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Innate immune recognition of pathogen-associated molecular patterns 
facilitates the distinction between immunological self and non-self1. 
For cytoplasmic viral RNA, this involves detection by cytoplasmic 
RIG-I-like receptors, such as RIG-I and Mda5, and the initiation of 
signaling cascades that induce the expression of cytokines, including 
type I interferon. Interferon-α (IFN-α) and IFN-β are secreted and 
signal through the type I interferon receptor (IFNAR) to transmit a 
danger signal to neighboring cells. The activated IFNAR triggers a 
signaling pathway consisting of the kinase Jak and STAT transcrip-
tion factors, inducing the expression of a large array of interferon-
stimulated genes encoding molecules with antiviral activity, thus 
establishing the so-called ‘host cell antiviral state’2–4. These inter-
feron-stimulated genes include those encoding the protein kinase 
PKR, as well as stress-inducible proteins such as IFIT1 and IFIT2 
(also known as ISG56 and ISG54, respectively), which impair the host 
cell protein synthesis apparatus4–7.

Although the distinction between self and non-self RNA is believed 
to rely on the molecular signatures found in pathogen-associated 
molecular patterns, the exact nature of such signatures remains elu-
sive. Both cytosolic RIG-I-like receptors (RIG-I and Mda5) bind to 
double-stranded RNA (dsRNA); however, RIG-I seems to ‘prefer’ 
short dsRNA, whereas Mda5 can specifically bind long dsRNA8.  

In addition, RIG-I can specifically recognize 5′-triphosphate groups 
on single-stranded RNA and (partially) dsRNA9–11. In contrast, 
eukaryotic mRNA, which is not recognized by RIG-I or Mda5, 
 usually has a 5′ cap structure methylated at the N7 position of the 
capping guanosine residue (cap 0), the ribose-2′-O position of the 
5′-penultimate residue (cap 1) and sometimes at adjoining residues 
(cap 2)12. Two evolutionary forces are thought to be responsible for 
the presence of 5′ cap structures on eukaryotic mRNA: the appearance 
of 5′ exonucleases in eukaryotes and the need for a means of directing 
mRNA to the eukaryotic ribosome13. Thus, eukaryotic mRNA 5′ cap 
structures are known to increase mRNA stability and translational 
efficacy. Notably, although N7 methylation is important in many 
mRNA-related processes, such as transcriptional elongation, poly-
adenylation, splicing, nuclear export and efficient translation, there 
is no obvious reason for the evolution of 2′-O-methylation of mRNA 
ribose in cap 1 and cap 2 structures in higher eukaryotes.

The functional importance of mRNA 5′-structures is inferred 
from the fact that many viruses that replicate in the cytoplasm (such 
as picornaviruses, flaviviruses, coronaviruses and poxviruses) have 
evolved alternative 5′ elements, such as small viral proteins linked to 
the 5′ end of genomic RNA14, or encode functions associated with the 
formation of a 5′ cap that are homologous to those found in eukaryotic 

1Institute of Immunobiology, Kantonal Hospital St. Gallen, St. Gallen, Switzerland. 2School of Biological Sciences, University of Reading, Reading, UK. 3Centre for 
Infection and Immunity, Queen’s University Belfast, Belfast, UK. 4Institute of Medical Virology, Justus Liebig University Giessen, Giessen, Germany. 5Department of 
Medicine, Department of Molecular Microbiology, and Department of Pathology & Immunology, Washington University School of Medicine, St. Louis, Missouri, USA.  
6Department of Microbiology and Immunology, Loyola University Stritch School of Medicine, Maywood, Illinois, USA. 7Institute for Clinical Chemistry and 
Pharmacology, University Hospital, University of Bonn, Bonn, Germany. 8Department of Cellular and Molecular Medicine, School of Medical and Veterinary Sciences, 
University of Bristol, Bristol, UK. 9Vetsuisse Faculty, University of Zürich, Zürich, Switzerland. 10Present address: Singapore Immunology Network, Agency for 
Science, Technology and Research, Singapore. 11These authors contributed equally to this work. Correspondence should be addressed to V.T. (volker.thiel@kssg.ch).

Received 2 November 2010; accepted 2 December 2010; published online 9 January 2011; doi:10.1038/ni.1979

Ribose 2′-O-methylation provides a molecular 
signature for the distinction of self and non-self 
mRNA dependent on the RNA sensor Mda5
Roland Züst1,10,11, Luisa Cervantes-Barragan1,11, Matthias Habjan1, Reinhard Maier1, Benjamin W Neuman2, 
John Ziebuhr3,4, Kristy J Szretter5, Susan C Baker6, Winfried Barchet7, Michael S Diamond5, Stuart G Siddell8, 
Burkhard Ludewig1,9 & Volker Thiel1,9

The 5′ cap structures of higher eukaryote mRNAs have ribose 2′-O-methylation. Likewise, many viruses that replicate in the 
cytoplasm of eukaryotes have evolved 2′-O-methyltransferases to autonomously modify their mRNAs. However, a defined 
biological role for 2′-O-methylation of mRNA remains elusive. Here we show that 2′-O-methylation of viral mRNA was critically 
involved in subverting the induction of type I interferon. We demonstrate that human and mouse coronavirus mutants lacking  
2′-O-methyltransferase activity induced higher expression of type I interferon and were highly sensitive to type I interferon. 
Notably, the induction of type I interferon by viruses deficient in 2′-O-methyltransferase was dependent on the cytoplasmic 
RNA sensor Mda5. This link between Mda5-mediated sensing of viral RNA and 2′-O-methylation of mRNA suggests that RNA 
modifications such as 2′-O-methylation provide a molecular signature for the discrimination of self and non-self mRNA.
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cells, such as RNA 5′-triphosphatase, RNA guanylyltransferase,  
RNA guanine-N7-methyltransferase (N7-methyltransferase), and  
2′-O-methyltransferase. The fact that RNA 5′-triphosphate groups 
activate RIG-I (refs. 9,10) suggests that viruses must hide or modify 
their RNA 5′ structures to evade innate immune recognition. In 
addition, RIG-I activation is diminished when 5′-triphosphate RNA 
contains modified nucleotides9. Thus, RNA modifications such as 
methylation could be critical factors for the activation of RNA-specific 
pattern-recognition receptors. Notably, this idea of methylation-based 
distinction of self and non-self nucleic acids is well established for 
DNA, as the methylation status of CpG dinucleotide motifs in DNA is 
the structural basis of the activation of Toll-like receptor 9 (TLR9)15. 
Moreover, DNA methylation represents the basis for the ancient 
 bacterial restriction and modification systems that allow bacteria to 
distinguish between foreign DNA and the bacterial genome.

Here we show that 2′-O-methylation of viral mRNA is biologically 
important in the context of innate immune responses in the host cell. 
We demonstrate that human and mouse coronavirus mutants lacking 
2′-O-methyltransferase activity induced higher expression of type I 
interferon and were extremely sensitive to type I interferon treatment. 
Furthermore, a mouse coronavirus mutant with an inactivated 2′-O-
methyltransferase was attenuated in wild-type macrophages but rep-
licated efficiently in the absence of IFNAR or Mda5. The coronavirus 
2′-O-methyltransferase mutants were apathogenic in wild-type mice; 
however, viral replication and spreading was restored in mice lacking 
IFNAR and in mice lacking TLR7 and Mda5, the two main sensors of 
coronavirus RNA. Collectively our results show a link between Mda5-
mediated sensing of viral RNA and 2′-O-methylation of mRNA and 

suggest that RNA modifications such as 2′-O-methylation provide a 
molecular signature for the distinction of self and non-self mRNA.

RESULTS
Deficiency in 2′-O-methyltransferase in human coronavirus infection
Coronaviruses are single-stranded (+) RNA viruses that repli-
cate in the cytoplasm and have evolved N7-methyltransferases and  
2′-O-methyltransferases to methylate their viral mRNA 5′ cap struc-
tures16–19. The coronavirus 2′-O-methyltransferase activity is asso-
ciated with the viral nonstructural protein nsp16, which is highly 
conserved among coronaviruses (Fig. 1a,b), and an integral subunit 
of the viral replicase-transcriptase complexes located at virus-induced 
double-membraned vesicles in the host cell cytoplasm. Coronavirus  
2′-O-methyltransferase belongs to the human fibrillarin and Escherichia 
coli RrmJ-like methyltransferase family20 that includes many viral and 
cellular homologs (Fig. 1c and Supplementary Table 1).

To address the biological importance of 2′-O-methylation of mRNA 
in the context of host cell innate immune responses, we first used a 
human model of coronavirus infection. We generated a mutant of 
the recombinant human coronavirus strain 229E (HCoV-229E) with 
an inactivated 2′-O-methyltransferase. We produced this mutant 
by substituting alanine for the aspartic acid at position 129 of the 
highly conserved catalytic KDKE tetrad of nsp16 (HCoV-D129A; 
Fig. 1b). Notably, this substitution completely abrogates the 2′-O-
methyltransferase activity of recombinant, bacteria-expressed nsp16 
proteins of feline coronavirus and severe acute respiratory syndrome 
coronavirus16,18. The mutant virus had a small plaque phenotype and 
less replication in the human fibroblast MRC-5 cell line (Fig. 2a,b). 
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We were able to readily methylate poly(A)-containing RNA from 
HCoV-D129A-infected cells using the vaccinia virus 2′-O-methyl-
transferase VP39 in vitro21 (Fig. 2c), which confirmed the loss of 
2′-O-methyltransferase activity by HCoV-D129A. In contrast, in vitro  
2′-O-methylation of poly(A)-containing RNA derived from HCoV-
229E-infected cells was indistinguishable from the 2′-O-methylation 
of poly(A)-containing RNA obtained from mock-infected cells. We 
observed significantly higher IFN-β expression in blood-derived human 
macrophages after infection with HCoV-D129A than after infection 
with HCoV-229E, (Fig. 2d) and complete restriction of HCoV-D129A 
replication in human macrophages pretreated with IFN-α (Fig. 2e). 
These results suggest a biological role for 2′-O-methylation of mRNA 
in the context of the induction of type I interferon and antiviral effector 
mechanisms stimulated by type I interferon.

Mda5-dependent induction of type I interferon
To extend our studies on the effect of 2′-O-methylation on corona-
virus-induced innate immune responses, we used an animal model 
of coronavirus infection with mouse hepatitis virus strain A59 
(MHV-A59) as a natural mouse pathogen. Plasmacytoid dendritic 
cells have a unique and crucial role in sensing coronavirus RNA via 
TLR7 that ensures the swift production of type I interferon after viral 
encounter22,23. Other target cells such as primary fibroblasts, neu-
rons, astrocytes, hepatocytes and conventional dendritic cells do not 
have detectable production of type I interferon after infection with 
MHV23,24. The exceptions to that are macrophages and microglia, 
which can respond with expression of type I interferon after MHV 
infection, although only to moderate amounts25,26. The expression of 
type I interferon detected in macrophages and microglia is dependent 
on Mda5 (ref. 25).

We generated a recombinant MHV lacking 2′-O-methyltransferase 
activity by substituting alanine for the aspartic acid at the 2′-O-
methyltransferase active site at position 130 of nsp16 (MHV-D130A; 
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after infection with HCoV-229E or HCoV-D129A (MOI = 1). Each symbol 
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Figure 3 MHV 2′-O-methyltransferase mutants induce IFN-β in an Mda5-dependent 
manner. (a) Ethidium bromide staining (left) of poly(A)-containing RNA (300 ng) 
from cells infected with wild-type MHV-A59 (WT), MHV-Y15A (Y15A) or MHV-D130A 
(D130A), separated by electrophoresis through a 1% agarose gel; right margin (1–7), 
genomic and subgenomic mRNA; left margin, size in kilobases (kb). Right, incorporation 
of 3H into poly(A)-containing RNA from mock-infected cells or cells infected with  
MHV-A59, MHV-Y15A or MHV-D130A after in vitro 2′-O-methylation with VP39.  
(b) Replication kinetics of MHV-A59, MHV-Y15A and MHV-D130A in 17Cl1 cells after 
infection at an MOI of 1 or 0.0001. (c–e) Enzyme-linked immunosorbent assay of IFN-β 
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Fig. 1b). In addition, we generated a recombinant MHV mutant with 
a tyrosine-to-alanine substitution at the putative cap 0–binding site of 
nsp16 (MHV-Y15A; Fig. 1b). This substitution impairs cap 0 bind-
ing for the corresponding feline coronavirus nsp16 mutant Y14A18, 
and we expected that this substitution would result in less 2′-O-
 methylation of coronaviral mRNA, rather than complete abrogation 
of this. Indeed, in vitro methylation of mRNA with the vaccinia virus 
2′-O-methyltransferase VP39 (ref. 21) confirmed the differences 
in 2′-O-methylation of mRNA obtained from MHV-infected cells. 
The transfer of 3H-labeled methyl groups from the methyl donor  
S-adenosyl-methionine to mRNA was less efficient for mRNA derived 
from MHV-Y15A-infected cells than for mRNA from MHV-D130A-
infected cells but significantly more efficient than for mRNA from 
MHV-A59-infected cells (Fig. 3a). These results demonstrate the loss 
of 2′-O-methyltransferase activity by MHV-D130A and show that a 
considerable proportion of MHV-Y15A mRNA is not methylated at 
the 2′-O position.

In cell culture, the replication kinetics of the mutant viruses MHV-
D130A and MHV-Y15A differed only slightly from those of MHV-
A59 after infection of the mouse fibroblast cell line 17Cl1 at a high 
 multiplicity of infection (MOI) or low MOI (1 or 0.0001, respectively; 
Fig. 3b). Also, there was no notable difference among cells infected 
with MHV-A59, MHV-D130A or MHV-Y15A in the formation 
and morphology of double-membraned vesicles in the cytoplasm, 
as observed by electron microscopy (Supplementary Fig. 1). That 
observation is relevant to the cytoplasmic sensing of viral RNA, as 

coronavirus double-membraned vesicles are known to contain dsRNA. 
Infection with either of the 2′-O-methyltransferase mutants (MHV-
Y15A or MHV-D130A) resulted in more production of type I inter-
feron in wild-type macrophages at 15 h after infection (Fig. 3c and 
Supplementary Fig. 2a). Likewise, type I interferon was efficiently 
produced in IFNAR-deficient macrophages infected with MHV-D130A 
or MHV-Y15A (Fig. 3d and Supplementary Fig. 2b), which indicated 
that the MHV 2′-O-methyltransferase mutants triggered the produc-
tion of type I interferon in the absence of IFNAR signaling. Neither 
MHV-A59 nor the two 2′-O-methyltransferase mutant viruses induced 
any detectable expression of type I interferon in Mda5-deficient macro-
phages (Fig. 3e), whereas the production of type I interferon was read-
ily detectable in Mda5-deficient cells after infection with Sendai virus. 
Detailed analysis of the kinetics of IFN-β mRNA expression showed 
that infection of wild-type macrophages (Fig. 3f) and IFNAR-deficient 
macrophages (Fig. 3g) with MHV-D130A or MHV-Y15A resulted in 
higher expression of the gene encoding IFN-β (with a peak at 12 h 
after infection) than did MHV-A59 infection. Notably, the induction 
of IFN-β was greatest after infection with MHV-D130A, which has a 
mutant 2′-O-methyltransferase active site. These results indicate that 
deficiency in 2′-O-methylation in viral RNA induces higher IFN-β 
expression and that IFN-β induction after infection with viruses with 
mutant 2′-O-methyltransferases is Mda5 dependent.

Interferon-regulatory factor 3 (IRF3) is activated by RIG-I-like 
receptor signaling and translocates to the nucleus to mediate the 
transcription of genes encoding type I interferons. We observed 

more nuclear localization of IRF3 in 
IFNAR-deficient macrophages infected 
with MHV-D130A or MHV-Y15A but not 
in Mda5-deficient macrophages (Fig. 4). 
Collectively these results demonstrate that 

D130A

D130A

Ifn
ar

–/
– 

ce
lls

 w
ith

nu
cl

ea
r 

IR
F

3 
(%

)
M

d
a5

–/
– 

ce
lls

 w
ith

nu
cl

ea
r 

IR
F

3 
(%

)

D130A

Y15A

Y15A

Y15A

WT

WT

WT

25

20

20

10

10

15

15

5

5

0

0

NS

NS

**
*ba

Ifnar–/–

Mda5–/–

Figure 4 MHV 2′-O-methyltransferase mutants 
induce the nuclear localization of IRF3 in an 
Mda5-dependent manner. (a) IRF3 in IFNAR-
deficient or Mda5-deficient mouse macrophages 
infected with MHV-A59, MHV-Y15A or  
MHV-D130A at an MOI of 1 and stained at  
3 h after infection for IRF3 (red) and with the 
DNA-intercalating dye DAPI (blue). Original 
magnification, ×20. Data are representative 
of three experiments. (b) Frequency of cells 
(infected as in a) with nuclear IRF3. *P < 0.01 
and **P < 0.001 (unpaired Student’s t-test). 
Data are representative of three experiments 
(mean and s.d. of five random fields with 
approximately 50–250 cells each).

b

a c

d

7

6

5

4

3

2
0 6 12 18 24

Time after infection (h)

V
ira

l t
ite

r 
(lo

g 10
 P

F
U

/m
l) MOI 1

WT
Y15A
D130A

WT
Y15A
D130A

WT
Y15A
D130A

WT
Y15A
D130A

WT
Y15A
D130A

WT
Y15A
D130A

7

6

5

4

3

2
0 6 12 18 24

Time after infection (h)

V
ira

l t
ite

r 
(lo

g 10
 P

F
U

/m
l) MOI 1

7

6

5

4

3

2
0 12 24 36 48 60

Time after infection (h)

0 12 24 36 48 60

Time after infection (h)

V
ira

l t
ite

r 
(lo

g 10
 P

F
U

/m
l) MOI 0.0001 7

6

5

4

3

2V
ira

l t
ite

r 
(lo

g 10
 P

F
U

/m
l) MOI 0.0001

WT MΦ Mda5 –/– MΦ

Mda5 –/– MΦWT MΦ

WT MΦ

Mda5 –/– MΦ
7

6

5

4

3

2 ND

IFN (U/105 cells)

0 105 5010
0
20

0 0 105 5010
0
20

0 0 105 5010
0
20

0

IFN (U/105 cells)

0 105 5010
0
20

0 0 105 5010
0
20

0 0 105 5010
0
20

0

V
ira

l t
ite

r 
(lo

g 10
 P

F
U

/m
l)

7

6

5

4

3

2 NDNDND

V
ira

l t
ite

r 
(lo

g 10
 P

F
U

/m
l)

Figure 5 Differences in the effect of type I 
interferon on the replication of MHV 2′-O-
methyltransferase mutants. (a,b) Kinetics of the 
replication of MHV-A59, MHV-Y15A or MHV-
D130A in wild-type and Mda5-deficient mouse 
macrophages (1 × 106) after infection at an 
MOI of 1 (a) or 0.0001 (b). Data represent two 
independent experiments (mean ± s.e.m. of five 
samples). (c,d) Titer of MHV-A59, MHV-Y15A or 
MHV-D130A at 24 h after infection (MOI = 1) of 
wild-type (c) or Mda5-deficient (d) macrophages 
(1 × 105) pretreated with IFN-α (dose, horizontal 
axis) 4 h before infection. Data represent two 
independent experiments (mean and s.d. of  
four samples).
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2′-O-methylation of mRNA is linked to the induction of IFN-β 
expression in an Mda5-dependent manner.

Two distinct antiviral mechanisms affected by 2′-O-methylation
As HCoV-D129A, the human coronavirus with a mutant 2′-O-
 methyltransferase active site, showed greater sensitivity to treatment 
with type I interferon, we assessed whether type I interferon–induced 
restriction of viral replication was also effective against the MHV 
2′-O-methyltransferase mutants. We investigated the viral replica-
tion kinetics of MHV-D130A and MHV-Y15A in primary macro-
phages, which represent the most important target cells for MHV22,27. 
MHV-D130A replication was considerably impaired in wild-type 
macrophages (even after infection at a high MOI of 1), whereas the 
replication of MHV-Y15A was similar to that of MHV-A59 (Fig. 5a).  
MHV-D130A replication was fully restored in Mda5-deficient 
 macrophages, even after infection at a low MOI of 0.0001 (Fig. 5b).  
This demonstrates that Mda5-dependent expression of type I inter-
feron is a prerequisite for the induction of effective restriction of MHV-
D130A replication. In agreement with the idea that MHV-D130A 
replication was impaired in wild-type macrophages, but MHV-Y15A 
replication was not, we observed much less replication of MHV-
D130A in macrophages pretreated with IFN-α. Thus, in contrast to 
MHV-A59, MHV-D130A was not detectable at 24 h after infection 
after 4 h of pretreatment of wild-type macrophages with 50–200 units 
of IFN-α, whereas MHV-Y15A replication was not restricted much 
(Fig. 5c). In Mda5-deficient macrophages, pretreatment with at least 
200 units of IFN-α was needed to restrict MHV-D130A replication 
to undetectable amounts (Fig. 5d), which suggested that endogenous 
expression of type I interferon mediated by Mda5 affected the MHV-
D130A restriction in wild-type macrophages. These data indicate 
that the D130A and Y15A substitutions of MHV nsp16 had different 
effects on the induction of type I interferon and viral replication. The 
D130A substitution led to more production of type I interferon as well 
as to considerable sensitivity to pretreatment with type I interferon. 
In contrast, the Y15A substitution induced more production of type I  
interferon but not more sensitivity to type I interferon. Thus, we 
 conclude that in addition to triggering Mda5-dependent induction of 
type I interferon, loss of 2′-O-methylation triggers a second antiviral 
mechanism that is induced by type I interferon and accounts for the 
restriction of viral replication during the host cell antiviral state.

The replication of a mutant of West Nile virus (family Flaviviridae; 
genus Flavivirus) lacking 2′-O-methylation is considerably inhibited 

by members of the IFIT family28, which are encoded by interferon-
stimulated genes linked to translational regulation. To assess whether 
this molecular mechanism is also relevant to coronavirus infection, 
we analyzed the replication kinetics of MHV-A59, MHV-D130A 
and MHV-Y15A in primary macrophages derived from wild-type or 
IFIT1-deficient mice. MHV-D130A replication was almost completely 
restored in IFIT1-deficient macrophages (Fig. 6), analogous to the res-
toration of MHV-D130A replication in Mda5-deficient macrophages 
(Fig. 5a,b). These results suggest that the Mda5-dependent induction of 
type I interferon and the IFIT-1-mediated restriction of viral replication 
are two distinct antiviral mechanisms based on the distinction between 
2′-O-methylated mRNA and nonmethylated mRNA.

Effect of 2′-O-methylation on innate immune recognition in vivo
Next we examined the effect of 2′-O-methylation of viral mRNA on 
innate immune recognition and virulence in vivo. We compared the 
phenotype of MHV-A59 with that of each MHV 2′-O-methyltransferase  
mutant in C57BL/6 mice after intraperitoneal infection with 500 
plaque-forming units of virus (Fig. 7). In contrast to MHV-A59, nei-
ther of the MHV 2′-O-methyltransferase mutants was detectable in 
spleen or liver of C57BL/6 mice at 48 h after infection, which dem-
onstrated the importance of 2′-O-methylation of viral mRNA for 
efficient replication and spread in the host. However, the two MHV  
2′-O-methyltransferase mutants replicated and spread in IFNAR-
 deficient mice. MHV-D130A was not detectable in spleens or livers of  
mice lacking either Mda5 or TLR7, which suggested that induction 
of the expression of type I interferon via either RNA sensor suffices 
to completely restrict the replication and spread of mutants with 
altered 2′-O-methyltransferase active sites. However, we were able 
to detect small amounts of the cap 0–binding mutant MHV-Y15A 
in the spleens of TLR7-deficient or Mda5-deficient mice, which sug-
gested that lower induction of type I interferon in these mutant mice 
did not fully restrict replication of the virus with partially impaired 
2′-O-methyltransferase. The replication and spread of the two MHV 
2′-O-methyltransferase mutants in mice deficient in both TLR7 and 
Mda5 was indistinguishable from that in IFNAR-deficient mice. These 
observations confirm that TLR7 and Mda5 represent the main sen-
sors for recognition of coronavirus RNA and demonstrate that 2′-O-
methylation of viral mRNA serves as a mechanism by which viruses 
evade the recognition of non-self RNA by the host innate immune 
system in vivo.
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Figure 6 Restoration of MHV-D130A replication in IFIT1-deficient 
macrophages. Kinetics of the replication of MHV-A59, MHV-Y15A or 
MHV-D130A after infection (MOI = 0.01) of wild-type mice (a) or IFIT1-
deficient (b) macrophages (5 × 105), assessed by plaque assay of viral 
titers in supernatants. Data represent two independent experiments  
(mean ± s.e.m. of four samples).
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Figure 7 Deficiency in 2′-O-methyltransferase affects the recognition of 
virus by the innate immune system in vivo. Viral titers in the spleen (a) 
and liver (b) of wild-type mice and mice deficient in IFNAR, Mda5 or 
TLR7 or both Mda5 and TLR7, assessed 48 h after infection with  
MHV-A59, MHV-Y15A or MHV-D130A (500 plaque-forming units  
injected intraperitoneally). Data represent two independent experiments  
(mean and s.d. of six samples).
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DISCUSSION
The correct functioning of host innate immune responses is based 
on reliable pathogen detection and is essential in limiting patho-
gen replication and spread. Using human and mouse coronavirus 
models of infection, we have shown here that 2′-O-methylation of 
mRNA provides a molecular signature with a dual role in the inter-
action with host innate immune responses. First, 2′-O-methylation 
of mRNA protects viral RNA from recognition by Mda5 and thus 
prevents Mda5-dependent production of type I interferon in virus-
infected cells. Second, 2′-O-methylation of viral mRNA contributes 
to evasion of the interferon-mediated restriction of viral replica-
tion. These distinct effects can be uncoupled either in the absence of  
type I interferon signaling (such as in IFNAR-deficient cells or mice) 
or through a genetic approach that targets the cap 0–binding residue 
Tyr15 of MHV nsp16. The lack of 2′-O-methylation on a proportion 
of MHV-Y15A mRNA was sufficient to trigger the Mda5 pathway of 
the production of type I interferon while allowing the virus to evade 
the IFIT1-mediated restriction of viral replication. In contrast, the 
absence of 2′-O-methylation on the MHV-D130A viral RNA activated 
the Mda5 pathway and resulted in restriction of viral propagation.

Our study has described the effect of 2′-O-methylation of mRNA on 
Mda5-dependent induction of type I interferon. The use of coronavirus 
greatly facilitated this analysis because coronaviruses encode their own 
5′ mRNA cap-methylation machinery, which allowed us to study the 
phenotype of recombinant viruses with mutant 2′-O-methyltransferase 
proteins, and because expression of type I interferon is almost unde-
tectable in infected cells other than plasmacytoid dendritic cells, with 
the notable exception of macrophages, which produce small amounts 
of Mda5-mediated type I interferon after infection23–25,29. In contrast, 
most other RNA viruses that replicate in the cytoplasm induce con-
siderable amounts of type I interferon, which may mask the specific 
effect of 2′-O-methylation of mRNA on Mda5 activation2,30. It will be 
important to clarify whether viral mRNA lacking 2′-O-methylation 
is directly recognized by Mda5, resulting in its activation, or whether 
2′-O-methylation represents an activation signal for Mda5, possibly 
in combination with dsRNA regions. The generation of recombinant 
viruses with defined substitutions in RNA-processing enzymes, com-
bined with biochemical approaches, will thus be useful in the identi-
fication of naturally occurring Mda5 ligands.

The evasion of Mda5-dependent RNA recognition and IFIT-depend-
ent restriction of viral replication provide a reasonable explanation 
for the conservation of 2′-O-methyltransferases in many viruses that 
replicate in the cytoplasm of higher eukaryotes. Other viruses, such 
as bunyaviruses and arenaviruses, that replicate in the cytoplasm but 
have not acquired the ability to autonomously generate and modify 
their 5′ cap structures have evolved means for snatching the cap struc-
ture from cellular mRNA31,32. Moreover, structural and functional 
analyses have shown that the cap-binding nucleoprotein of Lassa 
virus (family Arenaviridae) can antagonize type I interferon through 
its associated 3′-to-5′ exoribonuclease activity, probably by cleaving 
RNAs that function as pathogen-associated molecular patterns33. This 
protein has an unusually deep cap-binding pocket proposed to accom-
modate an entire cap 1 structure33 and could potentially discrimi-
nate between 2′-O-methylated and nonmethylated capped RNAs.  
Finally, members of the Picornavirales order and related viruses, which 
replicate in the cytoplasm but do not encode methyltransferases, have 
evolved alternative 5′ ends of their RNA. These viruses covalently 
attach a small viral protein (VPg) to the genomic 5′ terminus and 
have an internal ribosomal entry site at the 5′ untranslated region34. 
The replication of encephalomyocarditis virus (family Picornaviridae) 
seems to be not restricted by IFIT proteins28; however, infection  

with this virus is sensed through the Mda5 pathway35. Thus, we 
speculate that the use of internal ribosomal entry allows encephalo-
myocarditis virus to evade host restriction by IFIT family members, 
whereas the covalent attachment of VPg to the 5′ end of picornavirus 
RNA does not prevent Mda5-dependent recognition and induction 
of type I interferon.

The idea that RNA modification influence host cell innate immune 
responses is supported by the observation that activation of RIG-I 
and PKR is diminished when 5′-triphosphate RNA contains modi-
fied nucleotides9,10,36. Similarly, nucleoside modifications dimin-
ish the potential of RNA to trigger TLRs37. Although most of those 
observations were made in vitro (for example, by transfection of short 
synthetic RNA), it seems that RNA modifications may affect sens-
ing by the innate immune system on a wider scale38. Therefore, it 
will be important to extend the knowledge of naturally occurring 
RNA modifications and their effect on innate immune responses. 
Other molecular RNA signatures that function as pathogen-associ-
ated molecular patterns will probably be discovered.

In summary, our study has identified 2′-O-methylation of eukaryo-
tic mRNA cap structures as a molecular pattern of self mRNA and 
has demonstrated that there are at least two cellular mechanisms that 
allow the distinction of 2′-O-methylated mRNA versus nonmethyl-
ated mRNA. Consequently, many viruses that replicate in the cyto-
plasm, without access to the nuclear host cell machinery for mRNA 
capping and modification, have evolved their own RNA-modifying 
enzymes as means of mimicking cellular mRNA. Our data should 
encourage further studies to evaluate the full spectrum and functional 
importance of mRNA modifications as an additional layer of informa-
tion ‘imprinted’ on eukaryotic mRNA.

METHODS
Methods and any associated references are available in the online 
 version of the paper at http://www.nature.com/natureimmunology/.

Note: Supplementary information is available on the Nature Immunology website.
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ONLINE METHODS
Mice, viruses, cells and viral infection. C57BL/6 mice were from Charles 
River Laboratories. Immunodeficient mice deficient in IFNAR, Mda5 or TLR7 
or both Mda5 and TLR7 on the C57BL/6 background were bred in the animal 
facilities of the Kantonal Hospital St. Gallen. IFIT1-deficient mice were bred 
in the animal facilities of the Washington University School of Medicine. All 
mice were maintained in individually ventilated cages and were used between 
6 and 9 weeks of age. All animal experiments were done in accordance with 
the Swiss Federal legislation and with approval from the animal studies 
committees of the Cantonal Veterinary Office (St. Gallen, Switzerland) and  
St. Louis University.

The HCoV-229E, HCoV-D129A, MHV strain A59, MHV-D130A and 
MHV-Y15A recombinant viruses were generated with a vaccinia virus–based 
reverse-genetic system as described39 and were propagated on Huh-7 hepa-
tocarcinoma cells (HCoV) or 17Cl1 mouse fibroblasts (MHV). BHK-21 baby 
hamster kidney cells, L929 mouse fibroblasts, NIH3T3 mouse fibroblasts, 
MRC-5 human fetal lung cells and CV-1 monkey kidney fibroblasts were 
from the European Collection of Cell Cultures. Huh-7 cells were a gift from 
V. Lohmann; D980R human epithelial cells were a gift from G.L. Smith; and 
17Cl1 cells were a gift from S.G. Sawicki. All cells were maintained in minimal 
essential medium supplemented with 5–10% (vol/vol) FBS and antibiotics. 
Thioglycollate-elicited mouse macrophages were generated as described40. 
Human macrophages were isolated from peripheral blood of normal donors as 
described41. Experiments using human cells were in compliance with the Swiss 
federal legislation and institutional guidelines of the Kantonsspital St.Gallen 
(including informed consent) and were appoved by the ethical committee of 
Canton St. Gallen, Switzerland.

Mice were injected intraperitoneally with 500 plaque-forming units of 
MHV. Organs were stored at −70 °C until further analysis. Human blood-
derived macrophages and thioglycolate-elicited mouse macrophages (0.5 × 106  
to 1 × 106) were infected at the appropriate MOI in a 24-well format. MHV 
titers were determined by standard plaque assay with L929 cells. HCoV titers 
were determined by plaque assay with Huh-7 cells overlaid at 1 h after infection 
with 1.2% (wt/vol) Avicel microcrystalline cellulose in 10% (vol/vol) DMEM 
and stained with crystal violet 3 d after infection.

In vitro 2′-O-methylation of poly(A)-containing RNA. Poly(A)-containing 
RNA was isolated from 1 × 107 mock- or HCoV-infected Huh-7 cells (MOI = 1;  
isolated 48 h after infection) or 1 × 107 mock- or MHV-infected NIH-3T3 
cells (MOI = 1; isolated 24 h after infection) with the Dynabeads mRNA 
DIRECT kit according to the manufacturer’s recommendations (Invitrogen). 
RNA was precipitated after the addition of 0.1 volume of 4 M ammonium 
acetate and 1 volume of isopropanol, then was washed with 70% etha-
nol and dissolved in 10 mM TRIS-HCl, pH 7.5, to a final concentration of  
150 ng/µl. In vitro 2′-O-methylation reactions were incubated for 1 h at 37 °C 
and included 300 ng poly(A)-containing RNA derived from virus-infected 
cells or the corresponding amount of poly(A)-containing RNA from unin-
fected cells (as determined by quantitative RT-PCR with primers specific for 
mouse GAPDH and human β-actin; data not shown) plus ScriptCap 2′-O- 
methyltransferase (Epicentre Biotechnologies) in 0.5 µM S-adenosyl-methionine  
and 1.4 µM 3H-labeled S-adenosyl-methionine (78 Ci/mmol; Perkin Elmer). 
Reactions were purified with SigmaSpin Post-Reaction Clean-Up columns 
(Sigma-Aldrich) and eluates were mixed with 2 ml Ultima Gold scintillation 
fluid for measurement of 3H incorporation with a Packard Tri-Carb liquid 
scintillation counter (Perkin Elmer).

Immunofluorescence, IFN-β enzyme-linked immunosorbent assay and 
IFN-α pretreatment. IRF3 was detected in mouse macrophages (2 × 105 
cells per well in 200 µl) 3 h after infection with MHV at an MOI of 1. Cells 
were stained with antibody to IRF3 (FL-425; Santa Cruz Biotechnology) and 
with DAPI (4,6-diamidino-2-phenylindole). Images were acquired with a 
DMRA microscope (Leica). The concentration of mouse and human IFN-β 

in cell culture supernatants was measured by enzyme-linked immunosorbent 
assay (PBL Biomedical Laboratories). Universal type I interferon (IFN-α A/D; 
Sigma) was used for pretreatment of cells with IFN-α before viral infection.

Bioassay for type I interferon. Total type I interferon in supernatants was 
measured with LL171 cells (a gift from M. Pelegrin), which are L929 cells stably 
transfected with a luciferase reporter plasmid under control of the interferon-
stimulated response element42. Recombinant IFN-α A/D (Sigma) was used as 
a cytokine standard. Before measurement, virus was removed by centrifuga-
tion of supernatants through AMICON spin columns with a cutoff of 100 
kilodaltons (Millipore). LL171 cells grown in 96-well plates were treated for 6 
h with column-filtered supernatants, and luciferase activity was detected by a 
GloMax 96 Microplate Luminometer (Promega) after the addition of Bright-
Glo Luciferase substrate (Promega).

Quantitative RT-PCR. Total cellular RNA was isolated with a NucleoSpin RNA II 
kit according to the manufacturer’s instructions (Macherey-Nagel) and was used 
as template for cDNA synthesis with a High Capacity cDNA Reverse Transcription 
kit (Applied Biosystems). A LightCycler FastStart DNA Master SYBR Green I kit 
(Roche) and a LightCycler 1.5 (Roche) were used for measurement of mRNA 
for IFN-β and TATA box–binding protein with the following primers: IFN-β, 
5′-GGTGGAATGAGACTATTGTTG-3′ and 5′-AGGACATCTCCCACGTC-3′; 
TATA box–binding protein, 5′-CCTTCACCAATGACTCCTATGAC-3′ and 5′-
CAAGTTTACAGCCAAGATTCAC-3′. Measurements were made in duplicate 
and the expression of IFN-β was normalized to that in uninfected cells by the 
comparative cycling threshold method (∆∆CT).

Phylogenetic analysis of viral methyltransferase domains. Regions of meth-
yltransferase homology have been identified as members of the RrmJ-like 
superfamily (InterPro accession code IPR002877). For viruses with no RrmJ-
like domain, secondary structure–assisted alignment of amino acids was done 
to determine whether a distant homolog might be present. Viruses without 
identification of a primary or secondary structure match to RrmJ-like proteins 
are designated ‘not detected’ (Supplementary Table 1). Amino acid sequences 
were aligned with ClustalW2 and were manually adjusted on the basis of 
published structural data and protein secondary structure predictions of the 
PSIPRED server43. Motif nomenclature was as published44. Amino acids were 
assigned colors according the conventions of ClustalX for amino acid similar-
ity and conservation as implemented in the JalView alignment editor45.

Electron microscopy. Ultrathin sections of mouse L929 cells were stained with 
osmium tetroxide and uranyl acetate 5 h after infection with MHV at an MOI of 1 
and images were obtained by transmission electron microscopy as described46.
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