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ABSTRACT

Viral and cellular double-stranded RNA (dsRNA) is recognized by cytosolic innate immune sensors, including RIG-I-like re-
ceptors. Some cytoplasmic dsRNA is commonly present in cells, and one source is mitochondrial dsRNA, which results from
bidirectional transcription of mitochondrial DNA (mtDNA). Here we demonstrate that Trp53 mutant mouse embryonic fi-
broblasts contain immune-stimulating endogenous dsRNA of mitochondrial origin. We show that the immune response
induced by this dsRNA is mediated via RIG-I-like receptors and leads to the expression of type | interferon and proinflam-
matory cytokine genes. The mitochondrial dsRNA is cleaved by RNase L, which cleaves all cellular RNA including mitochon-
drial mRNAs, increasing activation of RIG-I-like receptors. When mitochondrial transcription is interrupted there is a
subsequent decrease in this immune-stimulatory dsRNA. Our results reveal that the role of p53 in innate immunity is
even more versatile and complex than previously anticipated. Our study, therefore, sheds new light on the role of endog-
enous RNA in diseases featuring aberrant immune responses.
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INTRODUCTION

Type | interferon (IFN) secretion is a first line of defense
against viral pathogens in most mammalian cells. IFN
production and secretion is activated after host-specific
pattern recognition receptors (PRRs) detect pathogen as-
sociated molecular patterns (PAMPs). A wide range of dif-
ferent types of molecules can serve as PAMPs, thus PRRs
recognize specific types of ligands. MDAS5 (melanoma dif-
ferentiation-associated protein 5) and RIG-I (retinoic acid-
inducible gene |) are two RIG-I-like receptors (RLRs), that
detect double-stranded RNA (dsRNA), which is a replica-
tion intermediate for RNA viruses (Kang et al. 2002;
Yoneyama et al. 2004). Nevertheless, those two receptors
recognize different features of dsRNAs: RIG-I selectively
binds ssRNA or short blunt-ended dsRNA (less than 1 kb)
bearing uncapped 5'-di- or triphosphate whereas MDA-5
binds long dsRNA. Upon activation, both receptors inter-
act via CARD domains with the mitochondrial antiviral sig-
naling protein (MAVS). MAVS recruitment leads to nuclear
translocation of the transcription factors IRF3 and NF-kB,
and to the production of proinflammatory cytokines, che-
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mokines and type | IFN and later to induction of hundreds
of IFN-stimulated genes (ISGs) (Sato et al. 2000).

There are multiple sources of viral dsRNA; viral genomes
(dsRNA viruses), viral replication (ssRNA viruses) or viral
transcription (DNA viruses). Over the last 10-15 yr, many
endogenous dsRNAs have been described, including
pre-miRNA, rRNA stem—loops, inverted repeat Alu-ele-
ments (IR-Alu) (Chen et al. 2008; Sugimoto et al. 2015)
and mitochondrial dsRNA, which is a result of bidirectional
transcription of mitochondrial DNA (mtDNA) (Borowski
et al. 2013; Dhir et al. 2018). In mice, mtDNA is a ~16.5
kb long, circular DNA molecule, which is organized into mi-
tochondrial nucleoids (Peralta et al. 2012). The mouse mito-
chondrial genome contains 37 genes coding for 13
proteins, 12S and 16S ribosomal RNAs (rRNAs), and 22
transfer RNAs (tRNAs) (Bibb et al. 1981; Bayona-Bafaluy
et al. 2003). The mtDNA genes are arranged mostly on
the Heavy (H) strand, which encompasses 12 of the 13
mRNAs, rRNAs and 14 of the 22 tRNAs, while the Light (L)
strand codes only for one mMRNA and eight tRNAs (Peralta
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etal. 2012). Almost the entire L strand transcript undergoes
rapid decay by the RNA degradosome complex, which in-
cludes PNPase and hSuv3 helicase (Borowski et al. 2013).
Those two enzymes are extremely important in restricting
the levels of mitochondrial dsRNA, as the loss of either of
them causes massive accumulation of mitochondrial
dsRNA that escapes into the cytoplasm. This mitochondrial
dsRNA triggers an MDAS5-driven antiviral signaling path-
way that results in a type | IFN response and therefore it is
another cellular source of dsRNA (Dhir et al. 2018).

Another dsRNA sensing system is the oligoadenylate
synthetase (OAS)/RNase L pathway (Li et al. 2017). OAS
enzymes (OAS1, OAS2, OAS3, and OASL), are IFN-induc-
ible, and upon sensing dsRNA they produce 2'-5'-oligoa-
denylates (2-5A) which activates the nuclease RNase
L. In mice, there are five Oas genes, Oasla and Oas1g,
Oas2, Oas3 and Oasl2 that encode active enzymes and
one, Oasl1 that encodes an enzymatically inactive protein
(Kakuta et al. 2002; Kristiansen et al. 2011). Oasl1 was ini-
tially shown to inhibit the translation of IRF7 mRNA and to
act as a negative regulator of type | IFN synthesis (Lee et al.
2013a), but new evidence shows that early in the antiviral
response Oasl1 has an opposite role as it promotes RLR
signaling by trapping viral RNA in stress bodies (Kang
et al. 2018). Active RNase L cleaves all cellular RNAs pre-
dominantly in single-stranded regions at UpN dinucleo-
tides (UA and UU>UG) (Silverman and Weiss 2014; Li
et al. 2017). In the absence of the RNA editing enzyme,
adenosine deaminase acting on RNA 1 (ADAR1), OAS
can be activated by self-dsRNA, resulting in RNase L activ-
ity and cell death (Li et al. 2017). Recent studies show that
RIG-I like receptors are activated by oligoadenylate syn-
thetase-like protein 1 (OASL1). Loss of OASL1 expression
reduced RIG-I| signaling and enhanced virus replication
in human cells. Conversely, OASL1 expression enhanced
RIG-I-mediated IFN induction (Zhu et al. 2014).

P53 controls transcription and is a well-documented tu-
mor suppressor. Itis also an ISG, induced by IFN upon viral
infection (Takaoka et al. 2003). It is thought that its role in
innate immunity is to induce apoptosis, thus preventing
the spread of viral infection. P53 that is posttranslational-
ly modified is located in the cytoplasm and enhances
the permeability of the mitochondrial outer membrane
thus stimulating apoptosis (Green and Kroemer 2009).
However, treating Trp53 mutant mouse embryonic fibro-
blasts (MEFs) with the DNA demethylating agent 5-aza-
2'-deoxycytidine (5-aza-dC) (Leonova et al. 2013), was
also reported to cause a huge increase in the level of tran-
scripts encoding short interspersed nuclear elements
(SINEs) and other species of noncoding RNAs that generat-
edastrongtype 1IFN response. Thusitappears thatanoth-
er function of p53 in cells is to ensure the silencing of
repeats that can accidentally induce an immune response.

Identifying endogenous, immune-stimulating dsRNA is
especially important in relation to autoimmune diseases.
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Here we demonstrate that in the absence of transcription
factor p53, an immunogenic, endogenous dsRNA is pro-
duced in cells. Surprisingly this endogenous dsRNA does
not encode predominantly SINEs or other tandem repeats.
Instead we show that this RNA is of mitochondrial origin
and is processed by the OAS/RNase L system. Our study
therefore sheds new light on the role of endogenous
RNA in diseases with aberrant immune responses.

RESULTS

Endogenous dsRNA from Trp53 cells can induce
immune responses when transfected into test cells

Our initial hypothesis was that dsRNA from Adar1 mutant
cells is unedited and therefore these cells contain higher
amounts of immunogenic dsRNAs. This would result in
the activation of dsRNA-binding receptors and to subse-
quent activation of immune pathways leading to type |
IFN production. However, MEFs generated from Adar1
mutant embryos where the entire gene is deleted are not
viable and require an additional Trp53 mutation eliminat-
ing p53 protein expression for viability (Mannion et al.
2014). To validate our hypothesis and investigate if
endogenous dsRNA can induce an immune response,
total RNA was isolated from Adar1;Trp53 double mutant
MEFs and from control wild-type and Trp53 mutant
MEFs. DsRNA was isolated from these purified total
RNA samples by in vitro immunoprecipitation with J2
antibody specific for dsRNA (Fig. 1A). The quality of the
RNA was evaluated by microcapillary electrophoresis
(Supplemental Fig. S1). To test the innate immune inducing
potential of dsRNA from the different cell types the isolated
dsRNA was then transfected back into cultured cells with
lipofectamine and innate immune responses were mea-
sured; all of the three different MEF cell lines were tested
as recipients.

To investigate whether lack of ADAR1 editing in Adar1;
Trp53 double mutant MEFs generated dsRNA that can in-
duce an innate immune response after transfection into test
cells, we first performed immunoblotting on the test cells
after dsRNA transfection to measure the expression of
two dsRNA-binding sensors; RIG-I and MDA5 (Fig. 1B;
Supplemental Fig. S2). Unexpectedly, the immunoblots re-
vealed thatthe dsRNA thatinduced the strongest response
was the dsRNA isolated from Trp53 mutant MEFs. DsRNA
isolated from Adar1;Trp53 MEFs also increased the expres-
sion of RIG-I and MDAS receptors, but the effect was lower
when compared to Trp53 mutant MEFs. This trend was ob-
served for all the three cell lines transfected; WT MEFs,
Trp53 MEFs and Adar1,;Trp53 MEFs. Nonetheless, quanti-
fication relative to a-tubulin level (with ImageJ Software;
data notshown), shows higher intensity for cells transfected
with dsRNA from Trp53 cells. This experiment was repeat-
ed and the same results were observed. The results of
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FIGURE 1. Endogenous dsRNA from cells lacking Trp53 induces an innate immune response
in transfected cells. (A) Schematic representation of the experiment. Endogenous dsRNA was
isolated from purified total RNA of wild-type, Trp53 mutant and Adar1;Trp53 double mutant
MEFs by immunoprecipitation with J2 antibody and transfected back into reporter cells of the
same lines. (B) Immunoblot showing the expression of MDA5 and RIG-| receptors after
wild-type, Trp53 and Adar1,;Trp53 reporter MEFs were transfected with dsRNA. Data are rep-
resentative of two independent experiments. Black lines indicate where the image was cut to
make the same alignment for all three immunoblot images; the original images are in
Supplemental Figure S2. (C) ELISA showing mean levels of IL-6 in cell culture supernatants
of Trp53 MEFs transfected with dsRNA. Results are normalized to cytokine expression in non-
transfected cells. Data are mean = SD of n=3. (D) RT-qPCR analysis of transcripts encoding
IFN-c, two dsRNA receptors, and three other ISG mRNAs in Trp53 MEFs transfected with
dsRNA. Results are normalized to mRNA expression in nontransfected cells. Data are mean
+SD of three independent experiments. (*) P<0.05, (**) P<0.01, (***) P<0.001.

immunoblots demonstrate that the lack of Trp53 in MEF
cells generates dsRNA able to activate RIG-l and MDAS re-
ceptors and this effect is independent of the genotype of
the recipient cell.

To validate that dsRNA derived
from Trp53 mutant MEFs activates
an innate immune response in re-
cipient transfected cells, an ELISA to
detect the secretion of proinflamma-
tory cytokine IL-6 was performed
(Fig. 1C). The highest IL-6 secretion
was observed for the cells transfected
with dsRNA from Trp53 MEFs, lower
for cells transfected with dsRNA from
Adar1;Trp53 double mutant MEFs
and lowest for dsRNA from WT
MEFs. Those results confirmed that
this RNA activates the whole pathway,
as cytokine secretion is the last step.

Trp53 mutant MEFs were transfect-
ed with dsRNA derived from WT,
Trp53 or Adar1;Trp53 MEFs and the
expression level of mRNA transcripts
was measured for [fit3, Ifit1, Irf7 (three
ISGs), IFN-a, Ifih1 (encoding MDADS)
and Ddx58 (encoding RIG-I) (Fig.
1D). The results were normalized to
mRNA expression in nontransfected
cells. The expression of ISG transcripts
was significantly up-regulated when
cells were transfected with dsRNA
from Trp53 MEFs, when compared to
cells transfected with dsRNA from
Adar1;Trp53 MEFs or WT MEFs. In
general, changes in MRNA expression
were more modest for Irf7 than for Ifit1
and [fit3. In the case of IFN-a and Ifih1
transcripts the increase followed the
same trend, with the highest increase
for cells transfected with dsRNA from
Trp53 MEFs. Transcripts encoding
the two receptors, Ifih1(MDAS) and
Ddx58 (RIG-I), had lower increases in
expression in cells transfected with
dsRNA from Trp53 MEFs (approxi-
mately fivefold) when compared to
WT MEFs and Adar1;Trp53 MEFs (ap-
proximately twofold) dsRNA. The
increase is especially low for Ddx58,
which is probably due to its relatively
high basal expression in nontrans-
fected cells (as seen on immunoblot,
Fig. 1B). Thus, results ofimmunoblots,
ELISA and gPCR assays demonstrate
that dsRNA from Trp53 MEFs can in-

duce an immune response when transfected back into
Trp53 MEFs. Next, we sought to determine which receptor
recognizes endogenous dsRNA from Trp53 mutant cells.
RNAi knockdown of transcripts encoding MDAS and RIG-
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| receptors revealed that the immune response induced by
this dsRNA is mediated mainly, but not exclusively, via
MDAS5 receptor (Fig. 2). Immunoblot results show an in-
crease in the expression of MDAS in cells with RIG-I knock-
down. However, when MDAS5 is knocked down, the
increase in the expression of RIG-I receptor is minor. RIG-
| receptor is therefore also involved in this immune re-
sponse induced by endogenous dsRNA from Trp53 mutant
cells, however to a lower extent (Fig. 2). There is variability
in this experiment due to the batch difference in poly I:C,
but this does not affect the results which is that after knock-
down of MDAS in Trp53 mutant cells the isolated dsRNA is
less immune-stimulatory.

For isolation of dsRNA, we used the dsRNA-specific
monoclonal antibody J2 that is widely used to detect viral
dsRNA in animals and plants (Weber et al. 2006; Dhir et al.
2018). We verified the specificity of J2 for dsRNA in vitro by
digesting immunoprecipitated dsRNA from Trp53 MEFs
with RNase V1 prior to transfection into Adar?;Trp53
MEFs. RNase V1 is specific for double-stranded helical
conformations in RNA (Lowman and Draper 1986; Nilsen
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2013). In contrast to undigested and denatured dsRNA,
dsRNA digested with RNase V1 was unable to induce
immune response measured as expression of two dsRNA-
binding sensors; RIG-l and MDAS5 (Fig. 3A). This result
confirms that the immune-stimulatory effect indeed is medi-
ated by dsRNA. We then determined whether the response
is caused by the cytoplasmic or nuclear fraction of dsRNA.
For this we performed cellular fractionation with digitonin
(Supplemental Fig. S4) first; total RNA was then isolated
from cytoplasmic and nuclear fractions separately, followed
by immunoprecipitation of dsRNA with the J2 antibody.
Only dsRNA from the cytoplasmic fraction of Trp53 MEFs
was able to induce the immune response (Fig. 3B).

RNA-seq analysis of dsRNA

We performed J2 immunoprecipitation-based dsRNA se-
quencing (dsRNA-seq) to identify the differences between
dsRNA derived from wild-type MEF cells and the two
mutants cell lines. For sequencing purposes, ribosomal
RNAwas first depleted from the dsRNA before library prep-
aration; ribosomal RNA-depleted
dsRNA was still immune-stimula-
tory (Supplemental Fig. S5). Chro-
mosome-wise coverage analysis of
dsRNA-seq revealed that the mito-
chondrial genome has the highest ra-
tio of differentially expressed genes
in dsRNA from Trp53 mutant versus
wild-type cells and from Adar?;Trp53
versus wild-type cells (Fig. 4A). The re-
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FIGURE 2. The immune response induced by dsRNA from Trp53 MEFs is mediated primarily
via the MDAD5 receptor. (A) Immunoblot showing the expression of MDAS5 and RIG-I receptors
after transfection of Adar1;Trp53 MEFs with dsRNA from Trp53 MEFs. Prior to transfection,
RIG-I was knocked down in the cells with esiRNA. Data are the mean + SD of three indepen-
dent experiments and quantified using Image J software. (B) Immunoblot showing the expres-
sion of MDAS and RIG-I receptors after transfection of Adar1;Trp53 MEFs with dsRNA from
Trp53 MEFs. Prior to transfection, MDAS was knocked down in the cells with esiRNA. Data
are mean = SD of three independent experiments and quantified using Image J software. In
cases where bands were not quantifiable for all biological replicates (e.g., MDAS was not vis-
ible upon MDA5 knockdown), error bars were not included in the quantification diagram.
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sults were normalized to the total
number of protein-coding genes on
each chromosome. The analysis of ex-
pression levels of individual, differen-
tially expressed genes mapped to
the mitochondrial chromosome shows
higher fold increase in 12 out of 13
protein-coding genes in Trp53 than
in Adar1;Trp53 when compared to
wild-type (Fig. 4B). We do not observe
an increase in sense and antisense
mitochondrial RNA that could form in-
termolecular duplexes that would acti-
vate MDAS. This result is consistent
with previous reports showing that
MDAS5 is not responding to longer
stretches of paired sense and anti-
sense strands but instead it recognizes
dsRNA thatwas created as intramolec-
ular duplexes (Runge et al. 2014).

We also analyzed the repetitive se-
quence content of the J2-immuno-
precipiated dsRNA material. For this
analysis “"RepBase repeat consensus”
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FIGURE 3. The immuno-stimulatory effect of dsRNA from Trp53 mutant cells depends mainly on the cytoplasmic fraction of dsRNA. Immunoblot
showing levels of MDAS5 and RIG-I receptors in Adar1;Trp53 MEFs after transfection with (A) dsRNA from Trp53 MEFs treated with RNase V1 or
denatured dsRNA,; (B) dsRNA isolated from total RNA of either cytoplasmic or nuclear fractions of Trp53 MEFs. Data are the mean * SD of three

independent experiments and quantified using Image J software.

for mapping reads representing various types of repetitive
elements in rodents was used (Supplemental Fig. Sé;
Supplemental Table S3). Immunoprecipitated dsRNA ob-
tained from Adar1;Trp53 and from Trp53 MEFs did not
show any significant enrichment in repetitive elements
when compared to dsRNA from WT MEFs.

Adar1;Trp53 and Trp53 cells have an elevated
immune response

To investigate whether there is an altered global transcrip-
tional profile of genes involved in innate immune response
in the Adar1;Trp53 and Trp53 cells from which the dsRNA
was being purified, we performed next generation se-
quencing of total RNA isolated from these cells and wild-
type controls. The resulting data revealed that transcripts
of 1427 genes are up-regulated and 2153 down-regulated
(atleast 1.5 log, fold and adjusted P-value <0.05) in Trp53
MEFs, while transcripts of 922 genes are up-regulated and
1440 down-regulated (at least log 1.5 fold) in Adar1;Trp53
MEFs (Supplemental Table S2; Supplemental Fig. S7).
Transcripts of some genes were up-regulated in both
cell types, including classical proinflammatory and type |

IFN-dependent genes encoding proteins of the Oas family
(Oas3, Oasl1), IFN-induced protein with tetratricopeptide
repeats 1 (/fit1) and 3 (Ifit3), Irf7, If3, Ifi205, and Isg15 (Fig.
5A). Two of the genes involved in immune responses,
interleukin-1 receptor antagonist (/1) and interleukin-4
receptor (ll4ra) were down-regulated in both cell lines.
Interestingly, immunoglobulin-like domain-containing re-
ceptor 2 (lldr2), which is a novel negative regulator for T
cells involved in autoimmune response (Hecht et al.
2018), was highly down-regulated (over 10-fold) in Trp53
cells, but slightly up-regulated in Adar?;Trp53 cells.
Sequencing results were confirmed by RT-gPCR compar-
ing mRNA transcripts for Oas3, Ifit3 and Isg15 (Fig. 5B).
Not all gPCR results correspond to sequencing results.
For example, OaslT mRNA transcripts were higher in
Adar1;Trp53 than in Trp53 MEFs (data not shown).
Collectively, this finding suggests that, both Adar1;Trp53
and Trp53 MEFs when compared to wild-type cells, have
altered transcriptional profiles of genes involved in innate
immune responses, however transcripts of more genes are
elevated in Trp53 MEFs. Additionally, Trp53 MEFs show a
fivefold increase in Ifn- mRNA transcript, compared to
wild-type cells (Fig. 5B), whereas Adar?;Trp53 MEFs
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FIGURE 4. Sequences enriched in immunogenic dsRNA purified from untreated Trp53 versus
wild-type and Adar1;Trp53 versus wild-type MEFs. (A) Chromosome-wise coverage showing
the number of differentially expressed protein-coding genes, normalized to the total number
of protein-coding genes on each chromosome. (B) Differential expression levels of differen-
tially expressed genes mapped to the mitochondrial chromosome. All genes with an adjusted
P-value <0.05 were considered as differentially expressed. Data are average of three indepen-

dent experiments.

show an over fivefold increase in Ifn-3 mRNA transcript,
compared to wild-type cells (Fig. 5B). Interestingly, chro-
mosome-wise coverage analysis of total RNA-seq of differ-
entially expressed genes again revealed that the
mitochondrial genome has the highest ratio of differen-
tially expressed genes in RNA from Trp53 versus wild-
type cells and Adar1;Trp53 versus wild-type cells (Fig.
5C). The results were normalized to the total number of
protein-coding genes on each chromosome. The effect
is “diluted” compared to the dsRNA-seq results (Fig.
4A). This is not a surprise, as total RNA-seq does not enrich
for the immune-stimulatory dsRNA.

Immunogenic dsRNA is a mitochondrial RNA cleaved
by RNase L

RNA-seq of total RNA revealed that one of the most up-
regulated genes in both Adar?;Trp53 and Trp53 MEFs,
was Oas3 (in comparison to WT MEFs) which is a member

718 RNA, Vol. 25, No. 6

21 bp long, are not immunopreci-
pitated with this antibody. Isolated
dsRNA was then transfected into
Trp53 MEFs and the immune re-
sponse was measured in the trans-
fected cells. As a control, cells were
transfected with dsRNA derived from
Trp53 MEFs treated with a general,
nonspecific siRNA.

The expression of three chosen ISG mRNA transcripts,
[fit3, Ifit1, and Irf7, was significantly less induced when re-
porter cells were transfected with dsRNA derived from
cells with RNase L knockdown, in comparison to cells trans-
fected with dsRNA from Trp53 MEFs (Fig. 6C). Cells trans-
fected with dsRNA obtained from Trp53 MEFs treated with
negative control siRNAs show similar induction of ISGs to
cells transfected with control dsRNA from Trp53 MEFs.
This demonstrates that the ability of dsRNA to induce im-
mune response relies on the presence of RNase L. The
same reduced induction was observed for mRNA tran-
scripts encoding IFN-e, Ifih1 and Ddx58, with significant
decrease in expression in reporter cells transfected with
dsRNA from cells with silenced RNase L (Fig. 6C).

To further confirm the effect of RNase L knockdown
upon dsRNA immunogenicity, an ELISA assay was used
to detect the secretion of proinflammatory cytokine IL-6
(Fig. 6D). The highest IL-6 secretion was observed from
the cells transfected with dsRNA from Trp53 MEFs, lower
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from cells transfected with dsRNA from Trp53 MEFs with
negative siRNAs and the lowest for dsRNA from Trp53
MEFs with RNase L knocked down. Taken together with
gPCR results, this shows that the dsRNA from Trp53
MEFs that can induce an innate immune response may in-
deed be the product of RNase L cleavage, as the silencing
of RNase L in those cells decreases the immunogenicity of
dsRNA significantly.

Finally, to further support the idea that the dsRNA that
triggers immune response is of mitochondrial origin, we in-
hibited mitochondrial transcription with low concentra-
tions of ethidium bromide prior to dsRNA isolation (Fig.
7). Ethidium bromide causes decreased mitochondrial
transcription without significantly affecting nuclear tran-
scription (Hayakawa et al. 1998). In ethidium bromide—
treated cells, analysis of transcripts by gPCR shows
decreased mitochondrial transcription compared to un-
treated cells (Fig. 7B). DsRNA isolated from EtBr-treated

cells was transfected into Adar?;Trp53 MEFs; immuno-
blots with RIG-I and MDAS5 antibodies on proteins from
transfected cells show that dsRNA isolated from ethidium
bromide-treated cells triggers a weaker immune response
(Fig. 7A). This result unambiguously demonstrates that in
Trp53 MEFs there is an increase in mitochondrial dsRNA
reaching the cytoplasm that can increase the hazard of trig-
gering an innate immune response.

DISCUSSION

The complex role of p53 in the immune system is increas-
ingly appreciated (Mufioz-Fontela et al. 2016). Cells
expressing p53 show p53-dependent apoptosis in re-
sponse to viral infection (Turpin et al. 2005). As expected,
mice deficient in p53 are prone to infection with viruses,
including influenza A virus, probably due to the lack of
an apoptotic response (Yan et al. 2015). Additionally,
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p53 directly activates transcription of a set of immune re-
sponsive genes, including TIr3, and IFN regulatory factors
5 (Irf5) and 7 (Irf7) (Mori et al. 2002; Taura et al. 2008; Yan
etal. 2015). In recent years, it has become evident that p53
is associated with the development of autoimmune diseas-
es and suppresses the aberrant expression of proinflam-
matory factors (Takatori et al. 2014). Defective p53 is also
now linked to the development of rheumatoid arthritis,
SLE and dermatomyositis/polymyositis (Kovacs et al.
1997; Chauhan et al. 2004; Mimura et al. 2007). P53
directly inhibits the production of numerous cytokines by
inhibiting signal transducer and activator of transcription
1 (STAT1) (Youlyouz-Marfak et al. 2008), and p53 defi-
ciency in macrophages increases the production of proin-
flammatory cytokines, such as IL-1, IL-6, IL-12, and TNF-o
(Komarova et al. 2005; Gudkov et al. 2011).

Here, we show that dsRNA from Trp53 mutant murine
cell lines induces an aberrant innate immune response in
transfected reporter cells. This effect is related to the
Trp53 mutation, as dsRNA isolated from wild-type MEF
cellsis unable to induce thisimmune response. Interesting-
ly, the innate immune inducing effect of the dsRNA ap-
pears to be increased by the presence of ADART1 in those
cells, and decreased when ADAR1 is absent. The response
to transfected dsRNA is mediated mainly, but not exclu-
sively, via the MDAS receptor; the RIG-| receptor is also in-
volved in thisimmune response, howeverto a lesser extent.
Cellular sensing of this endogenous dsRNA through MDA5
and RIG-I leads to their interaction with MAVS signaling
protein, translocation of transcription factor IRF7, and final-
ly to the type | IFN and IL-6 secretion and up-regulation of
ISGs.

We are confident that the observed effect relies on
endogenous dsRNA, and not on dsDNA or other nucleic
acids. Immunoprecipitation with an antibody specific for
dsRNA was described in multiple publications (most re-
cently in [Dhir et al. 2018]), which together with our control
experiments prove the dsRNA specificity of the antibody.
We can also control the dsRNA quality prior to transfection
by analysis with microcapillary electrophoresis. In addition,
the response is eliminated when we treat with a dsRNA-
specific RNase.

The results presented here were surprising to us initially
because we had expected that dsRNA not edited by
ADAR1 would be more immune-stimulatory. One of the bi-
ological roles of ADAR1 is to negatively regulate the IFN re-
sponse by editing endogenous dsRNA. This was observed
in Adar1 deficient mice that die by embryonic day E12.5
with severe effects of massive interferon production, liver
disintegration and widespread apoptosis (Hartner et al.
2004, 2009; Wang and Carmichael 2004; Mannion et al.
2014). Additionally, Adar1p150 mutant MEFs also show
abnormal type | IFN response (Ward et al. 2011) and are
notviable. The AdarT null mutant we use here bears a dele-
tion of exon 2 to 13, removing most of the open reading
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frame of the protein. Other Adar! mutant alleles still con-
tain dsRNA-binding domains and viable Adar? MEFs can
be generated from them (Wang et al. 2004). It is only after
generating Adar1;Trp53 double mutant MEFs that we were
able obtain viable cells. These cells were characterized by
elevated immune responses, which were reduced after
transfection of inosine containing dsRNA (Vitali and
Scadden 2010; Mannion et al. 2014). These results demon-
strated that the cell uses inosine to help discriminate be-
tween self and non-self dsRNA. If inosine is present in
dsRNAitbindsto RLRs and prevents activation of the innate
immune response. However, if no inosine is present then
the cell cannot discriminate “self” from “non-self” and
treats the dsRNA as being of viral origin and activates a
type | IFN response.

We found that endogenous dsRNA can indeed induce
an immune response and this effect was associated to the
p53 deficiency. To examine this dsRNA in more detail, we
performed dsRNA-seq. The results revealed the mitochon-
drial chromosome as the chromosome with the highest
proportion of genes differentially expressed between
Trp53 and wild-type cells, and between Adar1;Trp53 and
wild-type cells. The analysis of expression levels of individ-
ual, differentially expressed genes mapped to the mito-
chondrial chromosome, shows higher fold increase in 12
out of 13 protein-coding genes, in Trp53 compared to
wild-type than in Adar; Trp53 compared to wild-type, with
the only exception being the mitochondrially encoded cy-
tochrome C oxidase Ill (MT-CO3). In contrast to recently
published results (Borowski et al. 2013; Dhir et al. 2018),
most of the detectable cellular dsRNA is not encoded by
the mitochondrial genome; however, our results still indi-
cate that the ability of endogenous dsRNA to induce im-
mune response relies mostly on the mitochondrial
fraction and not on dsRNA in general. We also find that in
whole transcriptomes of both Trp53 MEF and Adarl;
Trp53 MEF cell lines the highest percentage of differen-
tially expressed genes was identified in the mitochondrial
genome. In addition, when mitochondrial transcription
was decreased by growing the cells in low concentrations
of ethidium bromide, the dsRNA isolated from these cells
was less immune-stimulatory when transfected into
Adar1;Trp53 MEFs. This demonstrates that the endoge-
nous dsRNA that we isolated with dsRNA antibodies is of
mitochondrial origin and is not encoding SINEs or other
RNAs with tandem repeats as was found when the DNA-de-
methylating agent 5-aza-dC was used to treat Trp53MEFs
(Leonova et al. 2013).

In human cells, mitochondrial RNA can induce immune
response to a similar extent as bacterial RNA (Dhir et al.
2018). Mitochondrial dsRNA is particularly dangerous as
it can lead to the activation of potent innate immune
defense mechanisms that have evolved to protect
vertebrates against microbial and viral attack. This may re-
sult in autoimmune disorders. Under the normal
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circumstances, this RNA is strictly controlled by the degra-
dosome components, mitochondrial RNA helicase SUV3
and polynucleotide phosphorylase (PNPase). Loss of ei-
ther of those enzymes results in massive accumulation of
mitochondrial dsRNA that escapes into the cytoplasm
and drives type | IFN response (Dhir et al. 2018). Another
recent publication has demonstrated that Protein kinase
RNA-activated (PKR) also binds mitochondrial dsRNA
which can regulate its phosphorylation and signaling
(Kim et al. 2018).

We found that Trp53 mutant MEFs, both with and with-
out concurrent knockout of Adar1, have elevated levels of
multiple genes involved in the immune response. This was
observed in cells not stimulated with dsRNA. Since Trp53
cells have fivefold higher IFN-o secretion than wild-type
and Adar1;Trp53 cells, it was then crucial to identify the
main transcripts differing between the Trp53 mutant and
the other two lines. Among the most up-regulated genes
in both Trp53 and Adar1;Trp53 cells, when compared to
wild-type, were members of the Oas family, Oasl1 and
QOas3. Oas family enzymes catalyzes the synthesis of
oligoadenylates of the general structure ppp(A2'p)nA

(2-5), which upon binding, activate the endoribonuclease
RNase L. When activated, RNase L catalyzes the degrada-
tion of both viral and cellular RNAs (Hovanessian and
Justesen 2007). Oas1-3 upon binding to dsRNA, activate
RNase L, with Oas3 having the dominant role in this pro-
cess (Ibsen et al. 2014; Li et al. 2016). The role of mouse
Oasl1 however is still puzzling. Mouse Oasl1 gene is the
orthologue of the human OASL gene and is enzymatically
inactive (Kristiansen et al. 2011). Until recently, the only re-
ported role of Oasl1 was the negative regulation of IFN re-
sponse (Kristiansen et al. 2011; Lee et al. 2013b; Oh et al.
2016). However, a recent report demonstrates that Oasl1
plays context-dependent roles in the antiviral response
(Kang et al. 2018). In early stages of viral infection, Oasl1
forms stress granules trapping viral RNAs and promoting
efficient RLR signaling. Stress granule formation is depen-
dent on the RNA-binding activity of Oasl1. However, in the
late stages of infection, Oasl1 inhibits translation resulting
in down regulation of IFN production (Kang et al. 2018).
These results demonstrate that Oasl1 has a more compli-
cated role in response to viral dsRNA, than previously
appreciated.
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The level of RNasel transcript in unstimulated cells is
higher in Trp53 cells than in wild-type or Adar1;Trp53.
Therefore, we studied the role of the OAS/RNase L system
in the production of immunogenic dsRNA in this cell line.
Nevertheless, RNase L exists in the cell in inactive form
and is activated by dimerization, which occurs upon 2-5A
binding. Knocking down RNase L in Trp53 MEFs results
in the loss of the immune-stimulating ability of the endog-
enous dsRNA. This can be seen on multiple levels of the
type | IFN response in transfected reporter cells, starting
with the lowered expression of MDAS and RIG-| receptors,
through smaller production of IFN-a. and IL-6, and finally,
much lower expression of ISGs. Active RNase L cleaves all
cellular RNAs predominantly in single-stranded regions at
UpN dinucleotides (UAand UU > UG), however the cleaved
RNA may have single- and double-stranded regions
(Wreschner etal. 1981). The J2 antibody used forimmuno-
precipitation recognizes continuous duplex structures of at
least 40 bp in length (Bonin et al. 2000).
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The OAS system is localized in mul-
tiple cellular compartments. Whereas
RNase L can be either cytoplasmic or
mitochondrial (Le Roy et al. 2007;
Kjeer et al. 2014), OAS can be local-
ized in mitochondria, cytoplasm, but
additionally also in the ER and nucleus
(Lin et al. 2009). The cellular localiza-
tion of the OAS/RNase L system may
also depend on the stage of cell life.
Activation of RNase L results in the
degradation of all RNA within the
cell, viral and endogenous, which
leads to apoptosis of mammalian cells
in a caspase-dependent manner. At
the beginning of apoptosis, RNase L
and OAS are localized in the mito-
chondria and cytosol fractions, while
at the onset of apoptosis both en-
zymes are largely in mitochondria
(Domingo-Gil and Esteban 2006).
Based on the obtained results it is
not possible to confirm with full cer-
tainty whether isolated mitochondrial
dsRNA was cleaved by mitochondrial
or cytoplasmic RNase L. Both possibil-
ities seem plausible. Nevertheless, we
are confident that the immunoprecip-
itated RNA, and therefore RNA that
can induce immune response, is mito-
chondrial and that it was processed by
the OAS/RNase L system.

Overall, our results demonstrate a
role of p53—OAS axis in mitochondri-
al RNA processing and preventing
self-nucleic acid such as dsRNA from
aberrantly activating innate immune responses. The lack
of p53 transcription factor causes activation of the OAS/
RNase L system in the absence of a danger signal such
as viral infection.
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MATERIALS AND METHODS

Cell culture

Mouse embryonic fibroblasts (MEF) were derived from mouse
embryos of the same genetic background (C57BL/6J) as previ-
ously described (Mannion et al. 2014). Cells were grown in
DMEM high glucose medium (BioSera) in the presence of 10% fe-
tal bovine serum (FBS). To silence RNase L, MEF Trp53 cells were
transfected with 30 nM of 21 bp esiRNA, targeting mouse RNase
L (MISSION, Sigma), with Lipofectamine 3000 for 48 h. The silenc-
ing effectiveness was measured by gPCR, with primers specific for
RNase L (see Supplemental Table S1). The silencing specificity of
siRNA was assessed by parallel transfection with 30 nM of siRNA
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Universal Negative Control (MISSION, Sigma). To silence RIG-I
and MDADS receptors, Adar1;Trp53 MEFs were transfected with
30 nM of esiRNA targeting mouse Ifih 7 or 30 nM of esiRNA target-
ing mouse Ddx58 (MISSION, Sigma), with Lipofectamine 3000 for
72 h.

RNA extraction

Total RNA was obtained from cells by phenol:chloroform extrac-
tion with an overnight isopropanol precipitation. RNA samples
were treated with 1 uL DNase | (Qiagen) per 20 pg of total RNA
and then precipitated in 70% isopropanol with 150 mM sodium
acetate. A 2 pg aliquot of total RNA was reverse transcribed
into cDNA with HyperScript Reverse Transcriptase with 100 pM
Oligo(dT)1s primer (GeneAll). Samples were incubated for 1 h at
55°C and the reaction terminated by heating for 5 min at 70°C.

Quantitative RT-PCR

For all gPCR experiments, the QuantStudio 12K Flex Real-Time
PCR System (Thermo Scientific) was used. PCR was performed
with FastStart Universal SYBR Green Master (Rox) (Sigma) with
standard two-step cycling protocol: one cycle at 95°C for 60
sec, then 40 cycles of 95°C for 15 sec and 60°C for 45 sec. PCR
amplification was performed with gene-specific primers (see
Supplemental Table S1). Results were normalized to the mRNA
expression of B-actin or Gapdh. To analyze relative quantification
of genes, the comparative CT Method (AACy) was used. Samples
were analyzed in technical duplicates and biological triplicates.

Immunoprecipitation of dsRNA

Forty micrograms of total RNA was isolated as described above
and incubated with the J2 anti-dsRNA IgG2a monoclonal anti-
body (Scicons) in the presence of IP buffer (50 mM Tris-HCI pH
8, 150 mM NaCl, 1% Triton X-100, and 1 mM EDTA) at 4°C for
16 h. Next, 70 pL of Protein A-Sepharose 4B Fast Flow beads
(Sigma) was added to the RNA-J2 mix and incubated for another
4 h at4°C. The beads coupled with J2-RNA complexes were then
washed gently three times at 4°C with IP buffer. DsRNA was iso-
lated from the beads with the standard phenol-chloroform RNA
extraction protocol. The concentration and quality of the isolated
RNA was measured by TapeStation (Agilent 2200) according to
the manufacturer’s instructions.

Transfection with dsRNA

In the experiments, three cell lines, WT MEF, Trp53 MEF, and
Adar1;Trp53 MEF, were transfected with dsRNA (also derived
from WT MEF, Trp53 MEF, and Adar1;Trp53 MEF). Always, the
same amount of immunoprecipitated RNA was transfected into
cells with Lipofectamine 3000. This was 2 pg transfected into
~1.6 x 10° of MEFs in 2.3 mL of media.

ELISA

Cell culture media was stored at —80°C and thawed at room tem-
perature prior to ELISA. The amount of IL-6 secreted by MEF cells

(confluent 4 cm? in 1 mL of medium) was measured with Mouse
IL-6 ELISA Set (BD OptEIA) according to the manufacturer instruc-
tions. Samples were analyzed in technical duplicates and biolog-
ical triplicates.

Immunoblotting

Cells (1-1.2 x 10%) were lysed in 50 mM Tris-HCl pH 8, 150 mM
NaCl, 1% Triton X-100, and 1 mM EDTA with the addition of pro-
tease inhibitors (cOmplete, Roche). Protein samples were separat-
ed at 100 V by 10% SDS-PAGE electrophoresis and blotted on a
nitrocellulose membrane. Membranes were incubated with spe-
cific antibodies: mouse anti-a-tubulin (1:8000, Sigma-Aldrich),
rabbit anti-MDAD5 (1:800, Cell Signaling), rabbit anti-RIGI (1:800,
Cell Signaling), rabbit anti-fibrillarin (1:10,000, Abcam). HRP-con-
jugated anti-rabbit (1:80,000) and anti-mouse (1:5000) antibodies
were purchased from Sigma-Aldrich. Proteins were revealed with
Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific).
All immunoblots blots were performed in triplicate and the quan-
tification of the protein bands from all three experiments is shown
in each figure.

Subcellular fractionation

Fractionation protocol was adapted from Holden and Horton
(2009) and Liu and Fagotto (2011). Trp53 MEFs cells were grown
on 15 cm dishes until they reached ~85% confluency. Cells on the
dish were washed with cold 1x PBS and permeabilized with 6 mL
of digitonin solution (1x NEH Buffer containing 45 pg/mL digito-
nin, 10 MM DTT, and 10 mM MgCl,) by gentle rocking at 4°C for
10 min. (10x NEH Buffer: 1500 mM NaCl, 2 mM EDTA, 200 mM
HEPES-NaOH pH 7.4). The released cytoplasmic fraction was col-
lected and cleared by centrifugation at 500g, 4°C for 10 min.
Cytoplasmic RNA was isolated from clear supernatant with
TriPure Reagent (Sigma-Aldrich) as per manufacturer’s instruc-
tions. Cell residues on the dish were washed with cold 1x PBS
and collected with 3 mL of Buffer 2 (150 mM NaCl, 50 mM
HEPES-NaOH pH 7.4, 1% NP40) by scraping, followed by 30
min incubation on ice. Nuclei were pelleted by centrifugation at
7000g, 4°C for 15 min. The supernatant containing other organ-
elles was discarded and the pelleted nuclei were washed with
cold 1x PBS. The nuclear pellet from one 15 cm dish was disrupt-
ed by incubating for 30 min at 37°C with 10 U of TURBO DNase
(Thermo Fisher) in 10x Reaction Buffer with occasional pipetting
using 100 pL tips. Afterward, nuclear RNA was isolated with
TriPure Reagent as per manufacturer’s instructions. A small part
of both cytoplasmic and nuclear fraction was saved for immuno-
blotting to verify the fractions’ purity.

Ethidium bromide treatment of MEFs to block
mitochondrial transcription

Trp53 MEFs were seeded in 10 cm plates and grown until
they reached ~80% confluency. Then, ethidium bromide
(AppliChem) was added to the cell culture medium at a final con-
centration of 0.05 pg/mL (Hayakawa et al. 1998; Surovtseva et al.
2011). Cells were grown in ethidium bromide-supplemented me-
dium for 24 h. Cells were washed 3x with PBS, then total RNA was
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isolated and treated with DNase as described above. Expression
of mitochondrial genes was analyzed by quantitative RT-PCR as
described above with RNA from untreated Trp53 MEFs as a con-
trol. Random hexamers were used for reverse transcription instead
of oligo(dT);s. Cycling conditions for gPCR: one cycle of 95°C for
10min, then 40 cycles of 95°Cfor 10 sec, 55°C for 20 sec, and 72°C
for 8 sec. Total RNA from ethidium bromide—treated cells was also
used for dsRNA immunoprecipitation using the same protocol as
described above.

NGS library preparation

Total RNA was isolated from cells using the phenol-chloroform
extraction method and treated with DNase | (Ambion). RNA was
depleted of rRNA with the RiboCop rRNA Depletion Kit
(Lexogen) and used for library preparation using the SENSE
Total RNA-seq Library Prep Kit (Lexogen). For the sequencing
of the dsRNA, immunoprecipitation was performed with J2
(dsRNA-specific antibody), then 1 pg per sample was depleted
of rRNA with RiboCop rRNA Depletion Kit (Lexogen). The rRNA
depleted dsRNA was used for library preparation with SENSE
Total RNA-seq Library Prep Kit (Lexogen). The libraries were pre-
pared with TruSeq llumina adapters. Sequencing was performed
on the NextSeq 500/550 sequencer.

Differential gene expression

The raw data generated during sequencing were quality checked
using FastQC and preprocessed with Trimmomatic. Adapter se-
quences and low-quality ends were trimmed (Phred score <3;
both 5 and 3’ ends). Alignment was performed by STAR to the
mouse reference genome-GRCm38 primary assembly; Ensembil
release 86 (NGS of total RNA) and release 91 (NGS of dsRNA).
Raw gene counts were counted only from uniquely mapped
reads by featureCounts (NGS of total RNA). Estimated raw
gene counts were counted from both uniquely and multimapped
reads by RSEM (NGS of total RNA). Strandedness of the sequenc-
ing was considered during the counting. Differential gene ex-
pression analysis was performed by DESeqg2 Bioconductor
package and the raw P-values were adjusted for multiple testing
error using Benjamini-Hochberg method. Samples were ana-
lyzed in biological triplicates.

Analysis of dsRNA sequences immunoprecipitated
with J2 antibody

Raw alignment coverage was calculated using DeepTools and
normalized to counts-per-million (CPM). Signals of each of the
strands were calculated separately. All positions that did not
have coverage of at least 0.5 CPM were filtered out. Only signals
with a continuous length of at least 150 bp (S9 A) or 500 bp (S? B)
were kept. The regions were selected only if they were present in
two out of three replicates for each condition (WT, Trp53 and
Adar1;Trp53). Visualization of the strands was done in ggplot2 R
package.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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