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Summary

Cutaneous lesions described as chilblain lupus occur in the context of familial chilblain lupus or 

Aicardi–Goutières syndrome. To date, seven genes related to Aicardi–Goutières syndrome have 

been described. The most recently described encodes the cytosolic double-stranded RNA receptor 

IFIH1 (also known as MDA5), a key component of the antiviral type I interferon-mediated innate 
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immune response. Enhanced type I interferon signalling secondary to gain-of-function mutations 

in IFIH1 can result in a range of neuroinflammatory phenotypes including classical Aicardi–

Goutières syndrome. It is of note that none of the patients with a neurological phenotype so far 

described with mutations in this gene was reported to demonstrate cutaneous involvement. We 

present a family segregating a heterozygous pathogenic mutation in IFIH1 showing 

dermatological involvement as a prominent feature, variably associated with neurological 

disturbance and premature tooth loss. All three affected individuals exhibited increased expression 

of interferon-stimulated genes in whole blood, and the mutant protein resulted in enhanced 

interferon signalling in vitro, both in the basal state and following ligand stimulation. Our results 

further extend the phenotypic spectrum associated with mutations in IFIH1, indicating that the 

disease can be confined predominantly to the skin, while also highlighting phenotypic overlap 

with both Aicardi–Goutières syndrome and Singleton–Merten syndrome.

Aicardi–Goutières syndrome (AGS, MIM 225750), in its most characteristic form, presents 

as a genetic encephalopathy, associated with basal ganglia calcification and cerebral white-

matter disease. In addition to the neurological phenotype, acral chilblain lesions are seen in 

> 40% of cases.1 Until recently, six AGS-causative genes had been described in association 

with AGS, respectively encoding the DNA exonuclease TREX1 (AGS1), the three 

nonallelic components of the RNase H2 endonuclease complex (RNASEH2B, AGS2; 

RNASEH2C, AGS3; and RNASEH2A, AGS4), the deoxynucleoside triphosphate 

triphosphohydrolase SAMHD1 (AGS5) and the double-stranded (ds)RNA-editing enzyme 

ADAR (AGS6).

Recently, we and others reported heterozygous gain-of-function IFIH1 mutations (AGS7)1 

as causative of a spectrum of neuroinflammatory phenotypes, including AGS and apparently 

nonsyndromic spastic paraparesis, in which elevated levels of interferon-stimulated genes 

are observed.2,3 IFIH1 encodes the protein interferon-induced helicase C domain-containing 

protein 1, also known as melanoma differentiation-associated protein 5 (MDA5). 

Interestingly, heterozygous mutations in TREX1 and SAMHD1 have also been identified in 

patients with familial chilblain lupus (FCL, MIM 610 448).4,5 FCL is a monogenic form of 

cutaneous lupus, which presents in childhood with acral ulcerating lesions that are 

exacerbated by cold. To date, mutations in IFIH1 have not been reported in association with 

FCL.

A seemingly clinically distinct condition, Singleton–Merten syndrome (SMS, MIM 

182250), has been recently described as being due to a specific heterozygous point mutation 

in IFIH1.6 The hallmarks of SMS include aortic calcification, delayed dental eruption and 

early loss of permanent teeth, osteopenia and acro-osteolysis. Additionally, a number of 

patients have been reported with psoriasis and glaucoma, the latter being a common feature 

in AGS also. As for AGS and the related neuroimmunological phenotypes already described 

due to mutations in IFIH1, patients with SMS demonstrated a marked induction of type I 

interferon signalling.

Here we report a family comprising three affected individuals who harbour a heterozygous 

IFIH1 mutation, variably expressing a skin and a neurological phenotype. The initial 
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presentation in each case was dermatological. Subsequently, features overlapping both AGS 

and SMS became evident within this single family.

Case report

The proband, a white French boy, was born at 34 weeks of gestation, with weight 2.980 kg 

(+ 0.34 SDs from the mean), height 49 cm (+ 0.57 SDs) and cranial perimeter 33 cm (−0.23 

SDs). He was hospitalized in the neonatal period because of transitory respiratory distress. 

He presented to dermatologists at 1 year of age with ulcerating lesions of the ear helices, 

which were exacerbated by cold and healed with scarring. On clinical examination, 

superficial crusted and erythematous lesions of the helix were present (Fig. 1a). He was also 

noted to have erythematous cheeks (Fig. 1b) and multiple lentigines on the upper and lower 

limbs without any significant ultraviolet exposure (Fig. 1c). His nails were somewhat fragile 

with longitudinal striations. Histological examination of a cutaneous biopsy of the helix was 

consistent with lichenoid lupus, with slight interface dermatitis with a moderate infiltrate in 

the superficial and deep dermis, along the basement membrane and along the vessels and the 

sebaceous glands, associated with slight acanthosis and a few apoptotic cells in the basal 

layer (Fig. 1d).

Neurological examination revealed apparent stiffness of the lower limbs. He subsequently 

walked at age 20 months, although his parents reported leg stiffness after prolonged sitting 

beyond this time, and the patient complained of leg pain so that he could not climb stairs 

unaided at the age of 3 years. A cranial magnetic resonance imaging (MRI) scan taken at 5 

years revealed a small area of hypersignal of the periventricular white matter on axial fluid-

attenuated inversion recovery imaging, but was otherwise unremarkable. He did not undergo 

computed tomography (CT) imaging. Of note, by the age of 4 years his motor and 

intellectual development was considered to be within normal limits. Cardiac ultrasound was 

normal.

The father of the proband reported no previous family history of relevance. He described 

ulcerations of the ears and nose since the age of 7 months, which were worse in the winter 

and healed with scarring and subsequent tissue loss. He had experienced similar lesions on 

the legs, also healing with scarring, and similar leg stiffness after prolonged sitting as for his 

son. During childhood, multiple lentigines were noted on the limbs, and a degree of 

photosensitivity was reported. He also complained of papular lesions on the legs, which 

resolved leaving atrophic scars. In adulthood, ‘blister-like lesions’ were described to occur, 

most notably on the legs following trauma. Subsequently, hyperkeratotic lesions formed at 

the elbows and knees, and deformities of the metacarpophalangeal and interphalangeal joints 

of the hands with tendon retraction and foot deformity, including marked bilateral hallux 

valgus, developed without any previous pain or rheumatism. After adolescence, his 

permanent teeth, apart from the molars and premolars, were lost, with evident root 

hypoplasia (Fig. 2a). There was no history of developmental delay or neurological 

dysfunction, but lower-limb pain was reported with a tightening of the Achilles tendons.

On examination at 41 years of age this man’s ears were bilaterally scarred secondary to 

crusted lesions (Fig. 2b). Multiple lentigines were evident on the limbs and torso without 
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telangiectasia. His skin was fragile and covered with atrophic scars (Fig. 2c, d). Crusted, 

hyperkeratotic lesions were noticed on the knees (Fig. 2d). There was marked hallux valgus, 

and bilateral fifth-finger metacarpophalangeal contractures (Fig. 2c and d), confirmed on X-

ray (Fig. 2e and f). He had a dental prosthesis. Neurological examination was normal. Eye 

examination revealed macular pigmentation, without atrophy or telangiectasia. There was no 

evidence of glaucoma. Cardiac echography showed minimal calcification of the aortic valve. 

At this same age, bilateral dense calcification of the globus pallidus was seen on cranial CT 

imaging (Fig. 2g), while MRI revealed periventricular high signal of the white matter around 

the posterior poles of the lateral ventricles (Fig. 2h).

The youngest brother to the proband was born at 33 weeks of gestation, with weight 2.240 

kg (−0.8 SDs from the mean), height 46.5 cm (+ 0.26 SDs) and cranial perimeter 31.5 cm 

(−0.97 SDs). He required initial respiratory support due to respiratory distress. He presented 

with cold-exacerbated lesions of the ears beginning at age 15 months. On examination, 

crusting and erythema of the helices was noted bilaterally (Fig. 3a). He also demonstrated 

multiple lentigines on the forearms and legs (Fig. 3b), erythematous cheeks (Fig. 3c) and 

nail fragility with longitudinal striations. From 3 years of age, during the winter months, 

papular lesions were noticed on the legs, which resolved leaving atrophic scars (Fig. 3d). His 

motor development was delayed. He began to walk with help at 18 months of age. He then 

experienced a period of apparent motor regression, and at age 2.5 years was unable to walk 

or stand. He had only a few spoken words at this age. He demonstrated some useful hand 

function and was able to scribble, but not to draw.

On neurological examination, spastic tetraparesis was noticed. A cranial MRI at age 3 years 

demonstrated minimal increased signal changes in the white matter at the posterior poles of 

the ventricles. Cranial CT imaging and cardiac ultrasound were both considered normal. 

Due to pain and motor delay, a course of oral corticosteroid treatment was commenced at 1 

mg kg−1 per day and then tapered slowly to 0.3 mg kg−1 per day after 1 month. This reduced 

the pain and enhanced his mobility, such that walking with the aid of a frame was possible 

after 1 month. In addition an improvement in speech was reported, with short sentences 

spoken after 1 month of treatment and speech therapy. His social behaviour was also 

considered to have improved. However, after only 3 months of systemic corticosteroids, he 

developed bilateral glaucoma, requiring cessation of therapy and a combination of medical 

and surgical ophthalmic management.

Despite the discrepancy in neurological involvement across the three family members, the 

cutaneous features suggested the possibility of a dominant interferonopathy. RNA 

expression of six interferon-stimulated genes in whole blood demonstrated significant 

upregulation in all three patients compared with controls, similarly to previously reported 

cases with mutations in IFIH1 (Fig. 4).2 Assessment of additional proinflammatory 

cytokines by quantitative polymerase chain reaction (IL6, TNFA, NFKB1, IL1B and IL10) 

showed equivalent expression to that observed in controls (data not shown).

Mutations in the two genes previously implicated in chilblain lupus inherited as an 

autosomal dominant trait, TREX1 and SAMHD1, were not observed. However, whole-exome 

sequencing identified a heterozygous missense variant in IFIH1 (c.1465G>A, p.Ala489Thr) 
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in all three affected individuals. This variant was predicted as deleterious using in silico 

analysis tools, and was absent from the Exome Aggregation Consortium browser (> 120 000 

control alleles) and > 600 in-house exomes. The presence of the variant was confirmed by 

Sanger sequencing. The variant was not seen in the blood of either of the proband’s 

asymptomatic paternal grandparents, thus indicating that the variant had arisen de novo, or 

due to gonadal mosaicism.

Mapping of the altered residue Ala489 onto the crystal structure of the 2CARD deletion 

construct (Δ2CARD) demonstrated that the residue lies within the Hel1 domain, one of two 

highly conserved core helicase domains (Fig. 5a). These domains are responsible for binding 

RNA and RNA-dependent ATP hydrolysis. The Ala489 residue in IFIH1 is in close 

proximity to the ATP binding site, and substitution of Ala489 by threonine may diminish the 

ATP binding and hydrolysis activities of IFIH1. Analysis of purified wild-type and mutant 

IFIH1 (Fig. 5b) displayed impaired ATP hydrolysis activity in the mutant (Fig. 5c) and 

increased stability of the mutant protein–RNA complex compared with the wild-type in the 

presence of ATP (Fig. 5d). Note that ATP hydrolysis by wild-type IFIH1 triggers 

dissociation from dsRNA, which results in dsRNA length-sensitive stability and interferon 

signalling activity.

Interferon-β reporter stimulatory activity of wild-type and mutant IFIH1 in HEK293T cells 

was also assessed (Fig. 5e). As described previously,7 basal levels of interferon signalling 

were markedly increased in the absence of exogenous RNA. Furthermore, wild-type IFIH1 

was induced only upon stimulation with polyinosinic–polycytidylic acid (poly I:C), a long 

(> 1-kb) dsRNA, and not with short (162-bp) dsRNA, and activity was negligible in the 

absence of exogenous RNA. In contrast, mutant IFIH1 displayed marked interferon 

induction following stimulation with either long dsRNA (poly I:C) or short dsRNA.

Discussion

Here we report a family with cutaneous features resembling those of chilblain lupus,4,7 also 

demonstrating variable neurological involvement reminiscent of AGS1 and features of SMS6 

in the affected father (Table 1).

The predominant clinical manifestation secondary to enhanced interferon production in this 

family was ulcerating lesions of the ears. These cutaneous manifestations are in keeping 

with those described in both AGS and FCL, but have not previously been observed in the 

context of mutations in IFIH1.2,3 Of note, none of the patients in this report exhibited the 

typical acral lesions of AGS/chilblain lupus affecting the toes and fingers. The neurological 

features seen in the sibling pair were not typical of the neonatal encephalopathy observed in 

classical AGS, although they remain within the recognized clinical and neuroimaging 

diagnostic spectrum of that disease.2 The neurological examination of the father was 

completely normal, despite the fact that he demonstrated obvious intracranial calcification 

and white-matter abnormalities.

A finding of particular interest in this family was the presence of acral lentigines in all three 

affected individuals, reminiscent of the pigmentary changes observed in dyschromatosis 
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symmetrica hereditaria (DSH), secondary to ADAR mutations.8 DSH is allelic to AGS at the 

ADAR (AGS6) locus, and rare cases of ADAR-related AGS also manifest lentigines.9 The 

aetiology of these lesions is currently unclear, but they may provide a diagnostic clue in 

certain cases.

The loss of secondary dentition, marked hallux valgus, and bilateral fifth-finger 

metacarpophalangeal contractures seen in the father of our proband are not typical of AGS, 

but are in keeping with SMS. Indeed, the fifth-finger contractures (Fig. 2c) are very 

reminiscent of those previously published in SMS, and in some patients with FCL.4 The 

development of glaucoma in childhood after only 3 months of corticosteroid therapy is of 

note, considering that glaucoma is a recognized feature of both AGS and SMS. 

Consequently, we suggest that active ophthalmic monitoring is required in such families. 

Although echocardiography was normal in all three individuals, we note the phenotypic 

variability reported in IFIH1-related SMS,6 and in RIG-I (retinoic acid-inducible gene I)-

associated ‘atypical SMS’.10 These observations lead us to suggest that an SMS phenotype 

may occur in cases beyond those with the recently described p.Arg822Gln mutation in 

IFIH1. The dental findings reported in SMS are interesting given the fact that single-

nucleotide polymorphisms in IFIH1 have been associated with chronic periodontitis.11

The cutaneous and neurological phenotypes observed in this family demonstrate overlap 

with a number of other inflammatory monogenic disorders, illustrating the profound effect 

of inappropriate stimulation, or defective negative regulation, of the type I interferon 

response on the skin and nervous system. Mutations in TMEM173 confer gain of function on 

the cytosolic DNA sensor STING,12 which causes STING-associated vasculopathy with 

onset in infancy (SAVI). This interferon-driven inflammatory disease can present with a 

severe infantile cutaneous vasculopathy leading to extensive tissue loss, in addition to 

inflammatory interstitial lung disease in some cases. The erythematous cheeks observed in 

both children in the family presented here (Figs 1b and 3c) bear resemblance to those seen in 

SAVI, even though they are much less severe. A second autosomal recessive monogenic 

disorder, caused by TADA2A mutations, may also present with lesions of the ear helix, 

reminiscent of those reported here. Furthermore, TADA2A mutations can manifest with a 

neurological phenotype, due to small-vessel ischaemic strokes.13

Histologically, vacuolation of the basal layer, interface dermatitis, and superficial and deep 

dermal infiltrate can be seen either in chilblain lupus, AGS or cutaneous lupus 

erythematosus.14,15 The granular deposition of immunoglobulins and complement along the 

basement membrane is described in FCL, AGS and cutaneous lupus erythematosus, but 

seems to be inconstant in these first two entities.5,14–16 Mucin deposits have been reported 

in chilblain lupus.5,14 All of these data are consistent with the observation that both chilblain 

lupus and AGS are allelic, and that these monogenic pathologies share a common 

pathophysiology with lupus erythematosus.

The inflammatory phenotype in the family reported here was caused by a gain-of-function 

mutation in the cytosolic RNA sensor IFIH1, inherited as an autosomal dominant trait. The 

interferon signature seen in all three affected individuals was comparable with that 
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previously observed in IFIH1-related disease (Fig. 4),2 and is indicative of a type I 

interferonopathy.17

IFIH1 encodes a cytoplasmic dsRNA sensor called IFIH1, or MDA5. In humans, IFIH1 has 

been associated with a number of inflammatory states. Thus, IFIH1 expression is markedly 

increased in the skin of patients with dermatomyositis, chronic discoid lupus and lichen 

planus,18 and IFIH1 polymorphisms have been linked with an increased risk of developing 

systemic lupus erythematosus, psoriasis and chronic periodontitis.11 Furthermore, apparent 

loss-of-function IFIH1 variants confer protection against type 1 diabetes.19

Engagement of the 2CARD oligomers of IFIH1 with the adaptor protein mitochondrial 

antiviral signalling protein (MAVS) induces type I interferon production, which acts as an 

integral component of the antiviral innate immune response.20 Pathological activation of an 

antiviral cytokine response mediated by type I interferons can be associated with 

inflammatory disease.17 In keeping with this, a gain-of-function IFIH1 mutation in mice 

caused a lupus-like phenotype, which was partially rescued following back-crossing with 

type I interferon receptor-deficient mice.21

To signal to MAVS, the IFIH1 helicase and long dsRNA form a core filament, which 

promotes stochastic assembly of the 2CARD oligomers of IFIH1. Disassembly of the core 

filament is dependent on ATP hydrolysis, and is dsRNA length dependent. The regulation of 

filament stability is a proposed mechanism by which aberrant signalling to MAVS is 

normally suppressed in response to short (< ~0.5-kb) cellular dsRNA.20 The close proximity 

of the Ala489 residue to the ATP substrate is therefore of interest, particularly given the 

observed absence of ATP hydrolysis and increased stability of the filament compared with 

the wild-type following the addition of ATP (Fig. 5c and d).

We have previously reported an IFIH1 mutation at residue Arg337, an amino acid in direct 

contact with the adenine base of ATP that stabilizes the IFIH1–ATP interaction.2 

Substitution of the arginine at residue 337 by glycine produced similar effects to those seen 

with the p.Ala489Thr mutant described here, resulting in an absence of ATP hydrolysis and 

increased stability of the filament. Thus, both mutations likely result in enhanced signalling 

to MAVS due to abnormal stability of the IFIH1–RNA interaction. In keeping with this, 

interferon signalling induced by long dsRNA was increased in the mutant compared with the 

control, and interferon induction also occurred following short dsRNA delivery, which was 

not the case in the wild-type context (Fig. 5e). Furthermore, baseline levels of interferon 

induction were elevated with the mutant construct, suggesting the possibility that in IFIH1-

related disease an undefined endogenous ligand binds and activates the mutant protein.

In summary, this report further expands the spectrum of phenotypes associated with 

mutations in IFIH1, and indicates that features of SMS may not be limited to a single IFIH1 

point mutation. The importance of assessing interferon expression and investigating the 

underlying genetic aetiology in such cases will be of particular relevance as anti-interferon 

therapies become routinely available.
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What’s already known about this topic?

• Dermatological involvement is a major feature of the type I interferonopathies, 

which include the allelic disorders familial chilblain lupus (FCL) and Aicardi-

Goutières syndrome (AGS).

• Cutaneous lesions are seen in 40% of cases of AGS, but have never been 

described in the context of mutations in IFIH1.

What does this study add?

• IFIH1 mutations can be associated with predominant cutaneous features.

• This study highlights the overlap between AGS, FCL and Singleton–Merten 

syndrome, and emphasizes the utility of searching for an interferon signature as 

a diagnostic tool in this context.
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Fig 1. 
Clinical images of the proband. (a) Erythema and ulceration of the outer helix of the right 

ear. (b) Erythema of the cheeks bilaterally. No lesions of the tongue were noticed. (c) 

Lentigines of the right forearm. (d) Histology of the ear helix demonstrating slight 

acanthosis of the epidermis (*), interface dermatitis located mostly in the follicles (**) and 

superficial and deep infiltrate along the adnexae and around the vessels (***). In addition 

most capillaries are dilated (°) (magnification level, d:HES × 10).
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Fig 2. 
Clinical images of the 41-year-old father. (a) Pantomogram showing loss of permanent 

teeth. The remaining dentition, molars and premolars demonstrate root hypoplasia. (b) 

Scarring and tissue loss of the outer ear helix following chronic ulceration. (c) Deformities 

of the metacarpophalangeal and interphalangeal joints of the left hand, and multiple 

lentigines. (d) Hallux valgus, psoriatic lesions over the knees and multiple lentigines. (e) 

Radiography showing joint deformities on the hands. (f) Radiography showing joint 

deformities on the feet. (g) Brain imaging at age 41 years showing bilateral calcification of 

the globus pallidus on computed tomography. (h) Brain imaging at age 41 years illustrating 

high signal in the white matter around the posterior poles of the lateral ventricles on axial 

T2-weighted magnetic resonance imaging.
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Fig 3. 
Clinical images of the younger sibling of the proband. (a) Erythema and ulceration of the 

outer helix of the right ear. (b) Multiple lentigines of the right forearm. (c) Bilateral 

erythema of the cheeks. (d) Lower-limb atrophic scars, which occurred following resolution 

of papular lesions.
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Fig 4. 
Individuals with the p.Ala489Thr interferon-induced helicase C domain-containing protein 1 

(IFIH1) mutant demonstrate elevated levels of interferon-stimulated genes compared with 

controls. An interferon score was calculated from the median fold change in RQ value for a 

panel of six interferon signature genes measured using quantitative polymerase chain 

reaction – IFI27 (Hs01086370_m1), IFI44L (Hs00199115_m1), IFIT1 (Hs00356631_g1), 

ISG15 (Hs00192713_m1), RSAD2 (Hs01057264_m1) and SIGLEC1 (Hs00988063_m1) – 

normalized to the expression levels of HPRT1 (Hs03929096_g1) and 18S RNA 

(Hs999999001_s1). All three affected members of the family (red) display a score that is 

comparable with previously reported cases (black)7 with IFIH1-related disease, and is 

significantly higher than in control samples (****P < 0.0001). Levels were measured on two 

separate occasions in one child in the reported family.
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Fig 5. 
The p.Ala489Thr interferon-induced helicase C domain-containing protein 1 (IFIH1) mutant 

confers a gain of interferon signalling. (a) Mapping of the altered residue A489 (red sphere) 

onto the structure of IFIH1 Δ2CARD (grey) bound by double-stranded (ds)RNA (blue) and 

ATP analogue (green) (Protein Data Bank 4GL2). (b) Sodium dodecylsulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) analysis (Coomassie stain) of the purified 

wild-type and mutant IFIH1. (c) ATP hydrolysis activity (mean ± SD, n = 3 biological 

replicates) of wild-type and mutant IFIH1. (d) Electrophoretic mobility shift assay of 

purified wild-type and mutant IFIH1 with 112-bp dsRNA. The gel image is representative of 
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three independent experiments in the presence of ATP. (e) Interferon (IFN)-β reporter 

activity (mean ± SD, n = 3 biological replicates) of Flag-tagged wild-type and mutant IFIH1 

with and without stimulation with 162-bp dsRNA or polyinosinic–polycytidylic acid (poly 

I:C) in HEK293T cells. The results are representative of three independent experiments.
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Table 1

Comparison of features seen in familial chilblain lupus,4,7 Aicardi–Goutières syndrome1 and Singleton–

Merten syndrome6

Familial chilblain lupus Aicardi–Goutières syndrome Singleton–Merten syndrome

Clinical features Skin predominantly affected: 
acral chilblains (hands, feet, 
ears, nose). Arthralgia (articular 
deformities)

Major neurological involvement: 
progressive encephalopathy. Skin: acral 
chilblains (feet) (articular deformities). 
Glaucoma

Aortic calcification. Hypoplastic 
teeth.
 Osteopenia. Psoriatic-type lesions.
 Articular deformities. Glaucoma

Features on cerebral 
imaging

Not normally present Intracranial calcification, white-matter 
disease, cerebral atrophy

Not reported previously

Inheritance mode Autosomal dominant Autosomal recessive (autosomal dominant) Autosomal dominant

Genetic basis TREX1, SAMHD1 TREX1, RNASEH2A, RNASEH2B, 
RNASEH2C, SAMHD1, ADAR, IFIH1

IFIH1
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