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Abstract

Melanoma differentiation-associated protein 5 (MDAD5) in-
duces type | interferons (IFNs) after the recognition of viral
RNA. In addition, gain-of-function mutations in the interfer-
on induced with helicase C domain 1 (IFIH1) gene, which en-
codes MDA5, lead to type | interferonopathies. Here, we
show that Mda5 is highly expressed in murine macrophages
and is regulated by pro-inflammatory stimuli such as the cy-
tokines IFN-a and IFN-y, the TLR ligand LPS, and a mimic of
dsRNA, poly(l:C). Mda5 induction is mediated through the
production of reactive oxygen species. The induction by
IFN-a or LPS occurs at the transcriptional level since the
Mda5 mRNA half-life before and after induction is very sta-
ble. Interestingly, STAT1 is required for Mda5 induction by
IFN-a, LPS, or poly(l:C). The time course of induction of at
least 3 h and the need for protein synthesis indicate that
Mda5 requires an intermediate protein for transcription. In
transient transfection experiments, we found that a 105-bp
fragment of this gene, between —1153 and —1258 bp relative
to the transcription start site, is required for transcription. In

this specific region, we observed a sequence containing an
IRF-binding motif, which, when mutated, abolishes the in-
duction of Mda5. This sequence is strongly conserved in the
IFIH1 promoters of eutherian mammals and in other distant
species. Kinetic experiments, chromatin immunoprecipita-
tion assays, and gene-silencing experiments revealed that
IRF1 is required for induction of Mda5 expression.

© 2022 The Author(s).
Published by S. Karger AG, Basel

Introduction

Melanoma differentiation-associated protein 5
(MDAS5) is part of the RIG-I-like receptor family and is
an important cytosolic sensor of viral RNA, inducing the
production of type I interferons (IFNs) [1-4]. MDA5
plays a critical role in viral infections such as those caused
by HIV [5, 6] and SARS-CoV-2 (7, 8].

Mda5-deficient mice exhibited a selectively impaired
response to several viruses including encephalomyocardi-
tis picornavirus [9, 10], norovirus-1 [11], paramyxoviri-

Jorge Lloberas and Antonio Celada have equally contributed and
share senior authorship.

© 2022 The Author(s).
Published by S. Karger AG, Basel

This is an Open Access article licensed under the Creative Commons
Attribution-NonCommercial-4.0 International License (CC BY-NC)
(http://www.karger.com/Services/OpenAccessLicense), applicable to
the online version of the article only. Usage and distribution for com-
mercial purposes requires written permission.

Karger@karger.com
www.karger.com/jin

el
Karger~

B OPEN ACCESS

Correspondence to:
Jorge Lloberas, jlloberas @ ub.edu
Antonio Celada, acelada@ub.edu



dae [12, 13], Theiler’s encephalomyelitis virus [14], acute
lymphocytic choriomeningitis virus [15], or Pichinde vi-
rus [16]. Interestingly, the absence of Mda5 protects mice
from malaria plasmodium yoelii [17]. When infected with
encephalomyocarditis virus, mice lacking just one copy of
Mda5 developed transient hyperglycemia, whereas homo-
zygous Mda5~'~ mice developed severe cardiac pathology
[18]. Also, Mda5 is required for a type I IFN response that
directlylinks antigen presentation by dendritic cells (DCs)
to adaptive immunity [19], as well as is essential for estab-
lishing CD8 T-cell memory [20].

MDAS contains two domains, the DExD/H-box RNA
helicase and a C-terminal domain, that are required for
RNA binding [3]. In addition, there are two N-terminal
caspase activation and recruitment domains (CARDs)
that, after sensing viral RNA, interact with the adapter
mitochondrial antiviral-signaling protein (MAVS), ulti-
mately leading to the transcription of the genes encoding
type I IFNs [21, 22]. Furthermore, tripartite interaction
motif 40 (TRIM40) interacts with caspase activation and
recruitment domains and promotes K27- and K48-linked
polyubiquitination via its E3 ligase activity, leading to its
proteasomal degradation [23]. Dephosphorylation of
MDAS5 is mediated by the PP1a and PP1y phosphatases
and is essential for its activation [24].

The interaction of MDAS5 with MAVS depends on a
dynamic balance between phosphorylation and dephos-
phorylation. Phosphorylation of MDAS5 at Ser-828 by RIO
kinase 3 inhibits the MDA5 multimer formation required
for MAVS activation [25, 26]. Through interactions with
TNF receptor-associated factor 6 (TRAF6), tripartite mo-
tif protein 25 (TRIM25) is required for the activation of
NF-kB and IFN production mediated by MDA5 and
MAVS [27]. Type I IENs induce many genes, including
several with antiviral functions as well as the interferon
induced with helicase C domain 1 (IFIHI) gene encoding
MDAS5 [2]. Finally, the activation of apoptosis by MAVS
induces the removal of the infected cell [28].

Type I interferonopathies are caused by disturbances
in intracellular nucleic acid metabolism or in cytosolic
nucleic acid sensing pathways that induce an overpro-
duction of type I IFNSs, triggering autoimmunity [29]. Cy-
tosolic nucleic acid sensors such as cyclic GMP-AMP
synthase and MDAS recognize broken intracellular self-
DNA or RNA produced by high concentrations of sev-
eral molecules such as reactive oxygen species (ROS) [30],
resulting in the production of type I IFNs. Gain-of-func-
tion mutations in the IFIH1 gene are associated with type
I interferonopathies, in which type I IFNs are detectable
in the cerebrospinal fluid and peripheral blood [29, 31].
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IFIHI mutations produce Aicardi-Goutiéres syndrome
(AGS) and Singleton-Merten syndrome. AGS is charac-
terized by an early onset of progressive brain disease as-
sociated with brain calcifications. The main features of
Singleton-Merten syndrome include tooth abnormalities
with gum infections, calcifications in the aorta artery and
in certain valves of the heart, osteoporosis, and neuro-
logical problems. In both syndromes, many symptoms
overlap with those of systemic lupus erythematosus. Mu-
tations in the IFIHI gene result in a substitution of one
amino acid in the helicase domain, producing an MDA5
protein that is a strong inductor of IFN- in the absence
of exogenous stimuli [31, 32].

Single-nucleotide polymorphisms in the IFIHI gene
have been associated with autoimmune diseases such as
type 1 diabetes [33], psoriasis, rheumatoid arthritis, vitil-
igo, multiple sclerosis, and systemic lupus erythematosus
[34, 35]. These IFIHI risk alleles may induce augmented
levels of the MDAS protein, increasing responses to RNA
derived from cellular sources or viral infections or induc-
ing changes in the conformation of MDAS5 that make it
constitutively active [36, 37]. It is likely that all these
mechanisms involve a chronic induction of type I IFNSs,
which then initiates or increases autoimmune responses.

Recently, it has been reported that RNAs accumulate
during cancer treatment with DNA-demethylating
agents, inducing MDA5 activation. The production of
type I IFNSs results in reduced cell growth and self-renew-
al [38, 39]. Finally, when mitochondrial RNA degrada-
tion is impaired, dsRNA escapes into the cytosol and ac-
tivates MDAS5, which subsequently leads to the produc-
tion of type I IFNs [40].

Although a large number of the negative regulators of
the RIG-I-like receptor signaling pathway have been de-
scribed [41], the role of transcriptional regulation has not
been reported to date. Here, we report that MDAS5 is high-
ly expressed in macrophages and is induced by pro-in-
flammatory agents (IFN-a and LPS) and poly(I:C). These
activators transcriptionally upregulate Mda5 expression
with the time course of an intermediate gene. This up-
regulation requires IFN regulatory factor (IRF) 1, which
binds to an IRF box in the Mda5 gene promoter to induce
transcription.

Materials and Methods

Reagents

Recombinant murine IFN-y, IFN-qa, TNF-a, IL-4, IL-6, IL-10,
and M-CSF were purchased from R&D Systems (Minneapolis,
MN). R848 and cpGB were obtained from InvivoGen (San Diego,
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CA) and high molecular weight poly(I:C) from Sigma-Aldrich,
P1530 (St. Louis, MO). Recombinant M-CSF and GM-CSF were
purchased from Pepro Tech (Cranbury, NJ). Actinomycin D, cy-
cloheximide (CHX), LPS (Cat# L3129), 5,6-dichlorobenzimid-
azole 1-B-D-ribofuranoside (DBR), penicillin, and streptomycin
were purchased from Sigma-Aldrich. All the other chemicals were
of the highest purity available and were also purchased from Sig-
ma-Aldrich. Deionized water was further purified with a Millipore
Milli-Q system Q-POD A10 (Merck KGaA, Darmstadt, Germa-
ny). All the restriction enzymes were supplied by Roche (Basel,
Switzerland).

Primary Cell Cultures and Cell Lines

Bone marrow-derived macrophages (BMDMs) were isolated
from 8-week-old C57BL/6 female mice (Charles River Laborato-
ries, Wilmington, MA, USA), as described previously [42]. Bone
marrow cells from the femur, tibia, and humerus were flushed and
grown on plastic tissue culture dishes (150 mm) in DMEM (Cultek,
Madrid, Spain) containing 20% FCS (GIBCO; Thermo Fisher Sci-
entific, Waltham, MA, USA) and recombinant M-CSF (20 ng/mL).
The medium was supplemented with 100 U/mL of penicillin and
100 pug/mL of streptomycin. Cells were incubated at 37°C in a hu-
midified atmosphere with 5% CO,. After 7 days of culture, a ho-
mogeneous population of adherent macrophages was obtained (in
20 independent experiments, macrophages were 99.34 + 0.52%
CD11b/CD18 and 98.41 + 0.93% F4/80).

Stat1 knockout mice were kindly provided by Dr. Anna Planas
(CSIC-IDIBAPS, Spain) [43]. For the experiments with these mice,
we used the corresponding co-housed background mouse con-
trols. The animals were kept under specific pathogen-free condi-
tions at the animal facility of the Barcelona Science Park. Animal
use was approved by the Animal Research Committee of the Uni-
versity of Barcelona and the Government of Catalonia (approval
number 2523). The RAW 264.7 macrophage cell line (American
Type Culture Collection, Manassas, VI, USA) was maintained in
DMEM supplemented with 10% heat-inactivated FCS, 100 U/mL
of penicillin and 100 pg/mL of streptomycin.

DCs were obtained from BMDM as described [44]. To differ-
entiate into DCs, bone marrow cells were cultured in DMEM, 10%
FCS, and 5 ng/mL GM-CSEF. On days 2 and 4, the plates were shak-
en and the culture supernatant was collected and replaced by fresh
medium with GM-CSF. On days 6 and 8, plates were fed aspirating
supernatants (without shaking) and medium with GM-CSF was
added. On day 8, cells were stimulated with 1 ug/mL LPS for 48 h.
On day 10, the plates were shaken, the supernatant was collected,
and DCs were separated from adherent macrophages.

Transfections

To introduce poly(I:C) into the BMDMs, the electroporation
technique was used. Electroporation was carried out with the Neon
Transfection System (Thermo Fisher; Cat. No. MPK5000,
Waltham, MA, USA), following the manufacturer’s instructions.
For each experiment, we used 10° macrophages (RAW 264.7) sus-
pended in 100 pL of buffer R (supplied with the kit MPK10096,
Thermo Fisher) containing 2 pg of poly(I:C). Electroporation was
carried out with two pulses at 1,400 V for 20 ms. After electropor-
ation, cells were incubated for the time corresponding to the dura-
tion of the stimulus (from 1 h to 24 h). For control, a set of cells
suspended in buffer R and poly(I:C) was also used, but without
electroporation. For the RAW 264.7 cell line, intracellular stimula-

Transcriptional Regulation of MDA5

tion with poly(I:C) was carried out using the SuperFect transfec-
tion reagent (Qiagen, Germantown, MD, USA), following the
manufacturer’s instructions.

RNA Extraction, Reverse Transcription PCR, and Quantitative

PCR

RNA extraction was performed as described previously [45].
Briefly, total RNA from cells was extracted and purified using the
ReliaPrep RNA Miniprep System (Promega, Madison, WI, USA)
for PCR and to clone the reporter plasmids. For quantitative PCR
(qQPCR), RNA was extracted using the Maxwell® automatic system
and the Maxwell® 16 LEV simplyRNA Purification Kit from Pro-
mega. RNA was treated with DNAse (Roche) to remove contami-
nating DNA before being retrotranscribed into cDNA using the
Moloney murine leukemia virus reverse transcriptase, RNase H
Minus (Promega), following the manufacturer’s indications. gPCR
was performed using the SYBR Green Master Mix (Applied Bio-
systems, Waltham, MA, USA). Primers were designed using Prim-
er3Plus (https://www.bioinformatics.nl/cgi-bin/primer3plus/
primer3plus.cgi). As a negative control for each gene, water was
used. When a signal was detected in these negative controls (at 40
Ct), the primer pairs used were discarded and replaced with alter-
native ones for the same gene. Furthermore, the amplification ef-
ficiency for each pair of primers was calculated by making a stan-
dard curve from serially diluted cDNA samples. Only the primer
pairs with an amplification efficiency of 100 + 10% were used. The
list of primers (Sigma-Aldrich) can be found in Table 1. The data
were analyzed with the AACt method [46], using the Biogazelle
Qbase + software. Gene expression was normalized to that of three
reference genes (i.e., housekeeping genes): Hprtl, L14, and Sdha.
The stability of these reference genes was determined by ensuring
that their geNorm M value was lower than 0.5 [47].

Western Blot Analysis

Total cytoplasmic extracts were obtained by lysing cells, as de-
scribed previously [30]. SDS-PAGE was performed and the gels
were transferred onto nitrocellulose membranes (Hybond-C, Am-
ersham Biosciences, UK). After blocking with dry milk for 1 h, the
membranes were incubated with the rabbit polyclonal anti-MDA5
(IFIH1) antibody (Proteintech 21775-1-AP, Rosemont, PE, USA)
diluted 1:250 in Tris-buffered saline (TBS, Thermo Fisher) con-
taining 0.1% Tween 20 (Sigma-Aldrich) overnight at 4°C. The
membranes were then incubated with the secondary antibody, a
goat anti-rabbit IgG (H + L)-HRP antibody diluted 1:2,000 (Jack-
son ImmunoResearch 111-035-003, West Grove, PA, USA), for 1
h at room temperature (RT). f-actin was used as the loading con-
trol and was detected using a mouse anti-B-actin antibody (Sigma-
Aldrich A5441; diluted 1:5,000). The secondary antibody used was
arabbit anti-mouse IgG-HRP antibody (Sigma-Aldrich A9044; di-
luted 1:5,000). Detection was performed using ECL (Amersham)
and the membrane was exposed to X-ray films (Agfa, Mortsel, Bel-
gium).

Transfection of Small Interfering RNA

We used the online tool MWG Eurofins (Ebersberg, Germany)
to inhibit IRF1 expression, which was performed as described previ-
ously [48]. We used a mixture of three specific oligonucleotides for
IRF1 (UCACUCGAAUGCGGAUG, GGAUCAGAGUAGGAA-
CA, and UCAGAGGUGUACACUAA) and a control oligonucle-
otide directed against a sequence not present in macrophages (green
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Table 1. List of the primers used in qPCR

Gene NCBI reference  Forward primer (5'to 3') Reverse primer (5’ to 3')

Mdab5 (Ifih1) 71586 GCCTGGAACGTAGACGACAT TGGTTGGGCCACTTCCATTT
Ifn-B 15977 CAGCTCCAAGAAAGGACGA GGCAGTGTAACTCTTCTGCA
Rig-1 230073 GGCTGAAAGCAAGGCTGATG ACGCTATCAGATGTTGCCCC
Irf1 16362 GAGATGTTAGCCCGGACACTTT CCATATCCAAGTCCTGACCCA
Irf3 54131 GAGAGCCGAACGAGGTTCAG CTTCCAGGTTGACACGTCCG
Irf7 54123 CCCCAGCCGGTGATCTTTC CACAGTGACGGTCCTCGAAG
Irf8 15900 TGACACCAACCAGTTCATCCGAGA CACCAGAATGAGTTTGGAGCGCAA
Irf9 16391 GCCGAGTGGTGGGTAAGAC GCAAAGGCGCTGAACAAAGAG
c-myc 17869 AACAGCTTCGAAACTCTGGTGC CGCATCAGTTCTGTCAGAAGGA
Arginase 1 11846 TTGCGAGACGTAGACCCTGG CAAAGCTCAGGTGAATCGGC
Tnf-a 21926 CCAGACCCTCACACTCAGATC CACTTGGTGGTTTGCTACGAC
L14 68463 TCCCAGGCTGTTAACGCGGT GCGCTGGCTGAATGCTCTG
Hprt 15452 ATCATTATGCCGAGGATTTGG GCAAAGAACTTATAGCCCCC
Sdha 66945 TGGGGAGTGCCGTGGTGTCA CATGGCTGTGCCGTCCCCTG

Primers were chosen based on their position regarding genomic sequence and, to avoid unspecific genomic
DNA amplification, should be localized at a distance of 1 or more introns. Primers were designed using at the on-

line Primer-Blast (NCBI).

Table 2. Oligonucleotides used in the cloning of different plasmids

Name

Sequence (5'to 3’)

pCR2.1-1481 forward

pCR2.14+-384 reverse

pGL3-1481 forward

pGL3+384 reverse

pGL-box 1 upstream forward
pGL-box 1 upstream reverse
pGL-box 1 downstream forward
pGL-box 1 downstream reverse
pGL-box 2 upstream forward
pGL-box 2 upstream reverse
pGL-box 2 downstream forward
pGL-box 2 downstream reverse
pGL-box 3 upstream forward
pGL:-box 3 upstream reverse
pGL-box 3 downstream forward
pGL-box 3 downstream reverse
Mutated box 3 upstream forward
Mutated box 3 upstream reverse
Mutated box 3 downstream forward
Mutated box 3 downstream reverse
Fragment mutation upstream forward
Fragment mutation upstream reverse

AACGCTGTCACGAGGTTCAT
TTTGTCCACCAAAGTGGGCT
GGTACCGAGCTCAACGCTGTCACGAGGTTCAT
TTACCGTTCGAATTTGTCCACCAAAGTGGGCT
CTATCGATAGGTACCGAGCTCAACGCTGTCACGAGGTTCA
GAGGAACATTATCAGATAGTCACGTTTAGAAAAATTAATCTTTTAG
ACTATCTGATAATGTTCCTCCATAGCTGGTG
CCAACAGTACCGGAATGCCATTTTGTCCACCAAAGTGGGC
CTATCGATAGGTACCGAGCTGGTACCGAGCTCAACGCTGTCAC
TAATAGGGAGTCCAGACCTCCAGGGGGCGT
GAGGTCTGGACTCCCTATTAACTGACAAGTG
GGTGGCTTTACCAACAGTAC
CTATCGATAGGTACCGAGCTGGTACCGAGCTCAACGCTGT
TCGCTCTGCGAAGTTTCGTGAGGGTGGAGG
CACGAAACTTCGCAGAGCGAGAGCGGTCCC
GGTGGCTTTACCAACAGTACCGGAATG
CCCCCCCCAGAACATTTCTCTATCG
CAGATCGGCCCCTGCCCCGATTCTC
GAGAATCGGGGCAGGGGCCGATCTG
GGGGGGGTGGCTTTACCAACAGTACCG
CCCCCAGAACATTTCTCTATCG
ACAGTACCGGAATGCCAAGC

fluorescent protein:. GGCUACGUCCAGGAGCGCACC). Trans-
fection of 0.2 pM of each small interfering RNA (siRNA) was carried
out by electroporation, as described for poly(I:C) with the Neon
Transfection System. After electroporation, cells were incubated for
0, 6, and 24 h in 6-well plates in 3 mL of media (50% DMEM supple-
mented with 20% FBS and 30% L-cell conditioned media containing
100 U/mL of penicillin and 100 ug/mL of streptomycin).

300 J Innate Immun 2023;15:297-316
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Reporter Plasmids

The Mda5 promoter region was cloned from genomic DNA
extracted from 107 BMDMs. This 1865-bp region (—1481 to +384
bp) was amplified by PCR (pCR2.1-1481 forward, pCR2.1+384
reverse (Table 2)); and cloned into the pCR2.1 plasmid (Thermo
Fisher). Then, we generated restriction sites for Sacl and HindIII
attheextremesofthe Mda5 fragment using the primers pGL3-1481
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forward and pGL3+384 reverse (Table 2), which allowed the inser-
tion of pGL3-BASIC (Promega) into the multicloning site, follow-
ing the manufacturer’s instructions for the pGL3-1865 vector.
Next, using the pGL3-1865 vector, we made the deletions of boxes
1, 2, or 3. The primers were designed using the NEBuilder Assem-
bly Tool (New England BioLabs, Ipswich, MA, USA) (Table 2) and
were used to amplify the fragments flanking (above and below) the
box that was to be deleted using the Kit Expand High Fidelity PCR
System (Roche). Once the fragments were amplified, we ligated the
two fragments and the empty pGL3 vector opened at restriction
sites Sacl and HindIII using the NEBuilder HiFi DNA Assembly
Master Mix (New England BioLabs). The vectors generated were
pGL3-box 1 deleted, pGL3-box 2 deleted, and pGL3-box 3 deleted.

The pGL3-1865 plasmid was used as a template in PCR-direct-
ed mutagenesis. Two pairs of primers were designed in order to
introduce the mutation at the site of interest (Table 2). Among the
first pair of primers, the forward primer (mutated box 3 upstream
forward) bound to the vector near the 5" end of the Mda5 promot-
er, while the reverse primer (mutated box 3 upstream reverse),
containing the mutation, targeted the IRF1 binding sequence. The
PCR product obtained from this primer pair was called the mu-
tated box 3 upstream fragment (1246 bp). Among the second pair
of primers, the forward primer (mutated box 3 downstream for-
ward), with the mutated base pairs, targeted the IRF1 binding se-
quence, while the reverse primer (mutated box 3 downstream re-
verse) hybridized with the vector near the 3" end of the promoter.
The PCR product obtained from this primer pair was called the
mutated box 3 downstream fragment (724 bp).

The PCR-mediated recombination was performed using both
the mutated box 3 upstream and downstream fragments as tem-
plates. A new pair of primers was used, fragment mutation up-
stream forward and fragment mutation upstream reverse, target-
ing the 5’ end of the upstream fragment and the 3’ end of the down-
stream fragment, respectively. The plasmid obtained was called
pGL3-box 3 mutated. All the primers were purchased from Sigma-
Aldrich.

All the plasmids were sequenced using Big Dye 3.1 from Perki-
nElmer (Wellesley, MA) and the following primers: the forward
primer 5-CCTCTTCGCTATTACGCCAG-3' and the reverse
primer 5'-ACCCCTTTTTGGAAACGAAC-3'; and the forward
primer 5-ACAGGGACCTTGCATACTGG-3' and the reverse
primer 5-GGAGAGGGCAGATCAGTGAG-3’. These primers
were designed using MacVector version 12.5.1 (MacVector Inc,
Cary, NC, USA).

Transient Transfection and Dual-Luciferase Reporter Assays

For plasmid transfection, 10° RAW 264.7 cells were seeded in
24-well plates in 1 mL of DMEM with 10% FCS. Cells were co-
transfected with a Renilla luciferase-expressing plasmid to verify
the uniformity of the transfection. Transfection of 1 pg of plasmid
DNA (pGL3 constructs and pRL-TK-Renilla at a 100:1 ratio) per
well was carried out using 7.5 pL of the Superfect tranfection re-
agent (Quiagen, Germantown, MA, USA), following the manufac-
turer’s instructions. Eighteen hours later, cells were stimulated
with IFN-y, IFN-q, LPS, or poly(I:C) for 1-24 h (as specified) or
left untreated. Firefly luciferase and Renilla luciferase activities
were determined using the Promega Dual-Luciferase Reporter As-
say System and a TD-20/20 luminometer (Turner Designs, San
Jose, CA, USA), following the manufacturers’ instructions.

Transcriptional Regulation of MDA5

Chromatin Immunoprecipitation Assays

The chromatin immunoprecipitation (ChIP) assays were per-
formed as described previously [49]. After incubation with LPS,
IFN-q, or poly(I:C) for 24 h, 20 x 10° BMDMs were cultured in a
150-mm plate and fixed in paraformaldehyde. After 10 min at RT
and under gentle agitation, glycine (2 M solution) was added to
stop the fixation. After 5 min, the plates were washed two times
with 10 mL of cold PBS, and the BMDMs were then scraped and
recovered in 0.1 M Tris-HCI, pH 9.4, containing 10 mM DTT. The
recovered cells were incubated for 15 min at 30°C and then centri-
fuged at 800 g for 5 min at 4°C. The precipitate was then resus-
pended and centrifuged in 1 mL of PBS, buffer I (10 mMm HEPES,
pH 6.5, 0.25% Triton X-100, 10 mM EDTA, and 0.5 mM EGTA)
and, after that, in buffer IT (10 mM HEPES, pH 6.5, 20 mM NaCl, 1
mM EDTA, and 0.5 mM EGTA). Before the centrifugation, a pro-
tease inhibitor cocktail (1 mM PMSF, 1 mM iodoacetamide, 1 mM
sodium orthovanadate, 10 ug/mL of aprotinin, and 1 ug/mL of
leupeptin) was added to the three solutions. Finally, the cells were
resuspended in 300 pL of lysis buffer (1% SDS, 10 mM EDTA, 0.5
mM Tris-HCI, pH 8.1, and the protease inhibitor cocktail) at RT.
After that, the samples were sonicated using Bioruptor Twin
(Diagenode; Liege, Belgium) for 10 min at the high mode (30”
on/30” off). The procedure was repeated 5 times. Following this, a
DNA agarose gel electrophoresis was performed to confirm a good
sonication of the samples (a large number of the DNA fragments
should have a size of 200 bp to 1200 bp). The resulting soluble
chromatin was centrifuged at 16,000 g for 10 min and diluted in
the dilution buffer (1% Triton X-100, 2 mM EDTA, 150 mM NaCl,
and 20 mM Tris-HCI, pH 8.1, and a protease inhibitor cocktail) to
a final volume of 1.1 mL. At that moment, 100 puL was separated
and stored at 4°C to be used as control or INPUT. To reduce non-
specific interactions, the remaining sample was preincubated with
2 ug of sonicated salmon sperm DNA (Amersham), 2.6 ug of non-
specific IgGs (Sigma-Aldrich), and 20 pg of Magna ChIP protein
A magnetic beads (Millipore, Burlington, MA, USA) overnight at
4°C. The sample was then centrifuged at 16,000 g for 10 s to remove
the beads, before being diluted again to obtain a final volume of 2
mL (1 mL for the specific precipitate and 1 mL for the control pre-
cipitate). The two precipitates were incubated for 6 h with an iden-
tical concentration of the anti-IRF1 antibody (sc-514544, Santa
Cruz Biotechnology, Santa Cruz, CA; diluted 1:250) or a nonspe-
cific IgG, respectively. After that, the samples were incubated over-
night at 4°C with 20 pL of magnetic beads. The next day, the sam-
ples were centrifuged (16,000 g for 10 s) and the remaining beads
were sequentially washed and incubated for 10 min in 1 mL of TSE
1(150 mM NaCl, 0.1% SDS, 1% Triton X-100, 2 mM EDTA, and 20
mM Tris-HCI, pH 8.1), 1 mL of TSE II (500 mM NaCl, 0.1% SDS,
1% Triton X-100, 2 mM EDTA, and 20 mM Tris-HCI, pH 8.1), and
1 mL of buffer IIT (0.25 M LiCl, 1% NP-40, 1% w/v deoxycholate, 1
mM EDTA, and 10 mM Tris-HCI, pH 8.1). Following this, the
beads were washed with 1 mL of PBS (4°C) and the immunopre-
cipitates were finally eluted with 300 uL of the elution solution (0.1
M NaHCO3 and 1% SDS), which had to be prepared the same day.
The elution was performed in three washing steps. First, the beads
were incubated in 100 L of the elution solution for 20 min. After
this incubation, the samples were centrifuged at 16,000 g for 10 s,
with the resulting supernatant recovered in a 1.5-mL Eppendorf
tube. This elution procedure was repeated two more times until a
final volume of 300 uL was obtained. Before DNA purification, a
“reverse crosslinking” step was required. The 300-uL samples
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(nonspecific and IRF1 immunoprecipitates) and INPUTs were in-
cubated overnight at 65°C. The next day, the DNA of the samples
was purified with the QIAquick PCR Purification Kit (Qiagen),
following the manufacturer’s instructions, with a final elution vol-
ume of 30 pL. The final samples were analyzed by qPCR using the
following primers: 5-TTGTTGAGGGTTTTGTATTGITG-3'
and 5'-GATGCATGCTGACTTTAGCC-3' for box 3 of the Mda5
promoter; and 5-AGATGCAGCAGATCCGCAT-3' and
5'-GTTCTTGCCCATCAGCACC-3' for the control (a non-pro-
moter region of an unrelated gene, the 36B4 gene encoding a ribo-
somal protein). The design of the primer for Mda5 box 3 was per-
formed with the online tool Primer3Plus. The final results were
obtained after two normalization steps, with the first step involv-
ing the specific INPUTs and the second one involving the results
obtained from the analysis of a gene located outside the promoter
region of Mda5.

Statistical Analysis and Databases

Data were analyzed using the nonparametric Mann-Whitney
U test when the number of values was at least 4 or the Student’s ¢
test when the number of values was 3. Statistical analysis was per-
formed with the GraphPad Prism 9 software. In some experiments,
we used the JASPAR database (http://jaspar.genereg.net) and the
National Center for Biotechnology Information (https://www.
ncbi.nlm.nih.gov) database. For sequence alignment, we used
MacVector 18.0 (MacVector, North Carolina). Philograms were
done with Multiple Sequence Alignment by CLUSTALW (https://
www.genome.jp/tools-bin/clustalw). Also, the Ensembl genome
browser 106 (https://www.ensembl.org) and the Gene Expression
Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/gds)
were used. Evolutionary analyses were conducted in MEGA®6
(https://www.ncbi.nlm.nih.gov) [50, 51].

Results

Mda5 Expression in Macrophages Is Regulated by

IFN-a, IFN-y, LPS, and poly(I:C)

We obtained murine BMs and differentiated them in
vitro into BMDMs. The resulting homogenous popula-
tion of cells was composed of quiescent primary macro-
phages that could be induced to proliferate by growth fac-
tors or be classically and alternatively activated by cyto-

Fig. 1. Selective tissue expression of Mda5. a Tissues from three
mice were used to obtain RNA, and Mda5 expression was deter-
mined by RT-PCR (independent experiments, n = 3). For com-
parison, we used BMDM:s and peritoneal macrophages that were
significantly increased in relation to all the tissues (p < 0.01). b
Seven-day-old BMDMs were starved of growth factors for 16-18
h and then incubated for 24 h with different stimuli at a concentra-
tion of 10 ng/mL with the exception of R848 and CpG which was
2.5 pg/mL. Mda5 expression was then determined by RT-PCR (n
= 3). Controls were untreated cells. ¢ Time course of Mda5 expres-
sion. BMDMs were incubated with the indicated stimuli, and
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kines [52]. To define the anatomical distribution of Mda5,
we measured the expression of this gene by qPCR in sev-
eral mouse organs. Several tissues such as the eye, intes-
tine, spleen, pancreas, lung, thymus, liver, adipose, and
trachea showed a higher expression of Mda5 than other
tissues such as the skin, brain, tongue, testes, stomach,
heart, muscle, kidney, and esophagus (Fig. 1a). We used
peritoneal macrophages and BMDMs as a positive con-
trol since they had already been reported to express Mda5
(10, 53].

Macrophages were incubated with pro-inflammatory
(IEN-y, IFN-a, LPS (TLR4), R848 (TLR8/9), CPGB
(TLR9), TNF-a and IL-6), anti-inflammatory (IL-4 and
IL-10) agents, or the growth factor M-CSF to determine
whether the treatment affected Mda5 expression. After 24
h of incubation with IFN-y, IFN-a, or LPS, significant
changes in Mda5 expression were observed (Fig. 1b).
However, no increased expression was observed with the
other stimuli. An increase in Mda5 expression was de-
tected as a function of time after stimulation with IFN-y,
IFN-a, or LPS. The expression of this gene increased,
reaching a maximum within the first 6-9 h of incubation
that was about 8 to 4 times the basal expression (Fig. 1c).
At 24 h of incubation with IFN-a or LPS, a moderate de-
crease was observed, but remained significantly increased.

We also analyzed the expression of Mda5 in perito-
neal macrophages and DCs. In both cases, Mda5 expres-
sion increased in response to IFN-a or LPS (Fig. 1d), as
has been reported for DCs [13].

The induction of mRNA levels correlated with an in-
crease in protein expression, as confirmed by western
blotting (Fig. 2a). The figure shows the expression of a
split band around 125Kd compatible with a phosphoryla-
tion at both the NH2- and COOH-terminal ends (Ser-88
and Ser-828) as described [24, 26]. In resting macro-
phages, MDADS is barely visible, but its levels increased by
about 9 and 6 times in response to stimulation with IFN-a
and LPS, respectively, but not with IL-4 (Fig. 2b).

Mda5 induction was measured by RT-PCR (n = 4). d Mda5 expres-
sion is induced in BMDM, peritoneal macrophages and DCs by
IFN-a or LPS. Cells were incubated for 24 h with the indicated
stimuli and Mda5 expression was then determined by RT-PCR (n
= 3). Each experiment was performed in triplicate, and the results
are shown as the mean * SD. *p < 0.05, **p < 0.01, ***p < 0.001,
and ****p < 0.0001 in relation to each stimulated sample compared
to controls in each experiment. Data were analyzed using the un-
paired Student’s ¢ test with the exception of ¢ that was calculated
using a two-way ANOV A test followed by a Bonferroni correction.

(For figure see next page.)
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Fig. 2. Protein and mRNA expression of MDA5. a Representative
blot of MDAS5 protein expression in BMDMs. Total protein ex-
tracts from BMDMs treated for 24 h with the indicated stimuli
were subjected to western blotting to determine MDA5 expres-
sion. P-actin was used as the loading control. b Quantitation of
MDAS5 expression in three independent experiments in relation to
B-actin expression (n = 3). ¢ BMDMs were incubated for 1 h with
media, NAC (20 mM) or Mito-TEMPO (50 uMm). The BMDMs were
then treated with IFN-a or LPS for 3h and Mda5 expression was
determined (n = 4). As control, BMDMs were treated with IL-4
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and Arginase 1 was determined (n =4). d BMDMs were electropor-
ated with poly(I:C) (2 pg in 100 puL), while controls were non-elec-
troporated BMDMs. The mock transfection controls were the elec-
troporated cells with media. Mda5 expression was determined at
the indicated times (n = 4). e Similar experiment to that in (d), but
Rig-I expression was determined instead (n = 4). Each experiment
was performed in triplicate, and the results are shown as the mean
+ SD. **p < 0.01, ***p < 0.001, and *p < 0.0001 in relation to each
stimulated sample compared to controls in each experiment. Data
were analyzed using the unpaired Student’s ¢ test.
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Macrophages treated for 1 h with the antioxidant N-
acetylcysteine (NAC) (which abolishes total cellular ROS)
before IFN-a or LPS treatment showed strongly reduced
Mda5 expression (Fig. 2c). We also used Mito-TEMPO, a
mitochondria-specific ROS scavenger, which caused a
dramatic repression of Mda5 expression (Fig. 2c). As a
control, we used the expression of Arginase 1 that is not
affected by ROS scavengers. These results suggested an
important role for ROS in the expression of Mda5.

Given that MDAS is an important cytosolic sensor of
viral RNA and that it induces the production of type I
IFNs [2-4], we used poly(I:C), a synthetic analog of dou-
ble-stranded RNA [54]. As expected, extracellular high
molecular weight poly(I:C) did not induce Mda5 expres-
sion (Fig. 2d). However, electroporated poly(I:C) induced
a strong expression of Mdab5 after 3 and 6 h of incubation
(Fig. 2d). As a control, we determined poly(I:C)-induced
Rig-I expression since RIG-I is another sensor of short
dsRNA. After 3 h, electroporated poly(I:C) started the in-
duction of Rig-I expression (Fig. 2e) [55].

Induction of Mda5 by IFN-« or LPS Is at the

Transcriptional Level in Macrophages

To examine whether the increase in Mda5 expression
induced by IFN-a or LPS treatment occurred at the tran-
scriptional level or was due to mRNA stabilization, we
determined the half-life of Mda5 transcripts in cells treat-
ed or not with IFN-a or LPS. Macrophages were treated
with IFEN-a for 6 h to induce Mda5 expression. Actino-
mycin D and DBR were then added at a concentration
sufficient to block all further mRNA synthesis (5 ug/mL
and 20 pg/mL, respectively), which was determined by
[*H]UTP incorporation [56]. We then isolated mRNA
from these treated macrophages at several time points.
Measurement of Mda5 expression by RT-PCR revealed a
stable half-life of its mRNA in the resting cells (Fig. 3a).
As a control, the half-life of c-myc was measured, which
was approximately 48 min [57]. IFN-a treatment did not
modify the stability of Mda5 (Fig. 3a). Similar results were
found for LPS (Fig. 3b). These results demonstrated that
the mRNA of Mda5 was very stable under basal condi-
tions and after stimulation. Therefore, if the Mda5 mRNA
level increased in response to several stimuli but its half-
life did not increase, this indicated that the induction was
at the transcriptional level.

Given that IFN-y signaling is mediated by STAT1 in
most cases [43], we wanted to confirm the involvement of
STATI in the regulation of Mda5 expression by IFN-y.
Therefore, we stimulated macrophages from STAT1-de-
ficient mice with IFN-y for a range of time periods. RNA

Transcriptional Regulation of MDA5

was then extracted and Mda5 expression was determined
by RT-PCR. In comparison to control cells, the induction
of Mda5 expression in macrophages from STAT1-defi-
cient mice was impaired (Fig. 3c). As expected, similar
results were obtained when we used IFN-a (Fig. 3c). The
effect of LPS was also dependent on STAT1 (Fig. 3¢). This
was probably due to a secondary induction of type I IFNS,
as has been described for other genes [58, 59]. Remark-
ably, electroporated macrophages with poly(I:C) also re-
quired STAT1 to induce the expression of Mda5 (Fig. 3d).
These observations confirmed a critical role for STAT1 in
the induction of Mda5 expression by the activators used.

We noticed that the induction of Mda5 in macro-
phages required at least 3 h (Fig. 1¢), suggesting that dur-
ing the time between the receptor-ligand binding and the
transcription, other events in addition to STAT1 activa-
tion may also be required. Therefore, as a control, we test-
ed the induction of Ifn-f by IFN-y and its dependence on
STATT1 activation. Ifn-f3 induction was rapid, occurring
in about 1 h, and was dependent on STAT1 activation
(Fig. 3e) [43]. Mda5 expression was induced after 3 h of
treatment with the different activators (Fig. 1c, 2d), sug-
gesting the need for protein synthesis to induce Mda5.
The inhibition of protein synthesis by CHX treatment
prevented the activation of Mda5 expression (Fig. 3f).
CHX treatment alone did not elicit Mda5 expression. As
a control, we used the LPS-induced Tnf-a, an early gene
that does not require protein synthesis [56] (Fig. 3g).
These results demonstrated that after STAT1 activation,
de novo protein synthesis was necessary for inducing
Mda5 expression [60].

Functional Analysis of the Promoter in Mda5

Induction

Given the difficulties in transfecting non-transformed
cells, particularly macrophages, we studied whether the
RAW 264.7 macrophage cell line could be used for a func-
tional analysis of the Mda5 promoter. Incubation of these
cells with IEN-a, LPS, or poly(I:C) for various periods of
time induced Mda5 expression with similar kinetics as
those shown by BMDMs (Fig. 4a, b).

We then examined the kinetics of the expression of a
fragment of the promoter (—1481 to +384 bp) that was
linked to a luciferase. This vector (pGL3-1865) was trans-
fected into RAW 264.7 macrophages, and luciferase ac-
tivity was measured. Each construct was co-transfected
with the Renilla luciferase-expressing vector to correct
for any differences in transfection efficiency. All lucifer-
ase activity values were normalized to the level of the Re-
nillaluciferase expression. RAW 264.7 macrophages were
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treated with LPS or IFN-a. At6 h of treatment, the expres-
sion of this fragment showed a significant increase in a
time-dependent manner (Fig. 4c). However, almost no
induction was observed in non-treated cells with the ac-
tivators.

To determine the putative elements responsible for the
transcriptional regulation of Mda5, the 1865-bp promot-
er fragment was studied using the JASPAR database. We
identified three putative regulatory areaslocated at —1333
bp to —1283 bp (box 1), —1153 bp to —1268 bp (box 2),
and —328 bp to —213 bp (box 3) (Fig. 4d) that contained
putative sequences for transcription factor binding. To
determine the possible transcriptional activity of these se-
quences, we deleted these areas in the pGL3-1310 vector
(Fig. 4d) and determined the effect on transcriptional ac-
tivity. Luciferase activity was induced only when we treat-
ed the macrophages with LPS, IFN-a, or poly(I:C)
(Fig. 4d). Elimination of boxes 1 or 2 did not modify the
amount of luciferase activity in relation to the control.
However, deletion of box 3 completely abolished the ac-
tivity (Fig. 4d), suggesting that this region is important for
the transcriptional regulation of Mda5.

Analysis of the 5'-proximal regions of Mda5 revealed
the absence of the canonical TATA and CCAAT boxes.
However, there is an AAGAGAATCGAAACAGAAAC
sequence located at —306 to —286 in relation to the ATG
containing an IRF box [61]. In an attempt to identify the
conserved regulatory elements, using Ensembl, this se-
quence was found under “Restricted Elements” in the
IFIH]1 promoter in 91 eutherian mammals in position 3'-
5’ (online suppl. Fig. 1, 2; for all online suppl. material, see
www.karger.com/doi/10.1159/000527008). Moreover, in
other distant species such as zebrafish, pigeons, and alli-
gators, in the Mda5 gene, there is a similar putative regu-
latory IRF1 sequence showing a strong similarity (Fig. 4e).
This sequence is also close to ATG and the flanking se-
quences do not have any homology between them. These
findings suggest a critical role for this IRF sequence in the

Fig. 3. Mda5 expression is stable and the expression is dependent
on STAT1. a BMDMs were treated with or without IFN-a for 6 h,
then DRB (20 g/mL) and actinomycin D (5 g/mL) were added.
Mda5 expression was then measured by RT-PCR at the indicated
time points. Cell viability was 95% for all culture conditions. As a
control, we also determined the half-life of c-myc (n = 3). b Similar
experiment to that in (a), but LPS was used instead as the Mda5
activator (1 = 3). c BMDM s from Stat1 knockout mice and the cor-
responding wild-type counterparts were isolated and stimulated
with IFN-y, IFN-q, or LPS for 6 h. Mda5 expression was analyzed
by RT-PCR (n = 4). d Similar experiment to that in (c), but using

Transcriptional Regulation of MDA5

functional activity of the Mda5 promoter in humans,
mice, and many other different species.

IRF1 Is Critical for Mda5 Induction by IFN-a, LPS, or

poly(I:C)

So far, the results allowed us to focus on box 3. There-
fore, we tried to find a specific binding sequence corre-
sponding to a transcription factor binding site that could
be responsible for the induction of Mda5 by extra- or in-
tracellular activators. Given the importance of the IRF
family of transcription factors in the effects of pro-in-
flammatory stimuli and the degree of conservation of
their binding sequence, we hypothesized that IRF was the
key element that was induced and controlled the expres-
sion of Mda5 downstream of extracellular (LPS and
IFN-a) and intracellular (poly(I:C)) activators. Deleting
the 9 bp of the IRF sequence could interfere with the al-
losteric structure of the DNA and particularly the DNA-
histone interactions, which would introduce an artefact
in our experiments. Therefore, we decided to introduce
point mutations that changed the consensus IRF-binding
sequence. It has been reported that the IRF protein makes
contact with DNA through the major groove and inter-
acts with a GAAA motif [62]. Furthermore, most of the
conserved base pairs of this binding sequence are two ad-
enosine triplets [63]. Therefore, the conserved adenosine
triplets were changed to guanidine, thus producing the
mutated sequence GGGGCAGGGG (Fig. 5a). RAW
264.7 cells transfected with the construct carrying spe-
cific mutations at the IRF-binding sequence and activated
by LPS, IFN-a, or poly(I:C) did not show any luciferase
activity (Fig. 5a). Consequently, it can be concluded that
the IRF-binding sequence has a critical role in mediating
Mda5 transcription downstream of both external and in-
tracellular stimuli.

Looking in detail at box 3, we observed that between
—306 bp and —286 bp, there is a AAGAGAATCGAAA-
CAGAAAC sequence that is a consensus IRF recognition

electroporated poly(I:C) as the activator (n = 4). e Similar experi-
ment to that in (c), but using IFN-y as the activator and analyzing
Ifn-f expression (n = 4). f BMDM:s were incubated in the presence
or not of 5 pg/mL of CHX for 1 h, then IFN-a, LPS, or poly(I:C)
was added and incubated for 3 h and Mda5 was determined (n =
4). g Similar experiment to that in (f), but Tnf-a was determined
(n = 4). Each experiment was performed in triplicate, and the re-
sults are shown as the mean + SD. **p < 0.01, ***p < 0.001, and p
< 0.0001 in relation to each stimulated sample compared to con-
trols in each experiment. Data were analyzed using the unpaired
Student’s  test.
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sequence [61]. This indicated the possibility that the IRF
protein was required for Mda5 induction. Among the
nine IRFs, five (IRF1, IRF3, IRF7, IREFS8, and IRF9) have
been implicated as positive regulators of the transcription
of type I IEN genes [1]. In fact, the STAT1-dependent na-
ture of IFN-a-, LPS-, or poly(I:C)-stimulated Mda5 ex-
pression (Fig. 3¢, d) may be related to the requirement of
STAT!1 for IRF induction. This observation prompted us
to determine the possible involvement of IRF in Mda5
induction by measuring the time course of expression of
these IRFs in response to LPS, IFN-a, or poly(I:C). The
only IRF whose induction correlated with that of Mda5
was Irfl (Fig. 5b, ¢). We have previously shown that after
3 h of IFN-y treatment IRF1 is synthesized in macro-
phages [48]. The other four (Irf3, 7, 8, and 9) were not
induced at 3 h of treatment (Fig. 5d-g). Interestingly, LPS
also induces Irfl that requires protein synthesis, thereby
suggesting that an intermediate product, probably related
to type I IFNs, is induced by LPS that then induces Irfl
expression [48, 64, 65].

IRF1 exerts its effects by directly binding to the pro-
moters of genes [1]. To determine whether IRF1 binds to
the Mda5 promoter, we performed ChIP assays using the
—-328 bp to —213 bp fragment of the Mda5 promoter cor-
responding to box 3. Low levels of amplification were de-
tected in the samples immunoprecipitated using total im-
munoglobulins. However, increased amplification of the
Mda5 promoter was observed in the sample treated for 3
h (around a 4-fold increase) with IFN-a or LPS and im-
munoprecipitated with the IRFl-specific antibody
(Fig. 6a). The specificity of the reaction was confirmed by
using a fragment of the promoter that did not contain the
transcription start site (data not shown). This result con-
firmed that IRF1 binds to the Mda5 promoter in vivo in
response to IFN-a or LPS stimulation.

Fig. 4. Characterization of the Mda5 functional promoter. a RAW
264.7 macrophages were incubated for different times with IFN-a
or LPS before Mda5 expression was determined (n = 4). b Similar
experiment to that in (a), but using electroporated poly(I:C) as the
activator (n =4). c RAW 264.7 macrophages were transfected with
the pGL3—1481 vector. At 24 h post-transfection, cells were stimu-
lated with LPS or IFN-a for the indicated times before luciferase
activity was measured. Controls were nonactivated cells (n = 4). d
Putative consensus binding sites for transcription factors in the
Mda5 gene promoter. The 1481-bp sequence upstream of the
Mda5 transcription start site was analyzed using the JASPAR da-
tabase. Putative boxes showing more than 85% similarity with the
consensus sequence for transcription factor binding sites are
shown (boxes 1, 2, and 3). As in (c), the vector used contained the
indicated deletions of the Mda5 promoter region. Fold increase in
Mda5 induction by LPS, IEN-q, or poly(I:C) are shown in relation

Transcriptional Regulation of MDA5

Here, we show that Mda5 transcription requires an
IRF-binding sequence and that Irfl induction by LPS,
IEN-a, or poly(I:C) correlates with the initiation of Mda5
expression. To elucidate the role of IRF1 in Mda5 induc-
tion by both external and intracellular stimuli in BMDMs,
we inhibited its expression with siRNA. Under our ex-
perimental conditions in which siRNA was transfected by
electroporation, we specifically inhibited IrfI mRNA ex-
pression after induction by IFN-a or LPS (Fig. 6b). Previ-
ously, we confirmed this inhibition of IRF1 expression by
siRNA treatment through western blots, as well as dem-
onstrating the specificity of this inhibition by showing the
noninterference with the expression of oligoadenylate
synthase-1 [48], or with the induction of Irf3, Irf7, or Irf9
(online suppl. Fig. 3a—c). IFN-a, LPS, and poly (I:C) in-
duced Mda5 expression in macrophages. However, IRF1
inhibition led to a marked reduction in the expression of
Mda5 (Fig. 6¢, d). Similar results were found when we
used the RAW 264.7 macrophage cell line (Fig. 6e). These
results demonstrated the key role of IRF1 in eliciting
Mda5 expression.

Discussion

In viral RNA infections, MDADS is a critical sensor of
viral RNA, inducing the production of IFN-a and -3 [4].
In other diseases where gain-of-function mutations in the
IFIHL gene are associated with type I interferonopathies
such as AGS [31] and autoimmune diseases [35], macro-
phages may play an important role. In fact, Trex1l and
SAMHD1, whose mutations are associated with AGS, are
higly expressed in macrophages [48, 66].

Despite MDAS5 being a cytosolic sensor of RNA, extra-
cellular activators such as IFN-a/y and LPS also induce

to the untreated cells (Control). Cells were stimulated for 6h. A
plasmid encoding the Renilla luciferase under the control of an
HSV-TK promoter was co-transfected, with the Renilla luciferase
activity used as a control of transfection. Assays are representative
of at least three independent experiments showing similar results.
Each experiment was performed in triplicate, and the results are
shown as the mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, and p
< 0.0001 in relation to each stimulated sample compared to con-
trols in each experiment. Data were analyzed using the unpaired
Student’s ¢ test. e Sequences alignment of the IrfI box in the pro-
moters of Mda5 in human, mice, monkey, alligator, zebrafish and
pigeon. JASPAR and the National center for biotechnology infor-
mation (NCBI) database were used. For sequences alignment we
used the MacVector 18.0. The A in orange indicated the distance
to the ATG. In the lower part, the similarity (%) between theses
boxes in different species is shown, as well as the phylogram.
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MDAS5 expression. Interestingly, we observed that the
different activators use a common pathway requiring
STATI. In a recent publication, it was shown that at the
early infection stage of some viruses STAT1 can be acti-
vated independently of cytokines and JAKs [67] reinforc-
ing the role of STAT1 in virus infections. MDAS5, through
interactions with MAVS, induces the transcription of the
genes encoding type I IFNs [68]. The production of type
ITFNs in an autocrine manner enhances the transcription
of Mda5. The requirement of STAT1 for the activation of
Mda5 expression by LPS was due to a secondary induc-
tion of type I IFNs and autocrine signaling through type
ITEN receptors [59], as has been described for other genes
[58, 59]. Finally, the inhibition of Mda5 induction by ROS
inhibitors was probably related to the need for ROS in
type I IFN activation to induce Mda5 transcription [45].

Since Mda5 mRNA was very stable before and after
IFN-aor LPS treatment and given thatincreasesin mRNA
levels could be achieved only through the production of
RNA, we concluded that Mda5 expression in macro-
phages is regulated at the transcriptional level. Using the
JASPAR database, we observed three putative elements in
the Mda5 gene promoter that were responsible for the
transcriptional regulation of Mda5 expression. Through
alternating deletions of these elements, we found that
only one, which is the closest to the proximal end of the
start site, a region located at —328 bp to —213 bp, contains
the elements that regulate the Mda5 expression induced
by IFN-q, LPS, or poly(I:C). This region contains a con-
sensus IRF recognition sequence [61].

Interestingly, the AAGAGAATCGAAACAGAAAC
sequence that is relatively close to the ATG promoter of
the IFIHI (MDAS5) gene is present in 91 eutherian mam-
mals (online suppl. Fig. 1, 2; for all online suppl. material,
see Ensembl [105 - Dec 2021 © EMBL-EBI]) and shows a
strong similarity in other distant species (Fig. 4e), sup-
porting the hypothesis for a critical role for this IRF se-

Fig. 5. IRF1 binding to the Mda5 promoter is required for Mda5
transcription. a Similar experiment to that in Fig. 4d, but the mu-
tations in the canonical IRF-binding sequence were introduced in
box 3. b-g In BMDM gene expression was determined by RT-PCR
after LPS, IFN-a or poly(I:C) treatment for 3 h with the exception
of f in which poly(I:C) treatment was not performed. E.C., electro-
poration control (n = 4). b Mda5, c Irfl, d Irf3, e Irf7, f Irf8, and g
Irf9. Assays are representative of at least three independent exper-
iments showing similar results. Each experiment was performed in
triplicate, and the results are shown as the mean + SD. **p < 0.01
and p < 0.0001 in relation to each stimulated sample compared to
controls in each experiment. Data were analyzed using the un-
paired Student’s ¢ test.

Transcriptional Regulation of MDA5

quence in the functional activity of the Mda5 promoter.
All IRFs contain a conserved N-terminal DNA-binding
domain, which forms a helix-turn-helix domain with a
conserved tryptophan cluster that recognizes DNA se-
quences [69]. An analysis of the crystal structure of the
DNA-binding domain of IRF1 bound to the Ifnff promot-
er revealed that 5'-GAAA-3' is the consensus sequence,
known as the IRF-element, recognized by the helix-turn-
helix motif of IRF1 [62]. Al IRFs harbor a C-terminal IRF
association domain, which is responsible for homo- and
heteromeric interactions with other family members or
transcription factors [70].

Irfl, the first member of the IRF family to be identified,
targets different sets of genes in various cell types in re-
sponse to diverse cellular stimuli and evokes appropriate
innate and adaptive immune responses [71]. Several lines
of evidence demonstrated that IRF1 was necessary for
Mda5 induction including kinetics experiments, ChIP as-
says, and gene-silencing experiments. Among the four
IRFs involved in the positive regulation of the transcrip-
tion of type I IFN genes [1], the time course of the induc-
tion of only IRF1 correlated with that of Mda5. Using
bone marrow-derived DCs, it has been described that
IRF3, IRF5, and IRF7 expression was MDA5 dependent
[13], which could explain its late induction in relation to
MDA expression. The putative necessity of this protein
explains the induction of Mda5 by the different activators
starting at around 3 h of treatment as well as the require-
ment of both STAT1 and protein synthesis. The C-termi-
nal transactivation domain of STAT1 is required for an
efficient recruitment of the components of the core Me-
diator complex to the IRF1 promoter, which harbors an
open chromatin state under basal conditions, inducing
transcriptional activation [72].

Using ChIP assays, we found that IRF1 binds to the
Mda5 promoter. Moreover, the siRNA experiments dem-
onstrated the key role of IRF1 in Mda5 transcription.
IRF1 has several domains, including an N-terminal DNA-
binding domain with 5 characteristically spaced trypto-
phans and a transactivation domain, as well as a C-termi-
nal regulatory domain involved in the recruitment of co-
activators to the IRF1 target promoters [71]. For some
IRFs, the regulation of transcriptional activity requires
the phosphorylation of serine residues at the C-terminal
domain. In this regard, there are reports of IRF1 phos-
phorylation by casein kinase II that increases the interac-
tions between DNA and protein [73, 74]. The enhancer
domain is an important determinant of the rate at which
IRF1 is degraded [75].
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Our results confirmed and extended a previous obser-
vation obtained using ChIP and subsequent sequencing
(CHIP-Seq) [76]. In mouse macrophages, binding of
IRF1 to the IRF box of the Mda5 promoter was detected,
which increased after 2 and 4 h of treatment with LPS (see
Gene Expression Omnibus [GEO] database [http://www.
ncbi.nlm.nih.gov/gds] under the accession number
GSE56123). However, these experiments only indicate
that IRF1 bound to the IRF box, whereas in our experi-
ments, in addition to showing the union of IRF1, we dem-
onstrate through mutation of this box the functional ac-
tivity required for Mda5 transcription.

Although IRF1 is critical for Mda5 transcription, we
cannot exclude the role of other proteins (enhancers and
suppressors) that modulate Mda5 transcription. Indeed,
IRF1 interacts with a number of proteins including tran-
scription factors such as PU.1 and other IRF family mem-
bers, as well as self-associating through the C-terminal
(77, 78].

Finally, we can put forward another possible regula-
tory mechanism involving histone modifications, which
are associated with the recruitment of activators to DNA.
In several promoters, STATI and IRF1 recruitment to
DNA is required for histone acetylation [79]. We did not
identify STAT1-binding sites in the Mda5 promoter.
However, it was recently shown that at isolated IRF1 sites
lacking STAT1-binding sequences, 25% undergo induc-
ible histone acetylation, 31% exhibit constitutive histone
acetylation, and 44% show no histone acetylation (or-
phan sites) [80]. Interestingly, most isolated IRF1 sites
that are constitutively acetylated or undergo inducible
acetylation are promoter-proximal, whereas the vast ma-
jority of orphan sites are remote. In the human D54MG
glioblastoma cell line, IRF1 overexpression leads to the
binding of H4Ac and H3K4me3 to IFIH1 [81], thus sug-
gesting the acetylation of the Mda5 gene.

In early times (1993-94), it was reported that IRF1 is
not essential for the induction of type I IFNs [82, 83].
However, more recently, it has been found that IRF1 plays

Fig. 6. IRF1 is required for the induction of Mda5 in macrophages.
a In vivo binding of IRF1 to the Mda5 promoter was analyzed by
ChIP assays. Macrophages were treated for 3 h with IFN-a or LPS
(n=4). b BMDMs were transfected with either an siRNA directed
against Irf] or a control siRNA against GFP. Twenty-four hours
after transfection, the cells were stimulated for 3 h with IFN-a or
LPS and Irfl expression was determined by qPCR (n = 4). ¢ BM-
DMs transfected with siRNA against Irfl or GFP were treated for
3 h with IFN-a or LPS before Mda5 expression was determined by
RT-PCR (n =4). d Similar experiment to that in (c), but using elec-

Transcriptional Regulation of MDA5

an important role in viral defense, as shown by ectopic
expression of IRF1 that protects otherwise susceptible
cells against a diverse range of RN A viruses [84], and IRF1
deficient mice are more susceptible to viral infections [85,
86]. A possible explanation for these contradictory results
may be related to the different viruses used in the experi-
ments. Interestingly, RIG-I is essential for the production
of IFNs in response to RNA viruses including paramyxo-
viruses, influenza virus, and Japanese encephalitis virus,
whereas MDAS is critical for picornavirus detection. Fur-
thermore, RIG™"/ and MDA5~/~ mice are highly suscep-
tible to infection with these respective RNA viruses com-
pared to control mice [87]. The different mechanisms for
virus recognition and elimination were illustrated with
the IRF17~/~ mice that were less resistant than normal mice
to encephalomyocarditis virus infection, but the absence
of IRF1 did not clearly affect replication of two other
types of viruses [88].

In summary, we conclude that IRF1 is required under
our experimental conditions to induce the expression of
Mda5 in macrophages, but we do not exclude that other
transcription factors, enhancers, etc., could modulate
such expression. We observed a mechanism through
which IRF1 controls Mda5 transcription in macrophages
(Fig. 6f). This could be important in controlling type I
IEN production in viral infections as well as in the devel-
opment of interferonopathies such as AGS.
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