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Two Faces of the Same Type I Interferonopathy Spectrum

Insa Buers,1 Gillian I. Rice,2 Yanick J. Crow,2–4 and Frank Rutsch1

In 1973, Singleton and Merten described a new syndrome in 2 female probands with aortic and cardiac valve
calcifications, early loss of secondary dentition, and widened medullary cavities of the phalanges. In 1984,
Aicardi and Goutières defined a phenotype resembling congenital viral infection with basal ganglia calcification
and increased protein content in the cerebrospinal fluid. Between 2006 and 2012, mutations in 6 different genes
were described to be associated with Aicardi–Goutières syndrome, specifically—TREX1, RNASEH2A, RNA-
SEH2B, RNASEH2C, ADAR, and SAMHD1. More recently, mutations in IFIH1 were reported in a variety of
neuroimmunological phenotypes, including Aicardi–Goutières syndrome, while a specific Arg822Gln mutation
in IFIH1 was described in 3 discrete families with Singleton–Merten syndrome (SMS). IFIH1 encodes for
melanoma differentiation-associated gene 5 (MDA5), and all mutations identified to date have been associated
with an enhanced interferon response in affected individuals. In this study, we present a male child demon-
strating recurrent febrile episodes, spasticity, and basal ganglia calcification suggestive of Aicardi–Goutières
syndrome, who carries the same Arg822Gln mutation in IFIH1 previously associated with SMS. We conclude
that both diseases are part of the interferonopathy grouping and that the Arg822Gln mutation in IFIH1 can
cause a spectrum of disease, including neurological involvement.
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Introduction

In 1973, Singleton and Merten described 2 females
with early loss of secondary teeth, osteoporosis of the

distal limbs, and extensive calcification of the aortic arch
and valve (Singleton and Merten 1973). After their initial
report, 9 additional cases appeared in the literature up to
2013 (McLoughlin and others 1974; Gay and Kuhn 1976;
Feigenbaum and others 1988, 2013; Rutsch and others 2005;
Valverde and others 2010). It has thus emerged that the
main features, although variably expressed, of this rare
syndrome include: a delay in primary tooth exfoliation and
permanent tooth eruption, as well as truncated root forma-
tion and root and alveolar bone resorption; premature cal-
cification of the ascending aorta and the aortic and mitral
valve; and acroosteolysis, widened medullary cavities of
the distal limbs and scoliosis. Psoriasis, muscular weakness,
and glaucoma represent less frequently observed additional
features (Feigenbaum and others 2013; Rutsch and others

2015). Studying a large pedigree of Canadian ancestry, Fei-
genbaum and others (1988) determined that the Singleton–
Merten syndrome (SMS) is inherited as an autosomal
dominant trait, and more recently, we reported the specific
gain of function mutation p.Arg822Gln in IFIH1, encoding
for melanoma differentiation-associated gene 5 (MDA5) as
causing SMS in 3 families (Rutsch and others 2015). Inter-
estingly, in 2014, Rice and others (2014) described different
monoallelic gain-of-function mutations in IFIH1 in a group
of patients demonstrating a spectrum of neuroimmuno-
logical phenotypes, including Aicardi–Goutières syndrome.
Aicardi–Goutières syndrome (OMIM, No. 225750), initially
described in 1984 by Jean Francois Aicardi and Francoise
Goutières is typically characterized by bilateral spasticity and
dystonia, abnormal cerebrospinal fluid (CSF) protein content,
and basal ganglia calcification (Aicardi and Goutières 1984).
Up to 2014, mutations in 6 genes had been found associated
with Aicardi–Goutières syndrome, including TREX1 (3 prime
repair exonuclease 1), genes encoding for the ribonuclease
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H2 (RNASEH2) subunits RNASEH2A, RNASEH2B, and
RNASEH2C, ADAR1 (double-stranded RNA [dsRNA]-
specific adenosine deaminase), and SAMHD1, encoding for
ribonuclease SAM domain and HD domain 1 (Crow and
others 2006a, 2006b; Rice and others 2009, 2012; Thiele and
others 2010; Ramesh and others 2010). Accordingly, the
Aicardi–Goutières phenotype caused by IFIH1 mutations
was coined as Aicardi–Goutières type 7 (OMIM No. 615846).
Since the original report of mutations in IFIH1 in individuals
with SMS, it has been a matter of debate if there might be a
continuum of features between Aicardi–Goutières and SMS,
or if the p.Arg822Gln mutation in IFIH1 results in a specific
alteration of MDA5 function discretely leading to SMS
(Rutsch and others 2015). In favor of the former possibility,
Bursztejn and others (2015) reported 3 patients from a 2-
generation family exhibiting an overlap between Aicardi–
Goutières syndrome and SMS, in the context of a distinct
c.1465G>A, p.Ala489Thr mutation in IFIH1. In this review,
we present a case report providing evidence for a phenotypic
continuum between these 2 clinical entities.

Case Report: Male Proband with Features
of Aicardi–Goutières Syndrome Carrying
the c.2654G>A (p.R822Q) Mutation in IFIH1

The boy was born to a 34-year-old Caucasian G5P3 mother
at 39 weeks of gestation. Both parents are healthy. Birth
weight was 3310 g. At the age of 4 weeks, he was noted to
have a right facial droop, which was initially thought to be
secondary to birth trauma and resolved spontaneously during
follow-up. In the first 6 months of life, he was seen multiple
times for an oral mucositis. He also suffered from recurrent
ear infections requiring tympanostomy tubes at the age of 10
months. At the age of 6 months, he developed an itching, well-
defined erythematous skin lesion on the right flank, which
slowly progressed in size (Fig. 1A). A biopsy of this lesion
revealed histological changes consistent with an inflamma-
tory linear verrucous epidermal nevus. Bilateral nephrocalcinosis
was found on ultrasound of the abdomen. Developmental delay
was noted at the age of 6 months, at which time he was not
rolling or sitting and did not bear weight on his legs. At the age

FIG. 1. Clinical features of the proband carrying the Arg822Gln mutation in IFIH1. (A) Well-defined scaly erythematous skin
lesion on the left flank at the age of 12 months. (B) Spastic gait and mild right facial palsy at the age of 5 years. (C) Quantitative
analysis of interferon stimulated genes (ISGs) in peripheral blood mononuclear cells (PBMCs) of the proband. The expression of
IFI27, IFI44L, IFIT1, ISG15, RSAD2, and SIGLEC1 was analyzed by quantitative PCR in 3 technical replicates. The relative
expression of each gene in PBMCs from the proband was normalized to controls and represented as a mean – standard deviation.
(D1E) Sagittal and coronal image showing calcification of the globi pallidi bilaterally. PCR, polymerase chain reaction. (Written
parental consent obtained to reproduce photo.) Color images available online at www.liebertpub.com/jir
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of 12 months, the child was able to pull and stand, but these
gross motor milestones were lost at 15 months of age, at which
point general muscular hypotonia, a worsening of the right
facial palsy, and a flare of the erythematous rash on the right
flank was noted. The boy demonstrated poor weight gain from
6 months of age, but starting at 9 months of age, he lost weight
and required significant caloric supplementation. Within the
second and third year of life, he developed intermittent and
recurrent joint pain and stiffness, which was worse in the
morning. During this time, he also suffered from recurrent
upper respiratory tract infections, including streptococcal an-
gina, so that he underwent tonsillectomy and adenoidectomy.
Over the following several years, he developed a spastic gait
and contractures of the knee joints and elbows (Fig. 1B). Ex-
tensive laboratory investigations, including screening for
metabolic disorders, revealed mostly normal results, as were a
complete blood count, serum electrolytes, serum immunoglob-
ulins, serum C3 and C4-complement, serum C-reactive protein,
creatine kinase, urinalysis, and urine protein analysis. Protective
antibodies against tetanus, H. influenza, and pneumococci were
also normal. A brain magnetic resonance imaging (MRI) study
yielded normal results at the age of 2 years. Abnormal results
included elevated aspartate aminotransferase (AST) (116 U/l,
normal: 10–40 U/l) and alanine aminotransferase (ALT) levels
(105 U/L, normal: 7–56 U/L) at the age of 2 years and a low level
of insulin-like growth factor 1 (<25 U/L).

At the age of 6 years, whole-exome sequencing was
performed, which identified a heterozygous c.2654G>A
(p.Arg822Gln) mutation in IFIH1. The mutation was not
present in the parental DNA samples and thus was consid-
ered to have arisen de novo. An interferon (IFN) signature
pattern based on whole blood RNA from the proband re-
vealed upregulation of IFN-induced gene expression

(Fig. 1C), and a cranial computed tomography scan per-
formed at the age of 6 years showed calcification of the
basal ganglia bilaterally (Fig. 1D, E).

Discussion: Aicardi–Goutières Type 7 and SMS:
A Disease Continuum

Aicardi–Goutières syndrome type 7

Aicardi–Goutières syndrome type 7 is an autosomal
dominant inflammatory disorder encompassing a variety
of neurological features, including delayed psychomotor
development, spasticity, basal ganglia calcification, cerebral
atrophy, and abnormalities of the deep white matter (Rice and
others 2014). In 2014, Rice and others identified 6 either de
novo or transmitted variants in the IFIH1 gene (c.2159G>A;
p.Arg720Gln, c.2336G>A; p.Arg779His, c.1009A>G;
p.Arg337Gly, c.2335C>T; p.Arg779Cys, c.1483G>A;
p.Gly495Arg, c.1178A>T; p.Asp393Val) as the cause of this
neuroinflammatory phenotype (Fig. 2A). In addition, 3 IFIH1
variants (c.1354G>A; p.Ala452Thr, c.1114C>T; p.Leu372-
Phe, and c.2336G>A; p.Arg779His) were reported in 3 un-
related Japanese patients, demonstrating a phenotype typical
of classical Aicardi–Goutières syndrome (Oda and others
2014, Fig. 2A). IFIH1 encodes for the MDA5 protein, a
member of the retinoic acid inducible gene-I (RIG-I) receptor
family, which includes RIG-I, MDA5, and LGP2 (Barral and
others 2009; del Toro Duany and others 2015). Proteins of the
RIG-I family are sensors for viral dsRNA and are composed
of a C-terminal domain (CTD) and a DExD/H motif helicase
domain followed by a caspase activation recruitment domain
(2CARD) at the N-terminus (Barral and others 2009). Re-
cognition of cytoplasmic viral dsRNA by MDA5 induces

FIG. 2. Localization and effect of Aicardi–Goutières syndrome- and Singleton–Merten syndrome (SMS)-associated MDA5
variants. (A) MDA5 protein structure and the position of the identified Aicardi–Goutières syndrome and SMS causing variants.
(B) Disease-causing mutations in IFIH1 leading to increased MDA5 filament stability and enhanced type I interferon pro-
duction. MDA5, melanoma differentiation-associated gene 5. Color images available online at www.liebertpub.com/jir
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adenosine triphosphate (ATP)-dependent filament assembling
along the dsRNA axis. The helicase domains and CTD con-
stitute an RNA recognition unit, whereas the CTD facilitates
MDA5 filaments formation and the oligomerization of several
2CARD (Peisley and others 2011, 2012; Berke and Modis
2012a; Berke and others 2012b; Wu and others 2013). The in-
teraction of the 2CARD oligomers with mitochondrial antiviral-
signaling protein (MAVS) leads to an increased synthesis of
type I IFN, and the subsequent induction of IFN stimulated
genes (ISGs) as well as proinflammatory cytokines through
the activation of different signaling pathways such as IRF3
(interferon regulatory factor 3), NF-kB (nuclear factor kappa-
light-chain-enhancer of activated B cells), and AP-1 (activator
protein 1) (Andrejeva and others 2004; Peisley and others 2011,
2012; Berke and Modis 2012a; Berke and others 2012b;
Shrivastav and Niewold 2013; Wu and others 2013).

All identified Aicardi–Goutières type 7-associated IFIH1
variants are monoallelic missense mutations (Oda and others
2014; Rice and others 2014). Structurally, the IFIH1 vari-
ants are localized in the highly conserved MDA5 helicase
domain or on the surface of the RNA-binding site (Rice and
others 2014). Interestingly, no alteration of ATP hydrolysis
activity was detectable in in vitro studies. However, an
enhancement of baseline type I IFN signaling and an in-
creased induction of IFN signaling in response to dsRNA
could be shown in HEK293T cells transfected with mutated
IFIH1 compared with controls (Rice and others 2014). In
addition, Oda and others (2014) confirmed a type I IFN sig-
nature in blood cells of their Aicardi–Goutières type 7 pa-
tients, as well as increased type I IFN production after
transfection of mutated IFIH1 into a hepatoma cell line. These
results indicate that the IFIH1 variants associated with
Aicardi–Goutières type 7 lead to increased MDA5 filament
stability and a gain-of-function of the protein (Fig. 2B).

SMS type 1 and type 2

The clinical characteristics of SMS include a multiplicity
of interfamilial and intrafamilial phenotypes with a broad
range of signs and symptoms. Core features include severe
calcification of the aortic and mitral valves as well as the
ascending aorta, a delay in primary tooth exfoliation and an
early loss of secondary teeth. Less frequent observations
include psoriasis, glaucoma, muscular weakness, scoliosis,
and an unusual face (Feigenbaum and others 2013; Rutsch
and others 2015; Buers and others 2016).

A specific missense mutation c.2465G>A; p.Arg822Gln
in IFIH1 was identified in 3 families conforming to the SMS
type 1 phenotype (Fig. 2A, Rutsch and others 2015). This
mutation is localized in the MDA5 helicase domain and
possibly results in enhanced MDA5 filament stability due to
conformational changes (Fig. 2B, Rutsch and others 2015,
Hall and Matson 1999). The finding of an upregulation of
IFN-induced gene transcripts in blood samples of SMS in-
dividuals lead to the suggestion that, as in patients with
neuroimmunological disease due to mutations in IFIH1, the
MDA5 conformational changes consequent upon the SMS-
related p.Arg822Gln mutation also confer a gain of MDA5
activity and enhanced type I IFN signaling.

Funabiki and others (2014) published a mouse model with
an MDA5 p.G821S variant. Heterozygous mutant mice
demonstrated growth retardation, calcifications of the liver,
and enhanced cytokine and chemokine levels. In addition,

the expression of IFN-b and RIG-I-like receptors was ele-
vated in these animals. Conformational changes of mutated
MDA5 caused a hyperactivity of the protein in a dsRNA-
independent manner (Funabiki and others 2014). Thus, this
mouse model supports the idea that hyperactivity of MDA5
is caused by gain-of-function mutations in MDA5.

In contrast to SMS type 1, SMS type 2 has been reported
to be caused by mutations (c.1118A>C; p.Glu373Ala or
c.803G>T; p.Cys268Phe) in the Dead-box polypeptide 58
gene (DDX58, OMIM No. 609631, Jang and others 2015).
Patients carrying either 1 of these mutations presented with
glaucoma, aortic calcification, and skeletal abnormalities
and an absence of any dental anomalies. DDX58 encodes
the RIG-I protein, which is structurally similar to MDA5.
Similar to MDA5, RIG-I consists of a helicase domain, a
C-terminal repressor domain, including the CTD, and the
N-terminal 2CARD (Takahasi and others 2008; Lässig and
others 2015). In its inactive form, the CTD of RIG-I masks
the 2CARD. Binding of short dsRNA to the CTD causes a
conformational change of the RIG-I protein, leading to an
exposed 2CARD and therefore to an active RIG-I protein
(Takahasi and others 2008; Barral and others 2009). The
activation of RIG-I allows the assembly of RIG-I filaments
and the oligomerization of their 2CARD, which then acti-
vates MAVS proteins in the mitochondrial membrane

Table 1. Features Associated with

Mutations in IFIH1

Feature SMS AGS Overlap

Short dental roots/early loss
of permanent teeth

+

Muscular weakness +
Aortic calcification +
Unusual face +
Psoriasis +
Hallux valgus +
Osteopenia of hands/feet +
Wide medullary cavities

of the phalanges
+

Subluxation of joints +
Thick neurocranium +
Congenital microcephaly +
Calcification of white matter +
Periventricular calcification +
Quadriplegia/rigidity of legs +
Irritability +
Hepatosplenomegaly +
Lymphadenopathy +
Thrombocytopenia +
High signal in the periventricular

and deep white matter on T2
weighted imaging

+

Cerebral atrophy +
Hypertonia +
Regression +
Developmental delay + + +
Hypotonia + + +
Glaucoma + + +
Elevated levels of interferon

signature genes
+ + +

Chilblains + +
Basal ganglia calcification + + +

AGS, Aicardi–Goutieres Syndrome; SMS, Singleton–Merten
syndrome.
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resulting in a type I IFN immune response mediated through
the NF-kB, IRF3, and AP-1 signaling pathways (Barral and
others 2009; Buers and others 2016).

SMS-associated RIG-I mutations cause an enhanced NF-
kB and PRDIII-I reporter gene activity as well as elevated
IFNB1 and ISG15 expression patterns ( Jang and others
2015). In addition, SMS-associated mutations in RIG-I en-
hance the interaction of RIG-I and endogenous RNA (Jang
and others 2015). Lässig and others (2015) speculated that the
ATPase of RIG-I confers specificity to viral RNA by pre-
venting signaling by the abundant background of self-RNA.
In summary, the identified SMS-associated RIG-I mutations
lead to a gain-of-function of the RIG-I protein associated with
an enhanced IFN-dependent immune response.

The interferonopathy spectrum of disease
associated with mutations in IFIH1

Aicardi–Goutières syndrome was initially defined by the
presence of bilateral spasticity and dystonia, abnormal CSF
protein content, and basal ganglia calcifications, resembling
congenital viral infection (Aicardi and Goutières 1984). Over
time, further delineation of the syndrome led to the identifi-
cation of additional associated features, including glaucoma,
which is also seen in the context of SMS (Table 1).

Since basal ganglia calcification, developmental delay, and
spasticity had not been reported in patients with SMS, there
was reason to believe that these syndromes were distinct and
that the specificity of the later phenotype might be explained
by the discrete Arg822Gln mutation in IFIH1 identified in all
3 families published in 2015. More recently, a study by
Bursztejn and others (2015) showed that a different mutation
(p.Ala489Thr) in IFIH1 could also be associated with features
of SMS. Of particular note, the father in this 2-generation
family demonstrated the typical dental abnormalities and
joint involvement of SMS, as well as basal ganglia calcifi-
cation in the absence of overt neurological disease. Until now,
however, it has remained unclear if the specific MDA5
p.Arg822Gln mutation described by Rutsch and others (2015)
could also be associated with a neurological phenotype. The
case presented in this study illustrates that this is the case, the
proband demonstrating bilateral spasticity, developmental de-
lay, and basal ganglia calcification in association with the
MDA5 p.Arg822Gln substitution. In this case, the diagnosis of
an interferonopathy was not considered until exome sequencing
revealed the presence of the p.Arg822Gln variant in IFIH1. In
our proband, no clear abnormality was seen on cerebral MRI
scanning performed at the age of 2 years. This delay in diagnosis
might be related to the limited capability of routine MRI to detect
intracranial calcification, which can be more easily seen on
computed tomography (and which investigation was only per-
formed after the finding of the causative mutation using a whole-
exome sequencing approach in the case described in this study).

The discovery that both the Singleton–Merten and neu-
roinflammatory phenotypes represent allelic conditions
highlights the pathological overlap of these disorders and
the possible role of enhanced type I IFN signaling in their
causation (Rodero and Crow 2016).
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