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Abstract: Aicardi-Goutières syndrome (AGS) is a genetically determined early onset
encephalopathy characterized by cerebral calcification, leukodystrophy, and increased expression
of interferon-stimulated genes (ISGs). Up to now, seven genes (TREX1, RNASEH2B, RNASEH2C,
RNASEH2A, ADAR1, SAMHD1, IFIH1) have been associated with an AGS phenotype. Next Generation
Sequencing (NGS) analysis was performed on 51 AGS patients and interferon signature (IS) was
investigated in 18 AGS patients and 31 healthy controls. NGS identified mutations in 48 of 51 subjects,
with three patients demonstrating a typical AGS phenotype but not carrying mutations in known
AGS-related genes. Five mutations, in RNASEH2B, SAMHD1 and IFIH1 gene, were not previously
reported. Eleven patients were positive and seven negatives for the upregulation of interferon
signaling (IS > 2.216). This work presents, for the first time, the genetic data of an Italian cohort
of AGS patients, with a higher percentage of mutations in RNASEH2B and a lower frequency of
mutations in TREX1 than those seen in international series. RNASEH2B mutated patients showed a
prevalence of negative IS consistent with data reported in the literature. We also identified five novel
pathogenic mutations that warrant further functional investigation. Exome/genome sequencing will
be performed in future studies in patients without a mutation in AGS-related genes.

Keywords: Aicardi-Goutières Syndrome; Next Generation Sequencing; Interferon signature

1. Introduction

Aicardi-Goutières syndrome (AGS) is an early-onset rare genetic disorder with autosomal recessive
or dominant inheritance. AGS patients usually demonstrate a congenital or sub-acute neurological
involvement during their first year of life variably manifesting as microcephaly, spasticity, dystonia,
seizures, cortical blindness and psychomotor delay [1]. Radiological findings commonly comprise
cerebral calcification, white matter abnormalities and cerebral atrophy [2,3]. Furthermore, patients
can show a variety of extraneurological symptoms, including chilblains, congenital glaucoma, raised
levels of autoantibodies, hypothyroidism, insulin-dependent diabetes mellitus, Systemic Lupus
Erythematosus (SLE), thrombocytopenia, hemolytic anemia, polygammaglobulinaemia, neonatal
cardiomyopathy, bowel inflammation, demyelinating peripheral neuropathy, micropenis, and transitory
antidiuretic hormone deficiency [1–4]. Later onset of the disease has also been described and is
commonly characterized by a neurologic regression [2,5,6]. The classic phenotype is quite stereotyped,
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resembles congenital viral infections (TORCH complex) and other conditions in which cerebral
calcification are associated with early onset encephalopathy [7].

An important feature of AGS is the presence of lymphocytosis and raised levels of interferon-alpha
(IFN-α) [8,9], CXCL10 and CCL2 [10] in cerebrospinal fluid (CSF). IFN-α is thought to play a central role
in the development of autoimmune diseases: SLE patients for example frequently show an increased
expression of interferon-stimulated genes (ISGs) in peripheral blood, defined with the term “interferon
signature” (IS) [11,12]. Considering that AGS patients have increased IFN-α concentration both in CSF
and peripheral blood, and that some of them may develop an early-onset form of SLE, in 2013 Rice and
colleagues proposed the IS as a possible biomarker of AGS. They confirmed an increased expression of
ISGs, IFI27, IFI44, IFIT1, ISG15, RSAD2 and SIGLEC1 in peripheral blood of AGS patients compared with
healthy controls [13].

Mutations in seven genes (TREX1, RNASEH2B, RNASEH2C, RNASEH2A, ADAR1, SAMHD1,
IFIH1) have been defined as pathogenic for AGS to date [1]. All these genes encode for proteins involved
in nucleic acids metabolism and sensing. In detail, TREX1 encodes for the major mammalian 3′->5′

DNA exonuclease [14]; the Rnase H2 complex acts on RNA:DNA hybrids and removes ribonucleotides
embedded in DNA in order to prevent an abnormal immune system activation [15]; ADAR1 converts
selected adenosine residues into inosine (A-to-I RNA editing) in double-stranded RNA (dsRNA) [16];
SAMHD1 converts deoxynucleoside triphosphates to the constituent deoxynucleoside and inorganic
triphosphate [17] and IFIH1 encodes for one of two cytoplasmic sensors of viral double stranded
RNA [18]. It is hypothesized that a reduction or loss of function of the AGS1-6 proteins leads to
a pathological accumulation of nucleic acids and activation of innate immunity with the abnormal
release of IFN-α, whilst mutations in IFIH1 confer a gain of function of the sensor with consequent
increased production of type I IFN [19].

Thanks to these genetic discoveries many children worldwide have had a genetic diagnosis, even
if few data are available regarding the distribution of mutations in populations selected by nationality
and pedigree.

In this paper we describe, for the first time, the genetic landscape of a large Italian cohort of
51 AGS patients from 49 families: Twelve Italian subjects have never been described before, whilst
39 have already been included in previously reported cohorts. Moreover, we aimed to describe the
ISGs expression in a subgroup of patients to define a possible association between the interferon scores
and genetic mutations within the Italian AGS cohort.

2. Materials and Methods

2.1. Patients

The Italian cohort here presented is composed of 51 Italian AGS patients (19 females and 32 males)
(Table 1), from 49 families, with ages from 1 to 28 years. All patients are descendants of parents and
grandparents of Italian nationality and Italian patients with even one foreign parent were excluded.
The patients were diagnosed in different centers, according to clinical suggestion guided by defined
criteria [7,20,21]. Clinical data were obtained from medical records and through direct clinical contact
while genetic data were acquired retrospectively except for 12 new diagnoses (Table 1). Clinical onset was
defined, according to Livingston [5], based on the age of onset of the first symptoms and signs of disease in:
Prenatal/neonatal onset, infantile onset (onset presenting in the first few months of life) and later onset
(beyond the first year of life). The severity of the clinical picture was assessed by deriving a score formed
by the administration of three scales for the evaluation of motor and communication abilities: The Gross
Motor Function Classification System (GMFCS) [22], the Manual Ability Classification System (MACS) [23]
and the Communication Function Classification System (CFCS) [24]. The summary clinical score ranges
from 3 (when gross motor, manual, and communication abilities are fully preserved), to 15 (associated with
very severe disability). A clinical score ≥ 12 corresponds to severe disability, a score between 6 and 12 to
moderate clinical disability and a score ≤ 6 to a mild clinical disability (Table 1).
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Table 1. Mutations and clinical features of 51 Aicardi-Goutières syndrome (AGS) patients.

Patient Gene Variant Amino Acidic
Substitution

Number
of Patients
(Gender)

Annotation * Onset ** Clinical Score # Clinical Phenotype Epilepsy GQ/IQ ◦

Chilblains
and/or

Recurrent
Fevers

Other

P1 TREX1 c.341G>A p.R114H 1 (Male) Described [1] Prenatal/neonatal ≥12 Spastic tetraparesis Yes Not
evaluable No s-

P2 TREX1 c.262 ins AG
+ c.290G>A

p.S88Kfs*
+ p.R97H 1(Male) Described [25] Prenatal/neonatal ≥12 Spastic-dystonic tetraparesis No Not

evaluable No

Antiphospholipid
syndrome,

thyroiditis, cerebral
ischemia

P3 TREX1 c.150_151del p.N51Gfs*50 1 (Male) Described [1] Prenatal/neonatal ≥12 Spastic tetraparesis No Not
evaluable Yes Cardiomyopathy

P4 TREX1 c.868_885del
+ c.341G>A

p.P290_A295del
+ p.R114H 1(Male) Described [1] Prenatal/neonatal ≥12 Spastic-dystonic tetraparesis Yes Not

evaluable Yes

Cardiomyopathy,
pulmonary

hypertension,
sensoryneural
hearing loss

P5 RNASEH2A c.322C>T
+ c.690C>A

p.R108W
+ p.F231L 1(Female) Described [1] Prenatal/neonatal ≥12 Spastic-dystonic tetraparesis No Not

evaluable No Celiac disease

P6 RNASEH2A c.556C>T
+ c.69G>A

p.R186W
+ p.V23V 1 (Male) Described [26] Prenatal/neonatal ≥12 Spastic tetraparesis Yes Not

evaluable No -

P7-P23 RNASEH2B c.529G>A p.A177T
17

(9 Males,
8 Females)

Described [1,21] Infantile to later
onset

4 patients ≤ 6
2 patients 6–12
11 patients≥ 12

Variable
(Hemiparesis/Spastic

diplegia/hypotonic-dystonic
syndrome/Spastic-dystonic

tetraparesis)

Yes
(4 patients)

No
(13 patients)

Variable
(from

notevaluable
to 90)

Yes/No

Variable
neuroradiological

features (brain
calcification/no

calcification/diffuse
microcalcification/MRI

normalization at
follow up)

P24-P30 RNASEH2B c.529G>A
+ c.488C>T

p.A177T
+ p.T163I

7
(2 Males,

5 Females)
Described [1] Prenatal to

infantile ≥12 Spastic-dystonic tetraparesis

Yes
(3 patients)

No
(4 patients)

Variable
(from not

evaluable to
>50)

No
Variable (no other
features to celiac

disease)

P31-P32† RNASEH2B c.529G>A
+ c.218G>T

p.A177T
+ p.W73L

2 (1 Male,
1 Female) Described [27] Infantile

6–12
(1 patient 11
1 patient 8)

Spastic-dystonic tetraparesis No

1 patient
<501 patient

not
evaluable

Yes

Variable
neuroradiological

features (brain
calcification/ no

calcification)

P33 RNASEH2B c.529G>A
+c.Ex9_Ex11del

p.A177T
+ p.Ex9_Ex11del 1 (Male) Novel Prenatal/neonatal ≥12 Spastic-dystonic tetraparesis Yes Not

evaluable Yes -

P34 RNASEH2B c.554T>G p.V185G 1 (Male) Described [1] Prenatal/neonatal ≥12 Spastic-dystonic tetraparesis Yes Not
evaluable Yes -

P35 RNASEH2B c.529G>A
+ c.635C>T

p.A177T
+ p.A212V 1 (Female) Novel Infantile ≥12 Spastic-dystonic tetraparesis No Not

evaluable Yes -

P36 RNASEH2B c.529G>A
+ c.64+1G>A p.A177T 1 (Male) Described [1] Infantile ≥12 Spastic tetraparesis Yes Not

evaluable Yes -
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Table 1. Cont.

Patient Gene Variant Amino Acidic
Substitution

Number
of Patients
(Gender)

Annotation * Onset ** Clinical Score # Clinical Phenotype Epilepsy GQ/IQ ◦

Chilblains
and/or

Recurrent
Fevers

Other

P37 RNASEH2C c.115G>T
+ c.173-1G>C p.D39Y 1 (Male) Described [1] Infantile ≥12 Spastic-dystonic tetraparesis No Not

evaluable Yes -

P38-P39† SAMHD1 c.410A>G p.D137G 2 (1 Male,
1 Female) Novel Infantile 1patient 6

1 patient ≥12

Spastic
paraparesis/spastic-dystonic

tetraparesis
No

1 patient 60
1 patient

<50
Yes -

P40 SAMHD1 c.1393C>T
+c.1410+5G>C p.Q465* 1 (Female) Novel Infantile ≥12 Spastic-dystonic tetraparesis No <50 Yes -

P41 SAMHD1 Ex12_Ex16del p.Ex12_Ex16del 1 (Male) Described [28] Infantile ≥12 Spastic-dystonic tetraparesis Yes <50 No
Cerebral vasculitis,
three intracranial

aneurysms

P42 ADAR1 c.577C>G
+ c.2608G>A

p.P193A
+ p.A870T 1 (Male) Described [1,29] Infantile ≥12 Spastic-dystonic tetraparesis No Not

evaluable No Striatal necrosis

P43 IFIH1 c.1178A>T p.D393V 1 (Male) Described [1,30] Later onset ≥12 Spastic-dystonic tetraparesis Yes Not
evaluable No -

P44 IFIH1 c.2471G>A p.R824K 1 (Male) Described [31] Infantile ≥12 Spastic-dystonic tetraparesis No Not
evaluable No -

P45-46 IFIH1 c.2336G>A p.R779H 2 (2 Males) Described [1] Infantile ≥12 Spastic-dystonic tetraparesis No Not
evaluable Yes -

P47 IFIH1 c.2159G>A p.R720Q 1 (Male) Described [1] Infantile ≥12 Spastic tetraparesis Yes Not
evaluable Yes

P48 IFIH1 c.2561T>A p.M854K 1 (Male) Novel Later onset <6 Spastic paraparesis Yes 97 No

Erythematous cheeks,
lentiges,

hyperkeratotic
lesions, glaucoma,

abnormal dentition,
demyelinating
sensory-motor

polyneuropathy

P49 RNASET2 c.397_399delAAG
+ c.145G > T

p.K133del
+p.E49* 1 (Male) Described [32] Infantile ≥12 Spastic-dystonic tetraparesis No Not

evaluable No Cerebellar atrophy

P50 / / / 1 (Male) / Infantile ≥12 Spastic-dystonic tetraparesis No < 50 No Hypopigmented
lesions, thyroiditis

P51 / / / 1 (Female) / Infantile <6 Spastic diplegia Yes <50 Yes Hypochromic lesions
on trunk

* Novel applies to variants never described in the literature. ** Clinical onset was defined according to Livingston [5] in: Prenatal/neonatal onset, infantile onset (onset presenting in the first
few months of life) and later onset (onset beyond the first year of life). # Clinical score ≥ 12 corresponds to severe disability, a score between 6 and 12 to moderate disability and a score ≤
6 to mild disability. ◦ General Quotient (GQ)/Intelligence Quotient (IQ) were measured, whenever possible, using standardized tests appropriate for age (Griffiths’ Developmental Scale,
Wechsler Preschool and Primary Scale of Intelligence (WPPSI-R) or WISC-R [33–35]. In many cases GQ/IQ was not evaluable, due to clinical severity. † Siblings.
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This study was approved by the local ethics committee (approval n. 3549/2009 of 30/9/2009 and
11/12/2009, and n.20170035275 of 23/10/2017) of the IRCCS Mondino Foundation, Pavia, Italy and
written informed consent was obtained from every participant or authorized relatives.

Interferon signature analysis was performed in 18 out of 51 Italian AGS patients at IRCCS
Mondino Foundation.

2.2. Genetic Tests and Data Analysis

Blood samples from eight AGS patients (4 females and 4 males) were collected at IRCCS Mondino
Foundation in vacutainers containing EDTA. Genomic DNA extraction was performed using a
semi-automated method Maxwell® 16 System DNA Purification (Promega, Madison, WI, USA).
DNA was quantified with NanoDrop ND1000 UV-Vis Spectrophotometer and Qubit® fluorometer
(Thermo Scientific, Waltham, MA, USA).

The genetic tests have been performed in different centers since 2006 initially using Sanger
sequencing and then Next Generation Sequencing (NGS). For Sanger sequencing, we used a standard
protocol to amplify AGS-related genes coding exons using primers located in adjacent intronic
regions from genomic DNA by polymerase chain reaction (PCR). All amplicons were screened by
direct sequencing using Big-Dye Terminator v3.1 sequencing kit (Applied Biosystems) and ABI
3130 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). Each fragment was sequenced on
both strands. The alignment to the corresponding reference sequence was performed using Sequencher
4.8 software (Gene Codes Corporation, Ann Arbor, MI, USA). Now we present 12 new genetic
diagnoses using Nextera Enrichment Sample Illumina (Illumina), according to the manufacturers’
instructions. Five diagnoses were performed at IRCCS Mondino Foundation, 5 at Besta Foundation
and 2 at Bambino Gesù Children’s Hospital. In the panel were included TREX1, RNASEH2B,
RNASEH2C, RNASEH2A, ADAR1, SAMHD1, IFIH1 and RNASET2 genes. DNA processing and
DNA-seq analysis were carried out using Illumina MiSeq Sequencer. Samples were loaded on MiSeq
instrument and the first steps of bioinformatic analysis (including base calling and demultiplexing)
performed using MiSeq provided software (Real Time Analysis RTA v.1.18.54 and Casava v.1.8.2,
Illumina, Inc., San Diego, CA, USA). FastQ files provided for each sample, containing mate paired-end
reads after demultiplexing and adapter removal, were used as input for an ad-hoc developed
pipeline previously described [36]. Variant annotation was performed using Annovar software
(table_annovar.pl). Mutations were considered pathogenic if they were very rarely found in healthy
controls (i.e., dbSNP, and 1000 Genomes databases), predicted to alter the sequence of the encoded
protein (nonsynonymous, nonsense, splice-site, frameshift, and insertion/deletion mutations) and
to adversely affect protein function, with the use of in silico prediction software (SIFT, PolyPhen,
MutationTaster). Genetic regions with low coverage (less than 30×) and all identified variants were
confirmed using Sanger sequencing (primer sequences and PCR conditions are available upon request).

2.3. Multiplex Ligation-Dependent Probe Amplification (MLPA)

In order to evaluate possible duplications or deletions, AGS-related genes were analyzed with SALSA
MLPA P388-A2 Aicardi-Goutières syndrome probe mix kit (MRC-Holland, Amsterdam, The Netherlands).
It consists of probes mapped on TREX1, RNASEH2A, RNASEH2B, RNASEH2C and SAMHD1 genes.
To perform data analysis, we used GeneScan ver.3.1. Data importation and elaboration have been made
with the software Coffalyser (MRC-Holland, Amsterdam, the Netherlands). The changes were considered
significant for values that presented a deviation greater than 30% compared to controls.

2.4. Interferon Signature

Peripheral blood from 18 patients and 31 healthy controls were collected into PaxGene™ tubes
(PreAnalytiX, Hombrechtikon, Switzerland) for RNA isolation. Tubes were kept at room temperature
for 2 h and frozen at−80 ◦C within 24 h. RNA extraction was performed according to the manufacturer’s
protocol and its concentration assessed using a NanoDrop ND1000 UV-Vis Spectrophotometer (Thermo
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Scientific, Waltham, MA, USA). For each sample we retrotranscripted 800 ng of RNA using kit
iScript™ Reverse Transcription Supermix for RT-qPCR (Bio-Rad, Hercules, CA, USA). The expression
analysis of six interferon-stimulated genes was performed using the TaqMan Universal PCR Master
Mix (Applied Biosystems, Paisley, UK), and cDNA derived from 40 ng total RNA. The relative
abundance of target transcripts was measured using TaqMan probes for IFI27 (Hs01086370_m1),
IFI44L (Hs00199115_m1), IFIT1 (Hs00356631_g1), ISG15 (Hs00192713_m1), RSAD2 (Hs01057264_m1),
and SIGLEC1 (Hs00988063_m1), and normalized to the expression level of HPRT1 (Hs03929096_g1)
and 18S (Hs999999001_s1) as described by Rice and collaborators [13–37]. To perform this assay,
the LightCycler 480 (Roche) was used. AGS patient data were expressed relative to the average of
31 healthy controls. The median fold change of the six ISGs of the 31 normal controls plus two SDs
(+2 SD), was used to create a score as reported in Reference [26]. In our case it was 2.216. For each
patient, relative quantification (RQ) (2−∆∆Ct) [38], i.e., the normalized fold change relative to the mean
of each ISGs of the 31 controls, was calculated. The mean interferon score was given by the mean of
the six genes and if it was above the score, it was designated as positive.

3. Results

NGS genetic analysis identified mutations in one of the seven AGS-related genes in eleven of the
twelve new patients, while thirty-nine patients were previously diagnosed of which three patients fulfilled
the diagnostic criteria of AGS but did not carry mutations in AGS-related genes. Overall, mutations in one
of the AGS-related genes were found in forty-eight out of fifty-one AGS patient (94%) as follows—59% of
Italian AGS patients had mutations in RNASEH2B, 11% in IFIH1, 8% in TREX1, 8% in SAMHD1, 4% in
RNASEH2A, 2% in RNASEH2C and 2% in ADAR1 (Figure 1 and Table 2).

J. Clin. Med. 2019, 8, x FOR PEER REVIEW 2 of 21 

ng total RNA. The relative abundance of target transcripts was measured using TaqMan probes for 

IFI27 (Hs01086370_m1), IFI44L (Hs00199115_m1), IFIT1 (Hs00356631_g1), ISG15 (Hs00192713_m1), 

RSAD2 (Hs01057264_m1), and SIGLEC1 (Hs00988063_m1), and normalized to the expression level of 

HPRT1 (Hs03929096_g1) and 18S (Hs999999001_s1) as described by Rice and collaborators [13–37]. 

To perform this assay, the LightCycler 480 (Roche) was used. AGS patient data were expressed 

relative to the average of 31 healthy controls. The median fold change of the six ISGs of the 31 normal 

controls plus two SDs (+2 SD), was used to create a score as reported in Reference [26]. In our case it 

was 2.216. For each patient, relative quantification (RQ) (2−ΔΔCt) [38], i.e., the normalized fold 

change relative to the mean of each ISGs of the 31 controls, was calculated. The mean interferon score 

was given by the mean of the six genes and if it was above the score, it was designated as positive. 

3. Results 

NGS genetic analysis identified mutations in one of the seven AGS-related genes in eleven of the 

twelve new patients, while thirty-nine patients were previously diagnosed of which three patients 

fulfilled the diagnostic criteria of AGS but did not carry mutations in AGS-related genes. Overall, 

mutations in one of the AGS-related genes were found in forty-eight out of fifty-one AGS patient 

(94%) as follows—59% of Italian AGS patients had mutations in RNASEH2B, 11% in IFIH1, 8% in 

TREX1, 8% in SAMHD1, 4% in RNASEH2A, 2% in RNASEH2C and 2% in ADAR1 (Figure 1 and Table 

2). 

 

Figure 1. Numbers and percentages of patients with Aicardi–Goutières syndrome with or without 

mutations in TREX1, RNASEH2A, RNASEH2B, RNASEH2C, SAMHD1, ADAR1 and IFIH1 genes. 

 

RNASEH2B

n = 30

59%

IFIH1

n = 6

11%

TREX1

n = 4

8%

SAMHD1

n = 4

8%

RNASEH2A

n = 2

4%

NEGATIVE

n = 3

6%

RNASEH2C

n = 1

2%

ADAR1

n = 1

2%

Figure 1. Numbers and percentages of patients with Aicardi–Goutières syndrome with or without
mutations in TREX1, RNASEH2A, RNASEH2B, RNASEH2C, SAMHD1, ADAR1 and IFIH1 genes.



J. Clin. Med. 2019, 8, 750 8 of 19

Table 2. Summary of identified mutations.

Gene Mutation Homozygous/Heterozygous % MAF £ (ExAC)

TREX1 p.S88Kfs* 0/1 NA
p.R97H 0/1 T = 0.000008/1

p.R114H 1/1 A = 0.0002/19
p.N51Gfs*50 1/0 NA

p.P290_A295del 0/1 - = 0.00007/8
p.R169H 0/1 A = 0.0002/19

RNASEH2A p.R108W 0/1 A = 0.000008/1
p.F230L 0/1 A = 0.000008/1

p.R186W 0/1 NA
p.V23V 0/1 A = 0.00002/3

RNASEH2B p.W73L 0/2 NA
p.T163I 0/7 NA
p.A177T 17/12 A = 0.0013/158
p.V185G 1/0 NA
p.A212V 0/1 NA

p.Ex9_Ex11del 0/1 NA
c.64+1G>A 0/1 NA

RNASEH2C p.D39Y 0/1 NA
c.173-1G>C 0/1

SAMHD1 p.D137G 2/0 T = 0.000008/1
p.Q465* 0/1 NA

c.1410+5G>C 0/1 NA
p.Ex12_Ex16del 1/0 NA

ADAR1 p.P193A 0/1 C = 0.0021/260
p.A870T 0/1 NA

IFIH1 p.D393V 0/1 C = 0.000008/1
p.R720Q 0/1 NA
p.R824K 0/1 NA
p.R779H 0/2 NA
p.M854K 0/1 NA

RNASET2 p.K133del 0/1 - = 0.00002/2
p.E49* 0/1 NA

% Heterozygous/Homozygous: Number of families with a heterozygous/homozygous change. £ MAF: Frequency of
the allele/number of times the SNP has been observed in the studied population.

3.1. RNASEH2B Variants

Mutations in RNASEH2B were identified in thirty AGS patients. In particular, seventeen AGS
patients (of which four are unreported) were homozygous for the c.529G>A/p. (Ala177Thr) (rs75184679)
missense mutation in the exon 7 of RNASEH2B (P7-23). This is the most frequent mutation associated
with AGS [1] and results in the substitution of alanine 177 with a threonine, a non-polar with a polar
amino acid. In our cohort, the neurological picture was typical in ten of our seventeen patients,
characterized by the onset of features in the first year of life of cerebral calcification, leukodystrophy,
severe spasticity, dystonia, and developmental delay. Four patients also had epilepsy. Ten patients
showed extraneurological involvement with either chilblains, or recurrent fevers. Three patients had
a later onset (within the second year of life), six showed a mild phenotype, with an overall clinical
score ranging from 3 to 6 and five had a normal intelligence quotient (IQ). Two of them showed
exclusively a mild hemiparesis with greater involvement of the lower limb. At neuroimaging, three
mild patients showed atypical brain CT scans with either no calcification in two cases (CT scan at
16 months, 7 months after onset in one patient; and at 15 months, 4 months after onset, and follow up
at 4 years in the second), or diffuse microcalcifications in one. Additionally, the second patient with no
calcifications [21] had deep and periventricular white matter changes at the first MRI that normalized
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at follow-up. Seven patients (P24-30) were compound heterozygous for the p.(Ala177Thr) mutation
and the c.488C>T/p.[Thr163Ile] (rs79310911) variant within exon 6 in the other allele. The polar amino
acid threonine at position 163 is replaced by the non-polar isoleucine. These were all classic severe
phenotypes, variably associated with epilepsy (three cases), extraneurological features (six cases,
including one celiac disease), and infantile onset except for two patients who presented in the first
month of life. The p.(Ala177Thr) variant was also associated with the substitution of tryptophan into
a leucine at position 73 (c.218G>T/p.(Trp73Leu), rs78071087) in two siblings (P31–32). The onset of
disease was in infancy in both, presenting with non-neurological features (transient chilblains in the
context of familiarity for chilblains with onset in late childhood and adolescence). The baby girl showed
normal early psychomotor development until age 16 months when, following an intercurrent infection
the disease manifested with a progressive loss of independent walking. The younger brother showed a
mild clinical picture until the age of 13 months when he evolved in a classic phenotype [31]. One patient
(P34) in our cohort presented the c.554T>G/p.(Val185Gly) (rs74555752) homozygous variant where
valine 185 is replaced by the small amino acid glycine. He showed a classic phenotype with epilepsy.
Two patients (one unreported) were compound heterozygous for p.(Ala177Thr) and deletions of exons
from 9 to 11 (P33) and splicing mutation c.64+1G>A (P36) respectively. Finally, a novel mutation
p.(Ala212Val) was seen in association with the p.(Ala177Thr) variant in one patient (P35) and main
prediction software described this variant as probably damaging (PolyPhen), damaging (SIFT) and
disease causing (MutationTaster). All three patient had a classic severe phenotype with infantile onset.

3.2. TREX1 Variants

Four patients carried mutations in TREX1. The first patient (P1) presented a homozygous G to
A transition (c.341G>A) within exon 1 of the TREX1 gene (rs72556554). This transition leads to the
amino acidic substitution from arginine 114 to a histidine, both amino acids being positively charged
(p.(Arg114His)) the most common TREX1 mutation worldwide. A second unreported patient (P4) was
compound heterozygous for p.(Pro290_Ala295del) + p.(Arg114His) variants: The former is a deletion
of 18 nucleotides whereas the latter results in the substitution of an arginine with a histidine. A third
patient (P2) was compound heterozygous for c.262 ins AG/p.(Ser88Lysfs*) + c.290G>A/p.(Arg97His)
(rs200773268) variants. The c.262 ins AG, p.(Ser88Lysfs*) variant results in the insertion of two
nucleotides, which results in the addition of a premature stop codon within the transcript sequence.
Consequently, this shortened form of TREX1 protein is likely to be associated with a loss of function of
the enzyme. In addition, c.290G>A results in an amino acid change from an arginine to a histidine [1].
The last patient (P3) presented a homozygous frameshift mutation c.150_151del/ p.(Gln51Glyfs*50)
already been described [1]. All four patients experienced a neonatal onset of disease and a severe clinical
course (accompanied by epilepsy in two cases). The second and third patients showed cardiomyopathy
among other more typical extraneurological involvement (chilblains and glaucoma). The second
patient, already described in Olivieri et al., had a notable immunological involvement which included
thyroiditis, cANCA positivity, antiphospholipid antibodies and cerebral ischemia [25]: In addition to
the “classic” leukoencephalopathy picture, brain MRI showed at 5 years of age a first ischemic event at
the level of the left caudate nucleus and the follow up showed additional lacunar infarct outcomes
and slight enlargement of the other homolateral malacic area. The last patient, never described in the
literature, presented with pulmonary hypertension and sepsis, transient thrombocytopenia, atopic
dermatitis and bilateral sensorineural hearing loss at birth.

3.3. RNASEH2A Variants

Two patients in our cohort were positive for mutations in the RNASEH2A gene., The first
patient (P5) carried the compound heterozygous variants c.322C>T/p.(Arg108Trp) (rs76436818) +

c.690C>A/p.(Phe230Leu) (rs79767407) placed in exons 3 and 7, respectively. The former variation results
in the substitution of an arginine 108 with tryptophan, the latter is represented by the replacement
of phenylalanine 230 with leucine. This patient showed a classic severe phenotype and experienced
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coeliac disease. The second (P6) patient harbored the p.(Arg186Trp) + p.(Val23Val). The first one is a
missense mutation where a positively charged amino acid, arginine, is substituted with a non-polar
one, tryptophan, the second one is a synonymous variation which is reported as pathogenic from
Clinvar database since it creates a cryptic splice site resulting in an out of frame deletion. This patient,
with a severe neonatal phenotype, died at 3 years of age and was already described by Rice and
colleagues [26].

3.4. RNASEH2C Variants

Only one patient (P37) in our cohort was compound heterozygous for two mutations in RNASEH2C.
We detected G to T transition in exon 1 leading to a substitution at position 39 of aspartic acid to a tyrosine
(p.(Asp39Tyr)), a negatively charged and an aromatic amino acid respectively. This heterozygous
mutation was seen in combination with a c.173-1G>C splice site variant [1]. The patient demonstrated
a classic AGS phenotype with infantile onset, a severe spastic-dystonic tetraparesis and chilblains.

3.5. SAMHD1 Variants

SAMHD1 mutations were found in four patients with three of these never described in the
literature. Two siblings (P38-39) carried the p.(Asp137Gly) mutation. This family presents a mutation
in exon 4, which results in the replacement of aspartic acid with glycine at position 137, two amino
acids with different charge and dimensions. Main prediction software described this variant as
probably damaging (PolyPhen), tolerated (SIFT) and disease causing (MutationTaster). Both parents
are healthy carriers of this substitution whereas the two siblings are homozygous. They present a
different clinical expression, albeit both with infantile onset: An 11 year old boy showed a classic severe
phenotype with severe mental retardation, whilst a 9 year old girl exhibited a spastic paraparesis
associated with mild cognitive impairment and no extraneurological involvement. Brain MRI showed
a cystic leukoencephalopathy in the boy, while the girl showed multifocal leucoencephalopathy.
Angio MRI was not performed in these patients, so we do not know if there is occult intracerebral large
vessel involvement. One patient (P40) carries a c.1393C>T variation resulting in an early stop codon
(p.(Gln465*)) in association with the splicing variant c.1410+5G>C. These variants, as well as the other
one, has never been described in the literature and main prediction software described it as probably
damaging (PolyPhen), damaging (SIFT) and disease causing (MutationTaster). The patient showed a
classic AGS phenotype. The last child (P41) carries a homozygous deletion of exons 12−16, as previously
described [1]. The boy presented with a severe clinical picture at 1 month, and imaging revealed brain
calcifications and white matter hypodensities. At the age of 13 years the patient underwent MRI for the
subacute onset of coma. Imaging showed temporoparietal intracerebral hematoma and angiography
reveled three intracranial aneurysms [28].

3.6. ADAR1 Variants

We identified only a single Italian patient (P42) with disease, due to mutations in ADAR1. In this
patient, we found the c.577C>G/p.(Pro193Ala) (rs145588689) the substitution was seen in association
with the c.2608 G>A/p.(Ala870Thr) (rs398122893) variant in exon 8. The boy demonstrated a classic
phenotype, presenting during the first months of life with increasing irritability, as well as sleep and
feeding difficulties, associated with striatal necrosis [1,29].

3.7. IFIH1 variants

Six patients carried de novo heterozygous mutations in the IFIH1 gene.
Variant c.1178A>T/p.(Asp393Val) was observed within exon 6 in only one patient (P43) and
leads to the replacement of a negatively charged amino acid, the aspartic acid, with a valine (non-polar)
at position 393 [1–30]. Moreover, we identified in one patient (P44) the c.2471G>A/p.(Arg824Lys),
a heterozygous transition which results in the substitution of arginine 824, a positively charged amino
acid, with a lysine, positively charged [31]. In our group of patients the p.(Arg779His) was identified in
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two different patients (P45-46) (one of them, with classic severe infantile phenotype, never described)
and p.(Arg720Gln) mutation in one patient (P47). These two variants cause the substitution of an
arginine with histidine and glutamine, respectively. All three previous children presented with a classic
severe phenotype with predominant infantile onset, but one of them, described in Galli et al. [31],
presented normal head circumference, and normal non-verbal intelligence quotient. The last patient
(P48), never described, carried the missense mutation c.2561T>A/p. [Met854Lys] in IFIH1 which
is described by main prediction software described as probably damaging (PolyPhen), damaging
(SIFT) and disease causing (MutationTaster). Apart from the dermatologic features (erythematous
and lentiginous cheeks, and hyperkeratotic lesions on elbows and knees), glaucoma and abnormal
dentition with the delayed eruption of teeth, he showed a later onset of neurological disease at age
2 years. He exhibited a relatively mild neurological phenotype characterized by spastic paraparesis
with a demyelinating sensory-motor polyneuropathy and preserved cognitive and language abilities.
Neuroradiologic findings were normal until the age of 9 years, when a slight signal alteration of
periventricular and deep frontal and parietal white matter was observed in brain MRI and CT showed
cerebral calcification in bilateral globus pallidus, left putamen, bilateral frontal periventricular and
deep subcortical white matter.

3.8. AGS Patients without Mutation in AGS-Related Genes

Three patients were phenotypically diagnosed with the infantile onset of AGS but no mutation in
any of the AGS-related genes was identified. The first (P50) presented a severe spastic tetraparesis,
hypopigmented lesions, and thyroiditis; the second (P51) with spastic diplegia, hypochromic lesions
and transient chilblains. The third patient (P49) showed a severe classic AGS phenotype and clinical,
biochemical and radiological findings all suggested a diagnosis toward this syndrome. After NGS,
compound heterozygous mutations have been discovered in RNASET2 (p.(Lys133del) + p.(Glu49*)),
a gene involved in RNA metabolism in lysosomes [39] Both variants were predicted to be damaging by
in silico analyses (Mutation Taster) [32].

3.9. Interferon Signature

We analyzed the expression levels of six ISGs IFI27, IFI44L, IFIT1, ISG15, RSAD2 and SIGLEC1 in a
sub-group of eighteen AGS patients and thirty-one healthy controls (Figure 2C). The interferon signature
of eleven out of eighteen patients was positive, whereas for six subjects was negative (Figures 2A and 3).
Among the eleven patients positive for an IS, seven were mutated in RNASEH2B (five with p.(Ala177Thr)
variant, one presenting p. (Val185Gly) variation and one with p.(Ala177Thr) + p.(Ala212Val)), one in
RNASEH2C (p.(Asp39Tyr) + c.173-1G>C substitutions), one in SAMHD1 (p.(Gln465*) + c.1410+5G>C) and
two in IFIH1 (p.(Met854Lys) mutation and p.(Arg779His) variant). Regarding negative patients, five were
mutated in RNASEH2B (all carrying p.(Ala177Thr) variation) (Figure 2B), one in RNASET2 (p.(Lys133del) +

p.(Glu49*)) and one presented all symptoms associated with AGS though the patient carried no mutations
in the 7 AGS-related genes. Since this test is used for patients’ follow-up, we have been able to follow
variations in ISG expression levels over time in seven patients. All patients had positive interferon scores
at first measurement; later, only one RNASEH2B mutated patient showed a negative result, whereas the
remaining six subjects had persistent positive signatures (data not shown).
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4. Discussion

Aicardi-Goutières syndrome is an inherited subacute encephalopathy caused by mutations in
TREX1, RNASEH2B, RNASEH2C, RNASEH2A, SAMHD1, ADAR1, IFIH1. All these AGS-related genes
are involved in the nucleic acid metabolism or sensing, promoting, in physiological conditions, both
the removal or identification of the presence of foreign nucleic acids. Mutations in AGS 1-6 genes
are hypothesized to lead to a loss of nucleic acids elimination and, consequently, their accumulation
leads to the activation of an abnormal innate immune response, usually triggered by viral nucleic
acids. Different situation with the same result is the case of IFIH1/AGS7, that encodes a protein (MDA5)
that acts as a cytoplasmic "sensor" of the nucleic acids: If the gene is mutated, the sensor binds more
“avidly” to the cytoplasmic RNA and causes excessive activation of the interferon response.

Up to now, AGS incidence worldwide is not well known and no correlation between variations
and ethnicity has been proposed. Moreover, only a few papers describing the national cohort of AGS
patients exist [40,41].

Here we report genetic data from an exclusively Italian cohort of fifty-one Italian AGS patients
and our experience in assessing the IS in this disease.

Interestingly, the Italian AGS population presented different mutation percentages compared to
the frequency in a previously reported larger, international cohort [1]: The most frequent mutations
found in our cohort are in RNASEH2B and IFIH1 genes (59% versus 36% globally, and 12% versus 3%,
respectively), whereas the frequency of TREX1 mutations was lower (8% versus 22%). The percentage
of mutations in the remaining AGS-related genes is quite similar to one of the global AGS population.

The most frequent RNASEH2B mutation in our cohort is p.(Ala177Thr), as well as in the global
AGS population [1]. In particular, this variant is well represented not only in homozygosity, but also
in heterozygosity.

In the literature, the p.(Ala177Thr) mutation in a homozygous status is associated with an in vitro
decrease in Rnase H2 stability, since it is able to modify the interactions between RNase H2 subunit b
and subunit c [42]. This mutation could determine diminished RNase H2 levels and impaired cellular
activity, both in vitro and in vivo correlation [43,44].

Regarding clinical features, variable phenotypes have been described in patients carrying the
p.(Ala177Thr) mutation, both in homo and heterozygosity [45]. Moreover, mutations in RNASEH2B were
in our cohort the ones mostly associated with heterogeneity in the clinical phenotype. This was even true in
the ones carrying the p.(Ala177Thr) homozygous mutation: Ten patients (60%) showed a classic phenotype
with or without extraneurological involvement, while six patients (35%) showed a mild phenotype that
included normal IQ in all except one and mild hemiparesis in two. The onset of disease was predominantly
within the first year of life, but later presentation was reported in three (18%).

Furthermore, compound heterozygous RNASEH2B mutated patients, carry the p.(Ala177Thr)
mutation associated with the other three mutations. The p.(Ala177Thr) mutation combined with
p.(Thr163Ile) variant leads to reduced stability and cellular levels of RNase H2, which results in an
accumulation of ribonucleotidemonophosphates (rMNPs) embedded in genomic DNA. This represents
an obstacle for replication fork progression and leads to genome instability and fork stalling [46].
Our patients with this genotype were all classic severe phenotypes, two (28%) showing neonatal
onset. The same mutation associated with p.[Trp73Leu] variation is located at the hydrophobic core of
B/C dimer and may lead to a decreased stability of the complex [42]. In our patients, this mutation
was associated with the infantile onset of the extraneurological features and late onset neurological
involvement [27].

At last, p.(Ala177Thr) has been observed in association with the novel mutation p.(Ex9-Ex11del).
Exons 9-11 represent the C-terminus of the protein where the PCNA interacting protein-box sequence
(PIP-box) is located. Interaction with PCNA, which is required to participate in DNA replication
and repair, seems to be essential for RNase H2 function [47] and mutations in this site may impair
their interplay.
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Furthermore, our RNASEH2B mutated cohort of patients presents other homozygous variants.
In particular, the p.(Val185Gly) mutation has already been described in the literature, first by Chon and
colleagues who demonstrated that this genome alteration does not affect enzymatic complex catalytic
activity, and it maintains the same action of wild-type protein [47]. Conversely, in 2011, this mutation
was associated with possible impaired interactions with nucleic acid substrates or other proteins [43].
Our patient showed a classic phenotype with epilepsy.

Furthermore, our analysis allowed us to identify five novel mutations in RNASEH2B, SAMHD1
and IFIH1 genes. Regarding the novel mutation p.(Asp137Gly) in SAMHD1 gene, main prediction
software described this variant as probably damaging (PolyPhen) and disease causing (MutationTaster).
Pathogenicity has also been correlated with p.(Ala177Thr) + p.(Ala212Val) and p.(Ala177Thr) +

p.Ex9_Ex11del variations in the RNASEH2B gene, where once again the most frequent RNASEH2B
variant, p.(Ala177Thr), is associated in heterozygosity with other mutations, p.[Ala212Val] and
p.Ex9_Ex11del, respectively. Novel mutations have also been found in SAMHD1 and IFIH1 genes and
both p.(Gln465*) + c.1410+5G>C (SAMHD1) and p.(Met854Lys) (IFIH1) mutations have been predicted
to be damaging by the above-mentioned main prediction software.

Remarkably, we also present three patients with a complete AGS phenotype, but without mutations
in the AGS-related genes. These cases well represent how general knowledge about AGS is still limited
and how other genetic factors are likely to be involved in the pathogenesis of this disease. Whole exome
sequencing analysis may reveal an effective tool to help the researcher in the discovering of other
genes involved in AGS pathogenesis. Nonetheless, one patient presented two heterozygous mutations
in RNASET2, a gene involved in ribosomal RNA metabolism and in the regulation of the immune
response, both aspects usually altered in AGS patients [39–48]. The association between mutations in
RNASET2 gene and Aicardi-Goutières syndrome is still controversial, but few cases mutated in this
gene have already been described in Reference [32].

Moreover, our analysis focused also on the action of IFN-α, since it plays an important and central
role not only in autoimmune diseases, such as Systemic Lupus Erythematosus (SLE), but also in AGS.
In as much as some AGS patients developed an early-onset form of SLE, Rice and colleagues adapted
the so-called interferon signature from SLE to AGS patients [13].

We assessed the IS in eighteen AGS patients and thirty-one healthy controls. As reported in the IS
data interferon signature chapter, eleven out of eighteen patients were positive, whereas the remaining
seven subjects were negative. Among positive patients seven were mutated in RNASEH2B (38.9%
out of the total percentage), one in RNASEH2C (5.5%), one in SAMHD1 (5.5%), two in IFIH1 (11%).
The other seven negative patients were mutated in RNASEH2B (33.3%), RNASET2 (5.5%) and one
presents no mutations in the canonical AGS-related genes (5.5%). It is important to highlight that
RNASET2 mutated patient initially showed a positive IS [39] which progressively became negative.

If we exclusively take RNASEH2B mutated patients into consideration (thirteen on the whole) we
can observe that eight were positive to the IS (61.5%) and five resulted negative (38.5%) (Figure 2B)
in accordance with published data [1]. In fact, as previously reported [1], 31% of patients carrying
mutations in RNASEH2B were negative to the IS, whereas 98% of patients mutated in other AGS-related
genes was positive to this test. In particular, one patient has very higher levels of ISGs than all the
other RNASEH2B mutated patients. Moreover, focusing on the most frequent RNASEH2B mutation
(p.(Ala177Thr)), we saw a lack of correlation between mutation and interferon signature, since five out
of thirteen patients had negative scores and the other eight were positive. Once again, there is a great
variability not only among patients with mutations in different genes, but also among patients carrying
variations in the same gene. At last, since subjects with mutations in the RNASEH2B gene are more
likely to be negative for an IS, it may be interesting to study the molecular basis of this phenomenon.
In addition, repeated measurements of IS at different time points, allowed us to observe variations of
interferon scores in six patients. Two of them, who carry mutations in the RNASEH2B gene, initially
had a positive score which later became negative.
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The heterogeneity of our results casts doubts about considering the expression levels of ISGs
as a biomarker of AGS, even if this test is certainly useful for diagnosis and to address genetic tests.
Additional data are needed to better understand the role of ISGs on the pathogenesis and course of the
disease. Hence, genetic analysis of AGS-related genes continues to be essential for the diagnosis of
this syndrome.

5. Conclusions

In summary, this work considers for the first time the overall Italian cohort of AGS patients
and opens the way to define an integrated manner to manage the patients considering the possible
correlations between clinical, genetic, radiological and immunological factors. Several points remain
unsolved, such as undefined patients, and the variability and role of ISG phenotypes. New approaches
combining exome/genome sequencing and deep transcriptome analysis may help to diagnose AGS in
difficult cases, such as patients with no mutations in AGS-related genes but with a clear AGS phenotype
and mutated patients with a very mild phenotype.

Author Contributions: Conceptualization, S.O. and C.C. (Cristina Cereda); Formal analysis, S.Z.; Funding
acquisition, S.O.; Investigation, J.G. (Jessica Garau), V.C., M.V., D.T., D.S., B.G., D.B., R.B., E.B., S.C., C.C. (Camilla
Crasà), L.C., G.C., E.D.G., S.D.A., V.D.G., M.D.S., J.G. (Jessica Galli), R.L.P., T.M., I.M., N.N., C.P. (Celeste
Panteghini), C.P. (Cecilia Parazzini), A.P. (Anna Pichiecchio), A.P. (Antonella Pini), F.R., V.S, E.S., F.M.S., S.S., F.T.,
C.U., E.V. and G.Z.; Methodology, C.C. (Cristina Cereda), L.C., C.P. (Cecilia Parazzini), A.P. (Anna Pichiecchio),
C.U., R.L.; Resources, D.T., B.G., E.F., D.B., R.B., E.B., S.C., L.C., G.C., E.D.G., S.D.A., V.D.G., M.D.S., J.G. (Jessica
Galli), R.L.P., T.M., I.M., N.N., C.P. (Celeste Panteghini), C.P. (Cecilia Parazzini), A.P. (Anna Pichiecchio), A.P.
(Antonella Pini), F.R., V.S., E.S., F.M.S., S.S., F.T., C.U., E.V. and G.Z.; Software, M.V. and S.Z.; Supervision,
S.O. and C.C. (Cristina Cereda); Validation, J.G. and M.V.; Visualization, J.G. (Jessica Garau), V.C. and M.V.;
Writing—original draft, J.G. (Jessica Garau), V.C. and M.V.; Writing—review and editing, S.O. and C.C. (Cristina
Cereda).

Funding: This study was supported by grants of the Italian Ministry of Health RC 2017–2019 to IRCCS Mondino
Foundation, Pavia, Italy.

Acknowledgments: We thank Y. Crow for his constructive suggestions and for the accurate review of our work.
We would also like to thank the International AGS Association (IAGSA) for its commitment and support to
our project.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Crow, Y.J.; Chase, D.S.; Lowenstein Schmidt, J.; Szynkiewicz, M.; Forte, G.M.; Gornall, H.L.; Oojageer, A.;
Anderson, B.; Pizzino, A.; Helman, G.; et al. Characterization of human disease phenotypes associated with
mutations in TREX1, RNASEH2A, RNASEH2B, RNASEH2C, SAMHD1, ADAR, and IFIH1. Am. J. Med.
Genet. A. 2015, 167, 296–312. [CrossRef] [PubMed]

2. Rice, G.; Patrick, T.; Parmar, R.; Taylor, C.F.; Aeby, A.; Aicardi, J.; Artuch, R.; Montalto, S.A.; Bacino, C.A.;
Barroso, B.; et al. Clinical and molecular phenotype of Aicardi-Goutieres syndrome. Am. J. Hum. Genet.
2007, 81, 713–725. [CrossRef]

3. Vanderver, A.; Prust, M.; Kadom, N.; Demarest, S.; Crow, Y.J.; Helman, G.; Orcesi, S.; La Piana, R.; Uggetti, C.;
Wang, J.; et al. Early-Onset Aicardi-Goutières Syndrome: Magnetic Resonance Imaging (MRI) Pattern
Recognition. J. Child. Neurol. 2015, 30, 1343–1348. [CrossRef] [PubMed]

4. Fazzi, E.; Cattalini, M.; Orcesi, S.; Tincani, A.; Andreoli, L.; Balottin, U.; De Simone, M.; Fredi, M.; Facchetti, F.;
Galli, J.; et al. Aicardi-Goutieres syndrome, a rare neurological disease in children: A new autoimmune
disorder? Autoimmun. Rev. 2013, 12, 506–509. [CrossRef] [PubMed]

5. Livingston, J.H.; Crow, Y.J. Neurologic Phenotypes Associated with Mutations in TREX1, RNASEH2A,
RNASEH2B, RNASEH2C, SAMHD1, ADAR1, and IFIH1: Aicardi-Goutières Syndrome and Beyond.
Neuropediatrics 2016, 47, 355–360. [PubMed]

http://dx.doi.org/10.1002/ajmg.a.36887
http://www.ncbi.nlm.nih.gov/pubmed/25604658
http://dx.doi.org/10.1086/521373
http://dx.doi.org/10.1177/0883073814562252
http://www.ncbi.nlm.nih.gov/pubmed/25535058
http://dx.doi.org/10.1016/j.autrev.2012.08.012
http://www.ncbi.nlm.nih.gov/pubmed/22940555
http://www.ncbi.nlm.nih.gov/pubmed/27643693


J. Clin. Med. 2019, 8, 750 17 of 19

6. Orcesi, S.; Pessagno, A.; Biancheri, R.; La Piana, R.; Mascaretti, M.; Rossi, A.; Rice, G.I.; Crow, Y.J.; Fazzi, E.;
Veneselli, E. Aicardi-Goutières syndrome presenting atypically as a sub-acute leukoencephalopathy. Eur. J.
Paediatr. Neurol. 2008, 12, 408–411. [CrossRef] [PubMed]

7. Orcesi, S.; La Piana, R.; Fazzi, E. Aicardi-Goutières syndrome. Br. Med. Bull. 2009, 89, 183–201. [CrossRef]
8. Goutières, F. Aicardi-Goutières syndrome. Brain Dev. 2005, 27, 201–206. [CrossRef]
9. Lebon, P.; Badoual, J.; Ponsot, G.; Goutières, F.; Hémeury-Cukier, F.; Aicardi, J. Intrathecal synthesis of

interferon-alpha in infants with progressive familial encephalopathy. J. Neurol. Sci. 1988, 84, 201–208.
[CrossRef]

10. van Heteren, J.T.; Rozenberg, F.; Aronica, E.; Troost, D.; Lebon, P.; Kuijpers, T.W. Astrocytes produce
interferon-alpha and CXCL10, but not IL-6 or CXCL8, in Aicardi-Goutières syndrome. Glia 2008, 56, 568–578.
[CrossRef] [PubMed]

11. Baechler, E.C.; Batliwalla, F.M.; Karypis, G.; Gaffney, P.M.; Ortmann, W.A.; Espe, K.J.; Shark, K.B.; Grande, W.J.;
Hughes, K.M.; Kapur, V.; et al. Interferon-inducible gene expression signature in peripheral blood cells of
patients with severe lupus. Proc. Natl. Acad. Sci. USA 2003, 100, 2610–2615. [CrossRef]

12. Bennett, L.; Palucka, A.K.; Arce, E.; Cantrell, V.; Borvak, J.; Banchereau, J.; Pascual, V. Interferon and
granulopoiesis signatures in systemic lupus erythematosus blood. J. Exp. Med. 2003, 197, 711–723. [CrossRef]
[PubMed]

13. Rice, G.I.; Forte, G.M.; Szynkiewicz, M.; Chase, D.S.; Aeby, A.; Abdel-Hamid, M.S.; Ackroyd, S.; Allcock, R.;
Bailey, K.M.; Balottin, U.; et al. Assessment of interferon-related biomarkers in Aicardi-Goutières syndrome
associated with mutations in TREX1, RNASEH2A, RNASEH2B, RNASEH2C, SAMHD1, and ADAR: A
case-control study. Lancet Neurol. 2013, 12, 1159–1169. [CrossRef]

14. Höss, M.; Robins, P.; Naven, T.J.; Pappin, D.J.; Sgouros, J.; Lindahl, T. A human DNA editing enzyme
homologous to the Escherichia coli DnaQ/MutD protein. EMBO J. 1999, 18, 3868–3875. [CrossRef] [PubMed]

15. Jeong, H.; Backlund, P.S.; Chen, H.; Karavanov, A.A.; Crouch, R.J. RNase H2 of Saccharomyces cerevisiae is a
complex of three proteins. Nucleic Acids Res. 2004, 32, 407–414. [CrossRef] [PubMed]

16. Keegan, L.P.; Leroy, A.; Sproul, D.; O’Connell, M.A. Adenosine deaminases acting on RNA (ADARs):
RNA-editing enzymes. Genome Biol. 2004, 5, 209. [CrossRef] [PubMed]

17. Goldstone, D.C.; Ennis-Adeniran, V.; Hedden, J.J.; Groom, H.C.; Rice, G.I.; Christodoulou, E.; Walker, P.A.;
Kelly, G.; Haire, L.F.; Yap, M.W.; et al. HIV-1 restriction factor SAMHD1 is a deoxynucleoside triphosphate
triphosphohydrolase. Nature 2011, 480, 379–382. [CrossRef] [PubMed]

18. Akira, S.; Uematsu, S.; Takeuchi, O. Pathogen recognition and innate immunity. Cell 2006, 124, 783–801.
[CrossRef] [PubMed]

19. Diamond, J. Autosomal dominant IFIH1 gain-of-function mutations cause Aicardi-Goutières syndrome.
Clin. Genet. 2014, 86, 473–474. [CrossRef]

20. Livingston, J.H.; Stivaros, S.; van der Knaap, M.S.; Crow, Y.J. Recognizable phenotypes associated with
intracranial calcification. Dev. Med. Child. Neurol. 2013, 55, 46–57. [CrossRef]

21. Tonduti, D.; Panteghini, C.; Pichiecchio, A.; Decio, A.; Carecchio, M.; Reale, C.; Moroni, I.; Nardocci, N.;
Campistol, J.; Garcia-Cazorla, A.; et al. Encephalopathies with intracranial calcification in children: Clinical
and genetic characterization. Orphanet. J. Rare Dis. 2018, 13, 135. [CrossRef]

22. Palisano, R.; Rosenbaum, P.; Walter, S.; Russell, D.; Wood, E.; Galuppi, B. Development and reliability of a
system to classify gross motor function in children with cerebral palsy. Dev. Med. Child. Neurol. 1997, 39,
214–223. [CrossRef]

23. Eliasson, A.C.; Krumlinde-Sundholm, L.; Rösblad, B.; Beckung, E.; Arner, M.; Ohrvall, A.M.; Rosenbaum, P.
The Manual Ability Classification System (MACS) for children with cerebral palsy: Scale development and
evidence of validity and reliability. Dev. Med. Child. Neurol. 2006, 48, 549–554. [CrossRef] [PubMed]

24. Hidecker, M.J.; Paneth, N.; Rosenbaum, P.L.; Kent, R.D.; Lillie, J.; Eulenberg, J.B.; Chester, K., Jr.; Johnson, B.;
Michalsen, L.; Evatt, M.; et al. Developing and validating the Communication Function Classification System
for individuals with cerebral palsy. Dev. Med. Child. Neurol. 2011, 53, 704–710. [CrossRef] [PubMed]

25. Olivieri, I.; Cattalini, M.; Tonduti, D.; La Piana, R.; Uggetti, C.; Galli, J.; Meini, A.; Tincani, A.; Moratto, D.;
Fazzi, E.; et al. Dysregulation of the immune system in Aicardi-Goutières syndrome: Another example in a
TREX1-mutated patient. Lupus 2013, 22, 1064–1069. [CrossRef]

http://dx.doi.org/10.1016/j.ejpn.2007.10.005
http://www.ncbi.nlm.nih.gov/pubmed/18069026
http://dx.doi.org/10.1093/bmb/ldn049
http://dx.doi.org/10.1016/j.braindev.2003.12.011
http://dx.doi.org/10.1016/0022-510X(88)90125-6
http://dx.doi.org/10.1002/glia.20639
http://www.ncbi.nlm.nih.gov/pubmed/18240301
http://dx.doi.org/10.1073/pnas.0337679100
http://dx.doi.org/10.1084/jem.20021553
http://www.ncbi.nlm.nih.gov/pubmed/12642603
http://dx.doi.org/10.1016/S1474-4422(13)70258-8
http://dx.doi.org/10.1093/emboj/18.13.3868
http://www.ncbi.nlm.nih.gov/pubmed/10393201
http://dx.doi.org/10.1093/nar/gkh209
http://www.ncbi.nlm.nih.gov/pubmed/14734815
http://dx.doi.org/10.1186/gb-2004-5-2-209
http://www.ncbi.nlm.nih.gov/pubmed/14759252
http://dx.doi.org/10.1038/nature10623
http://www.ncbi.nlm.nih.gov/pubmed/22056990
http://dx.doi.org/10.1016/j.cell.2006.02.015
http://www.ncbi.nlm.nih.gov/pubmed/16497588
http://dx.doi.org/10.1111/cge.12471
http://dx.doi.org/10.1111/j.1469-8749.2012.04437.x
http://dx.doi.org/10.1186/s13023-018-0854-y
http://dx.doi.org/10.1111/j.1469-8749.1997.tb07414.x
http://dx.doi.org/10.1017/S0012162206001162
http://www.ncbi.nlm.nih.gov/pubmed/16780622
http://dx.doi.org/10.1111/j.1469-8749.2011.03996.x
http://www.ncbi.nlm.nih.gov/pubmed/21707596
http://dx.doi.org/10.1177/0961203313498800


J. Clin. Med. 2019, 8, 750 18 of 19

26. Rice, G.I.; Reijns, M.A.; Coffin, S.R.; Forte, G.M.; Anderson, B.H.; Szynkiewicz, M.; Gornall, H.; Gent, D.;
Leitch, A.; Botella, M.P.; et al. Synonymous mutations in RNASEH2A create cryptic splice sites impairing
RNase H2 enzyme function in Aicardi-Goutières syndrome. Hum. Mutat. 2013, 34, 1066–1070. [CrossRef]

27. D’Arrigo, S.; Riva, D.; Bulgheroni, S.; Chiapparini, L.; Lebon, P.; Rice, G.; Crow, Y.J.; Pantaleoni, C.
Aicardi-Goutières syndrome: Description of a late onset case. Dev. Med. Child. Neurol. 2008, 50, 631–634.
[CrossRef] [PubMed]

28. Ramesh, V.; Bernardi, B.; Stafa, A.; Garone, C.; Franzoni, E.; Abinun, M.; Mitchell, P.; Mitra, D.; Friswell, M.;
Nelson, J.; et al. Intracerebral large artery disease in Aicardi-Goutières syndrome implicates SAMHD1 in
vascular homeostasis. Dev. Med. Child. Neurol. 2010, 52, 725–732. [CrossRef]

29. La Piana, R.; Uggetti, C.; Olivieri, I.; Tonduti, D.; Balottin, U.; Fazzi, E.; Orcesi, S. Bilateral striatal necrosis in
two subjects with Aicardi-Goutières syndrome due to mutations in ADAR1 (AGS6). Am. J. Med. Genet. A.
2014, 164, 815–819. [CrossRef]

30. Rice, G.I.; Del Toro Duany, Y.; Jenkinson, E.M.; Forte, G.M.; Anderson, B.H.; Ariaudo, G.; Bader-Meunier, B.;
Baildam, E.M.; Battini, R.; Beresford, M.W.; et al. Gain-of-function mutations in IFIH1 cause a spectrum of
human disease phenotypes associated with upregulated type I interferon signaling. Nat. Genet. 2014, 46,
503–509. [CrossRef]

31. Galli, J.; Gavazzi, F.; De Simone, M.; Giliani, S.; Garau, J.; Valente, M.; Vairo, D.; Cattalini, M.; Mortilla, M.;
Andreoli, L.; et al. Sine causa tetraparesis: A pilot study on its possible relationship with interferon signature
analysis and Aicardi Goutières syndrome related genes analysis. Medicine 2018, 97, e13893. [CrossRef]

32. Tonduti, D.; Orcesi, S.; Jenkinson, E.M.; Dorboz, I.; Renaldo, F.; Panteghini, C.; Rice, G.I.; Henneke, M.;
Livingston, J.H.; Elmaleh, M.; et al. Clinical, radiological and possible pathological overlap of cystic
leukoencephalopathy without megalencephaly and Aicardi-Goutières syndrome. Eur. J. Paediatr. Neurol.
2016, 20, 604–610. [CrossRef] [PubMed]

33. Griffiths, R. The Griffiths Mental Development Scales from birth to 2 years; National Testing Agency: Henley, UK, 1996.
34. Wechsler, D. Wechsler Preschool and Primary Scale of Intelligence -Revised (WPPSI-R): Short Form Vocabulary and

Block Design; The Psychological Corporation: Amersham, UK, 1989.
35. Wechsler, D. Wechsler Intelligence Scale for Children, 3rd ed.; Psychological Corporation: San Antonio, CA,

USA, 1992.
36. Zucca, S.; Villaraggia, M.; Gagliardi, S.; Grieco, G.S.; Valente, M.; Cereda, C.; Magni, P. Analysis of

amplicon-based NGS data from neurological disease gene panels: A new method for allele drop-out
management. BMC Bioinformatics. 2016, 17, 339. [CrossRef] [PubMed]

37. Rice, G.I.; Melki, I.; Frémond, M.L.; Briggs, T.A.; Rodero, M.P.; Kitabayashi, N.; Oojageer, A.; Bader-Meunier, B.;
Belot, A.; Bodemer, C.; et al. Assessment of Type I Interferon Signaling in Pediatric Inflammatory Disease.
J. Clin. Immunol. 2017, 37, 123–132. [CrossRef] [PubMed]

38. Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res.
2001, 29, e45. [CrossRef] [PubMed]

39. Haud, N.; Kara, F.; Diekmann, S.; Henneke, M.; Willer, J.R.; Hillwig, M.S.; Gregg, R.G.; Macintosh, G.C.;
Gärtner, J.; Alia, A.; et al. Rnaset2 mutant zebrafish model familial cystic leukoencephalopathy and reveal a
role for RNase T2 in degrading ribosomal RNA. Proc. Natl. Acad. Sci. USA 2011, 108, 1099–1103. [CrossRef]

40. Al Mutairi, F.; Alfadhel, M.; Nashabat, M.; El-Hattab, A.W.; Ben-Omran, T.; Hertecant, J.; Eyaid, W.; Ali, R.;
Alasmari, A.; Kara, M.; et al. Phenotypic and Molecular Spectrum of Aicardi-Goutières Syndrome: A Study
of 24 Patients. Pediatr. Neurol. 2018, 78, 35–40. [CrossRef]

41. Abe, J.; Nakamura, K.; Nishikomori, R.; Kato, M.; Mitsuiki, N.; Izawa, K.; Awaya, T.; Kawai, T.; Yasumi, T.;
Toyoshima, I.; et al. A nationwide survey of Aicardi-Goutières syndrome patients identifies a strong
association between dominant TREX1 mutations and chilblain lesions: Japanese cohort study. Rheumatology
2014, 53, 448–458. [CrossRef]

42. Figiel, M.; Chon, H.; Cerritelli, S.M.; Cybulska, M.; Crouch, R.J.; Nowotny, M. The structural and biochemical
characterization of human RNase H2 complex reveals the molecular basis for substrate recognition and
Aicardi-Goutières syndrome defects. J. Biol. Chem. 2011, 286, 10540–10550. [CrossRef]

43. Reijns, M.A.; Bubeck, D.; Gibson, L.C.; Graham, S.C.; Baillie, G.S.; Jones, E.Y.; Jackson, A.P. The structure of
the human RNase H2 complex defines key interaction interfaces relevant to enzyme function and human
disease. J. Biol. Chem. 2011, 286, 10530–10539. [CrossRef]

http://dx.doi.org/10.1002/humu.22336
http://dx.doi.org/10.1111/j.1469-8749.2008.03033.x
http://www.ncbi.nlm.nih.gov/pubmed/18754903
http://dx.doi.org/10.1111/j.1469-8749.2010.03727.x
http://dx.doi.org/10.1002/ajmg.a.36360
http://dx.doi.org/10.1038/ng.2933
http://dx.doi.org/10.1097/MD.0000000000013893
http://dx.doi.org/10.1016/j.ejpn.2016.03.009
http://www.ncbi.nlm.nih.gov/pubmed/27091087
http://dx.doi.org/10.1186/s12859-016-1189-0
http://www.ncbi.nlm.nih.gov/pubmed/28185542
http://dx.doi.org/10.1007/s10875-016-0359-1
http://www.ncbi.nlm.nih.gov/pubmed/27943079
http://dx.doi.org/10.1093/nar/29.9.e45
http://www.ncbi.nlm.nih.gov/pubmed/11328886
http://dx.doi.org/10.1073/pnas.1009811107
http://dx.doi.org/10.1016/j.pediatrneurol.2017.09.002
http://dx.doi.org/10.1093/rheumatology/ket372
http://dx.doi.org/10.1074/jbc.M110.181974
http://dx.doi.org/10.1074/jbc.M110.177394


J. Clin. Med. 2019, 8, 750 19 of 19

44. Mackenzie, K.J.; Carroll, P.; Lettice, L.; Tarnauskaitė, Ž.; Reddy, K.; Dix, F.; Revuelta, A.; Abbondati, E.;
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