells were treated with .

10 uM Pol 111 inhibitor for 24 h and subsequently treated with
10 uM Ara-C or DMSO for 15 h. DMSO-treated cells served as
acontrol. Total RNA was extracted with TRIzol (Life Technol-
ogies) and labeled using a 3D-Gene miRNA labeling kit. The
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FIGURE 1. RNA:DNA hybrids:
dsDNA-specific dye PicoGreen
the fower panels were pretreated with
PicoGreen staining in the'nucleus and

_Pol Il Links Cytosolic RNA:DNA Hybrids to miRNAs

©Q
P <0:.05.D,A549

h y .Erro R
cells were stained with the RNA:DNA hybrid-specific antibody $9.6 (green) and the mitochondrial marker COX IV (red) in the presence of Hoechst (blue). Cells
shown in the lower panels were pretreated with 0.5 units/ml RNase H before staining. £ and F, three-dimensional isosurface rendering (E) and quantification (F)

of RNA:DNA hybrid staining of the images shown in D. G, three-dimensional isosurface rendering of stammg ‘of A549 cells with PlcoGreen (green), RNA:DNA
hybrid-specific antibodies (red), and Hoechst (blue). A one- talled Wilcoxon test was performed R

labeled RNA was hybndlzed toa human mlRNA V19 mlcroarray
chip containing 2019 miRNA probes and analyzed on a Pro-
ScanArray microarray scanner (Toray Indusmes) miRNA profiles
were provided as sample-wise median- normalized data by Toray
Industries. Data were further normalized withanall- -sample quan-
tile normalization protocol using the correspondmg Bioconductor
package developed by Bolstad et /. (26). Original miRNA profiles
consisted of 2019 miRNA probes, of which only a small fraction
showed significant expression in any of these expenments After
replacing the missing valued data (no expresslon observed) with
the minimum of all observed expressxon values, miRNA probes
that showed at least 3- fold differential expression between any pair
of four experiments were used for further quantitative analysis.
Identified miRNA sequences were used to obtain prechcted gene
targets, as acquired from the public domain resource DIANA-mir-
Path (27). A p value threshold of 0. 05 and a MicroT threshold of 0 8
were applied.

miRNA Expression AnalyszsmAfter RNA extraction, cDNA
was synthesized using a miScript 1I RT, klt (Qiagen). miRNA
levels were analyzed using assay kits for mature miR-4499 (Qia-
gen), precursor (includes detection for precursor and primary
miR) miR-4499 (Qiagen), and TagMan primary miR-4499 (Life
Technologles) and quantified by quantitative PCR using iTaq
Universal SYBR Green Supermix (Bio-Rad) or TaqMan Gene

SASBMB
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Express1on Master MIX (Llfe Technologles) Precursor miR
expression was determined using the equation in Ref 28

Quantitative Real-time RT- -PCR—Experiments . were per-
formed as described prewously (9). The following pnmers were
used: XPOI-5' (exportin- 1),5'-AGGTTGGAGAAGTGATGCC-
A-3'; XPOI-3, 5’-GCACCAATCATGTACCCCAC 3'; KPNBI-
5' (karyopherm(lmportm) beta 1),5' GACCGACTACCCAG—
ACAGAG-3'; KPNBI-3', 5!- GACTCCTCCTAAGACGACGG-
3’ NUPISB 5' @cleogorm 153kDa), 5' GCCCAAATCTTCCT—
CTGCAG-3; NUPI153-3/, 5’—GAAAGGAGCCACTGAAGCAC—
3'; HPRTI-5', 5'- CCCTGGCGTCGTGATTAGTG-3'; and
HPRTI-3',5'-TCGAGCAAGACGTTCAGTCC-3'.

Statistical Analysis—For statistical analysis, Student’s one-
tailed £ test (p < 0.05) was used unless stated. otherwise after
data were tested positive for normahty by the Shaplro \X/xlk
test. For data that failed the normality test, a non-parametric
Mann- Whltney Wilcoxon rank-sum test was used. A pvalue of
<0.05 was considered statistically significant.

RESULTS

Presence of RNA:DNA Hybrtds in the Cytosol of Human
Cells—We previously reported (9) the presence of cytosolic
ssDNA and dsDNA in cancer cells using specific antibodies and
the vital dye PicoGreen, which detects dsDNA and RNA:DNA
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FIGURE 2. Presence of cyt
human acute monocytic

HT29 MRC5 THP-1

LoVo, HCT116, and HT29; the
-derived cell line MRC-5 were

_stained.for RNA:DNA hybrids (red) in the presence of Hoechst (blue). Scale bars =10 um: B, the colorectal.adenocarcinoma-cell lines.LoVo, HCT116, and HT29
- were.stained with  PicoGreen.(upper_panels). Bright-field-images (differential mterference contrast: (DIC)). of cells-are shown in the lower panels. C, three-
. dimensional |sosurface rendering of confocal.images of A549.cells stained for the presence of dsDNA (green) and RNA:DNA hybrids (red).in the presence of

,Hoechst (blue) Co-localization of dsDNA and RNA:DNA hybrids (yellow) was determined using Volocity computational image analysis.

hybrids (29, 30). Here, we sought to test if RNA:DNA hybrids
are present in the cytosol of human cancer cell lines. PicoGreen
stained DNA in the cytosol of the human lung carcinoma cell

line A549-and other cancer cell lines (Fig. 1, A and B, and Fig. 2,

A and B). Three-dimensional surface rendering of confocal

" images showed that the majority of extranuclear DNA is pres-
ent outside of mitochondria (Fig. 1B). To analyze if RNA:DNA
hybrids contribute to the PicoGreen signalsin the cytosol, A549
cells were treated with RNase H, which degrades RNA in RNA:

' DNA hybrlds (31), prior to staining with PicoGreen: Pretreat-
‘ment of cells with RNase H abrogated the cytosolic PicoGreen
51gnals (Fig. 1, A= C) As expected, the staining of nuclear
genomic DNA by PicoGreen was not changed.

To further investigate the presence of cytosolic RNA:DNA
hybrids, we stained cells using the RNA:DNA hybrid-specific
antibody $9.6 (25). In agreement with the PicoGreen results,
-§9.6 staining of tumor cells (A549, LoVo, HCT116, HT29, Hel a,
and THP-1) and human fetal lung fibroblast cells (MRC-5) showed
‘the presence of RNA:DNA hybrids in the cytosol and, to a lesser
extent, in the nucleus (Fig. 1, D'and E, and Fig. 2, A'and B). As
RNA:DNA hybrids can also form during replication of mito-
chondrial DNA (32), we co-stained cells with the mitochon-
dria-specific vital dye MitoTracker. Three-dimensional surface
‘rendering of confocal images showed that the majority of RNA:

DNA hybrids were localized outside of mitochondria (Fig. 1E).

‘Pretreatment of cells with- RNase H prior to $9.6 staining sig-
mﬁcantly reduced the cytosolic RNA:DNA hybrid staining (Fig.
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1, D-F). Antibody §9.6 only partially co-stained with PicoGreen
(Fig. 1G), suggesting that PicoGreen stains cytosolic dsDNA
and RNA:DNA hybrids in A549 cells. Consistent with this pos-
sibility, staining of A549 cells using a dsSDNA-specific antibody
showed the presence of cytosolic dsDNA, which partially co-lo-
calized with the cytosolic PicoGreen staining (Fig. 2C). In sum-
mary, our data show that RNA:DNA hybrids are constitutively
present in the cytosol of all tested cells.

Presence of Cytosolic RNA:DNA Hybrids Depends on Pol I1I—
RNA:DNA hybrids can occur during DNA transcnptlon (33).
In-addition, cytosolic DNA is transcribed by Pol Il in the cyto-
sol and potentially in the nucleus into an RNA:DNA hybrid and
dsRNAintermediate (22, 23). To understand the mechanism by
which cytosolic RNA:DNA hybrids are generated and regu-
lated, A549 Cells were ‘treated with Pol III inhibitors prior to
staining with $9:6 or PicoGreen (34). Treatment of A549 cells
with the Pol III inhibitor ML-60218 decreased the cytosolic
RNA:DNA hybrid staining at doses above the published half-
maximal inhibitory concentration (ICs,), but had no effect on
nuclear PicoGreen staining and affected RNA:DNA hybrid

- staining at doses above IC,, (Fig. 3). Treatment of A549 cells
with a-amanitin, a Pol II inhibitor, was toxic to cells compared
with the Pol HI inhibitor ML-60218.

To investigate if the genetic inhibition of Pol IIT also reduced
RNA:DNA hybrid levels, A549 cells were transfected with
siRNA against POLR3G (siPOLR3G_1 and siPOLR3G_2), a
subunit of the Pol III complex, or negative control siRNA.
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Knockdown of POLR3G protein expression resulted in the dis-
appearance of cytosolicRNA:DNA hybrids by immunofluores-
cence staining, consistent with reduced’ POLR3G mRNA gene
expression (Fig.4). In contrast, negative control siRNA did not
affect cytosolic RNA:DNA hybrid levels or POLR3G: expres-
sion. This corroborated with previous results of Pol Il chemical
inhibition, which decreased the presence of RNA:DNA hybrids.
In contrast to Pol II, which-is localized exclusively in the
nucleus, a fraction of PolTIL is present in the cytosol. Toinves-
tigate if cytosolic Pol Il contributes to‘the generation of RNA:
DNA hybrids in the cytosol, ‘we “co-stained "‘A549  cells ‘for
POLR3G, a subunit of the Pol III complex,‘and RNA:DNA
hybrids (35). No significant co-staining of POLR3G and S9.6 or
PicoGreen was observed in the cytosol of A549cells (Fig. 5A4).
Furthermore, POLR3G was localized largely in the nucleus,
suggestmg that the - presence of cytosohc RNA: DNA hybrids
depends on nuclear Pol III activity.
Presence of Cytosolic RNA:DNA Hybrzds Is Independent of
DNA Damage—RNA: DNA hybrlds can cause stalling of the
replication fork and formatlon of dsDNA breaks (1,36,37). To
 test if stalling of rephcatlon forks and the associated DNA dam-
age contribute to the presence ; of RNA: DNA hybnds in the
cytosol, A549 cells were treated with Ara-C, a genotoxic DNA
replication inhibitor used to treat leukemla, and aphidicolin, an
“inhibitor of DNA polymerases (38). Treatment with Ara-C or
aphldlcolm had no effect on the level of cytosolic RNA DNA
hybrids in A549 cells (Flg 5,4 and C) Moreover, Ara-C treat-
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itor ML-60218 for 3. h before staining with RNA:DNA hybrid-specific 59.6: antnbody (green) and
Hoechst (blue). D, cytosolic and nuclear |ntensrty quantifi catlon of the images shown in C. Atwo-tailed ercoxon ‘testwas performed

ment did not increase the co-localization of POL“'R’SG and RNA:
DNA hybrids (Fig. 5, A and B).

To'test if the cellular response to DNA damageis requlred for
the presence of cytosohc RNA:DNA hybrids, we 1nh1b1ted
ATM and ATR, two kinases that’ 1n1tlate the DDR. We previ-
ously found that the presence of dsDNA in the cytosol of B-cell
lymphoma cells depends on the DDR (9).In contrast, inhibition

“ofthe DDR had no effect on the presence ‘of RNA:DNA hybnds

in the cytosol (Fig. 5D) Hence, unlike cytosohc dsDNA, RNA:
DNA hybmd levels in the cytosol depend on Pol 1, but not
DNA damage or the DDR.

Cytosolzc RNA:DNA Hybrids and Members of the. mzRNA Pro-
cessing Machznery——To examine whether RNA: DNA hybnds
interact with protems in the cytosol we performed immuno-
precrpltatlon experlments using the RNA: DNA-specxﬁc anti-
body $9.6 in cytosohc extracts of A549 cells. A fraction of the
extracts were treated w1th RNase H before analysis to verify

,RNA DNA hybrld spec1ﬁc bmdmg of proteins. Analysis by

mass spectrometry identified DDX5/DDX17, AGO2, and

: BRCAl (breast cancer susceptlblhty gene 1) as proteins that

1mmunoprec1pxtated in an $9.6-dependent manner (Fig. 64).
All three proteins are part of the miRNA processing: machmery
(39). Immunoblot analyses of 1mmunoprec1prtated proteins
showed that DDX17 binding was consistent with the mass
spectrometry analysis (Fig. 6B). AGO2 is part of the miRNA-
mediated DDR (40) and increases interaction: with repair mol-
ecules during double-strand break repair (41). Ara-Ctreatment
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‘FIGURE 4. Genetic knockdown of -Pol-lll' decreases cytosolic: RNA:DNA
‘hybrid levels: A, A549 cells were transfected’with 25 nm negative control
siRNA' (sINEG) or siRNA against POLR3G (siPOLR3G_1 and siPOLR3G_2). At
< 72 h after transfection; cells were stained for RNA:DNA hybrids (green) and
POLR3G (red) in the presence of Hoechst (blue). Scale-bars = 10 um. 8, some
cells in A were subjected to RNA isolation for measurement of POLR3G mRNA
expression with respect to HPRT1. Student's one-tailed t test was performed.
;Error bars represent S.E. %, p <.0.05.

increased the interaction of $9.6 with AGO2 proteins (Fig. 6C).
Consequently, components of the miRNA processing machin-
ery were found to interact with cytosolic RNA:DNA hybrids in
the absence of DNA damage and increased interaction in the
preqence of DNA damage ;

- PolIll Regulates the Expresston of Speaﬁc miRNAs—We next
sought to gain 1ns1ghts into the Pol III- -dependent mechanisms
yleadmg to the presence of cytosohc RNA:DNA hybrids. Our data
support the possibility that Pol I1I- medxated transcrlptlon of miR-
NAs is associated with the prcscnce of cytosolic RNA:DNA
hybrlds Pol III is able to transcrlbe a subset of miRNAs in a cell
type- speaﬁc manner (42) or interact with canonical genes withina
chromosome locatxon that also encodes miRNAs (43) To deter-

mine whether a subset of miRNAs are dependent on Pol 111, we

exammed the Pol III- dependent miRNA expression profile in
A549 cells by comprehensive miRNA array analysis. To distin-
-guish Pol III effects from RNA:DNA hybrid-induced DNA dam-
age, cells were. treated with the genotomc DNA replication inhib-
itor Ara-C or the Pol Il inhibitor ML-60218. A total of 81
differentially expressed miRNAs were identified after comparison
‘across the treatment groups (Fig. 7A). Strikingly, treatment of cells
‘with the Pol III inhibitor resulted in significant down-regulation of
only four miRNAs: miR-615-5p, miR-1178-5p, miR-4499, and
miR-5571- -3p'(Fig. 7,"A and B). The expression of miR-615-5p,
miR-1178-5p, and miR-5571-3p was also decreased after Ara-C
treatment, suggesting that the expression of these miRNAs is also
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down-regulated by DNA damage. In contrast, miR-4499 is likely to -

be transcribed directly by Pol 111, as Ara-C had no effect on its
expression. Surpnsmg ly, the expression of 10 miRNAs was up-reg-
vith the Pol 111 inhibitor ML-60218, but not
‘o.confirm that Pol I1I directly regulates
expression of miR-4499 was meas-
ured aftex Pol tment Mature miR-4499 expression
decreased after treatment,! corresponding to miRNA microarray

data (Fig. 7C). Precursor m1R 4499 also decreased significantly, -

whereas primary mLR—4499 was not significantly affected (Fig. 7C).
This suggests that Pol III does not directly transcribe primary miR-
4499, but. rmght regulate Drosha processing of precursor miR-
4499 to affect mature miR- 4499 cxprcsslon In summary, our data
indicate that Pol 11T regulates the expression of a limited number of
miRNAs, which may contribute to the presence of cytosolic RNA:
DNA hybrids in A549 cells.

To investigate the potential transcripts targeted by Pol III-
modulated miRNAs, a miRNA target prediction and pathway
analysis was performed using the DIANA-mirPath software
(27). Among the top ranked pathways, the RNA transport and
RNA surveillance pathways were identified to contain pre-
dicted genes that rgeted by two or more ML-60218-in-
duced}miRNAs (Fig. 84, orange boxes), whereas other tran-
scripts are potentially. targeted by a single miRNA (yellow
boxes) Hence, RNA transport or stability may contribute to the

“presence of RNA:DNA hybrids. To test the predictability of the

DIANA-mirPath- software, three - genes (KPNBI1, XPOI, and
NUP153) were selected for mRNA expression detection after
Pol III inhibition. The gene expression of XPOI and NUPI153
was found to be down-regulated by 1.6- and 3.3-fold, respec-
tively (Fig: 8B).

Exportin-1 Regulates Transport of RNA:DNA Hybrids from the
Nucleus to the Cytosol—Of the identified genes that-were down-
regulated: in.response to. Pel III inhibition, XPOI encodes for
exportin-1, a protein involved in RNA transport and miRNA proc-
essing (44, 45).. To: test:if exportin-1 is involved in transport of
nuclear RNA:DNA hybrids to the cytosol, cells were treated with
leptomycin B, an XPO1 inhibitor. Increasing concentrations. of
leptomycin. B decreased -accumulation of. cytosolic RNA:DNA
hybrids, whereas cytosolic COX 1V remained unchanged (Fig. 9),
suggesting that XPOL function is required for the presence of
RNA:DNA hybrids.

DISCUSSION - ..

Here, we have shown the existence of eridogenous RNA:DNA
hybrids in the cytosol of a variety of human cells, including cancer
cells. We previously found that the presence of ssDNA and dsDNA
inthe cytosol of B- cell lymphomas depends on DNA damage and
the ensuing DDR (9) In contrast, treatment of cells with genotoxic
agents or blocking of the DDR had no effect on the levels of cyto-
solic RNA:DNA hybrids, suggesting that the presence of RNA:
DNA hybrids is regulated by different pathways. Consistent with
this conclusion, inhibition of Pol III led to the disappearance of
RNA:DNA hybrids in the cytosol. Interestingly, Pol III inhibitors
also abrogated cytosolic PicoGreen staining, which stained cyto-

“solic dsDNA in A549 cells, suggesting that Pol III contributes to

the presence of dsDNA in A549 cells. It is possible that Pol III-de-
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FIGURE 6. Cytosolic RNA:DNA hybrids interact with miRNA machinery proteins. A, cytosolic fra ! X bjected to immunoprecipitation (IP)
using RNA:DNA hybrid-specific antibody S9. 6:Partofthe cytosolic fraction was pretreated with 0.5u ipitated proteins were detected by

SDS-PAGE and silver staining. The indicated bands were analyzed by mass spectrometry ; cytosolic; N, nu ! \ re treated with DMSO or 10 um
Ara-C for 15 h and harvested for cell fractionation after fixation. Cytosolic fractions were subject r 2 ¢ NA:DNA hybrid-specific antibody
$9.6. Immunoblot analys:s was camed outon mmunoprecuputated protems probed thh antibod \GO2(0).

‘Rnaseh1, which degrades the RNA strand in RNA:DNA hybrids,
decreases the levels of “cytosolic ssDNA and dsDNA in tumor
tion forks, resultin cells 2
(37). In agreement ‘
the DDRs activated in cells that 'f tin the R-loop- 4Y.J. Shen, N. Le Bert, A, A. Chitre, C. X. Koo, X. H. Nga, S. S. W. Ho, K. J. Ishii,
ing enzyme RNase H2 (46). Furthermore, overexpressmn of D. H. Raulet, and S. Gasser, submitted for publication.
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