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Abstract

Aicardi-Goutieres syndrome (AGS) is a rare disorder with in utero or postnatal onset of
encephalopathy and progressive neurological deterioration. The seven genetic subtypes of AGS are
associated with abnormal type | interferon-mediated innate immune response. Most patients with
AGS present with progressive microcephaly, spasticity, and cognitive impairment. Some,
especially those with type 2 (AGS2), manifest milder phenotypes, reduced childhood mortality,
and relative preservation of physical and cognitive abilities. In this report, we describe two siblings
(sister and brother), diagnosed with AGS2 in their second decade, who exhibited static
encephalopathy since 1 year of age, with spastic quadriplegia and anarthria but preserved intellect.
Both were homozygous for the common pathogenic RNASEHZB allele (¢.529G>A, p.Alal77Thr).
Rather than manifesting calcifications and leukoencephalopathy, both had increased iron signal in
the basal ganglia. Our report broadens the clinical and imaging spectrum of AGS2 and emphasizes
the importance of including AGS2 in the differential diagnosis of idiopathic spastic cerebral palsy.

Aicardi-Goutiéres syndrome (AGS) is a rare genetic autoinflammatory disorder affecting the
brain and skin.! Patients typically exhibit either in utero manifestations resembling an
acquired infection,? or postnatal involvement in infancy, characterized by subacute
encephalopathy and loss of acquired skills.3 Children with AGS commonly have fevers in
the absence of known infection, cerebrospinal (CSF) pleocytosis, and elevated CSF
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interferon (IFN)-a levels. They develop encephalopathy with irritability, persistent crying,
abnormal tone, posturing, and an exaggerated startle response. Over time, severe
neurological dysfunction emerges as progressive microcephaly, spasticity, dystonia, and
cognitive impairment. Commonly associated symptoms include seizures, glaucoma, and
chilblain lesions.2:3 Most patients with AGS have abnormalities on imaging, including white
matter abnormalities and brain calcifications primarily affecting the basal ganglia.*®

There are seven known genetic subtypes of AGS (Table Sl, online supporting material)
caused by mutations in TREXI, RNASEH2A, RNASEHZB, RNASEH2C, SAMHDI,
ADARI, or IFIHI; each gene is involved in normal RNA/DNA intracellular metabolism.
Abnormalities in the function of these genes induce inappropriate type | IFN-mediated
innate immune responses, with complex downstream effects, including direct neurotoxicity
and neurodegeneration.®

Some patients with AGS exhibit later onset of symptoms, and lack abnormalities on brain
imaging or CSF.2."-10 Numerous patients with RMASEHZB mutations and AGS type 2
(AGS2) have a milder phenotype with lower childhood mortality and better preservation of
function.3 We describe two siblings with static encephalopathy emerging during the first
year of life; they were diagnosed with AGS2 at the age of 18 years and 13 years respectively.
Both had spastic quadriplegia, anarthria, preserved cognitive function, absent
leukoencephalopathy or brain calcifications but evidence of excess iron accumulation in the
globus pallidus, an unreported feature of AGS. The siblings were homozygous for the c.
529G>A mutation in RNASEHZB, a known disease-causing allele with a relatively high
frequency in the general population. Clinicians should consider AGS in older individuals
with unexplained static encephalopathies, even in the absence of neuroimaging characteristic
of AGS.

CASE REPORT

The two siblings were enrolled in the National Institutes of Health Undiagnosed Diseases
Program under protocol 76-HG-0238, ‘Diagnosis and Treatment of Patients with Inborn
Errors of Metabolism or Other Genetic Disorders’, approved by the Institutional Review
Board of the National Human Genome Research Institute. Assent and informed, written
consents were obtained from patients and parents.

Patient 1 was an 18-year-old female with spastic quadriplegia and anarthria. She was the
first child of healthy, unrelated white parents, and was born at term weighing 35729
following an uncomplicated pregnancy. The patient achieved normal developmental
milestones until 9 months, sitting and standing independently. At 10 months she experienced
developmental arrest and onset of neurological abnormalities, including low axial tone,
distal spasticity, and an exaggerated startle response. She lost her ability to sit or stand and
never walked or developed expressive language. At 10 years, she had her first unprovoked
seizure, but achieved good seizure control on therapy. She experienced pernio (chilblains) at
age 16 controlled with nifedipine. For over a decade, she had communicative abilities
restricted to limited facial, head, and extraocular movements. As a young adolescent, she
was equipped with a communication board and a laser pointer on the bill of a baseball cap.
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This approach was later augmented by human—computer interface by which head
movements translated into cursor movements using a computer camera sensing light on a
reflective sticker applied to her forehead; this provided access to regular high-school course
work and social media.

At the time of evaluation, patient 1 was non-ambulatory with profound spasticity and
scoliosis. She was alert, socially interactive, and proficient in the use of the computer
interface. Eye movements were normal. She was anarthric and unable to generate the
simplest vocalizations. She handled secretions and ate a regular diet. Magnetic resonance
imaging revealed few non-specific areas of T2 hyperintensity, hypointensity of globus
pallidus on T2, T2-fluid-attentuated inversion recovery and T2-* images consistent with iron
deposition. A cranial computed tomography scan revealed no evident parenchymal
calcifications (Fig. 1a, upper panels). At the age of 19 years, her head circumference was
22.5 inches.

Patient 2 was the 13-year-old brother of patient 1. He was born at term weighing 38569
following an uncomplicated pregnancy. Like his sister, he experienced normal
developmental milestones until the age of 9 months, when he lost the ability to sit
independently and roll over, and gradually developed spasticity, an exaggerated auditory
startle and reflux. At 1 year of age, he was empirically treated with intravenous
immunoglobulin and intravenous steroids, with no benefit seen. By 3 years of age, he had
not gained additional motor skills. At 15 years of age, brain imaging was similar to that of
his sister (Fig. 1b, lower panels), and his head circumference was 22.25 inches. Based on his
sister’s experience, communication augmentation strategies were implemented earlier, with
improved social and academic achievements.

Patient 1 had undergone ARX sequencing, fragile X studies, comparative genomic
hybridization microarray, skin biopsy, mitochondrial enzyme assays, urine organic acids,
serum and urine amino acids, muscle biopsy, and spastic paraparesis gene panel, all of which
were non-diagnostic. Patient 2’s prior evaluation included normal biogenic amines and rectal
biopsy. CSF analyses were normal for both patients. With no diagnosis or evidence of
deterioration both patients were considered to have spastic cerebral palsy of unknown cause.

Whole-exome sequencing and single-nucleotide polymorphism mapping (Appendix S1,
online supporting information) on the nuclear family (Fig. 1b) showed a biallelic disease-
causing mutation in RNASEHZB, i.e. NM_024570.3 (¢.529G>A; p.Alal77Thr) in both
siblings. No loss of heterozygosity was uncovered over chromosome 13 by close inspection
of the single-nucleotide polymorphisms surrounding the causative mutations. The minor
allele frequency and prevalence of this mutation appear in Table I. There were no predicted
damaging changes in genes for neurodegeneration with brain iron accumulation (PANKZ,
PLA2G6, C190rf12, CP, FTL and WDR45).

DISCUSSION

AGS manifests in infancy with profound motor and cognitive handicaps, mimicking those of
an acquired intrauterine infection, including CSF lymphocytosis, elevated cerebral IFN-a,
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and imaging features of basal ganglia calcification and leukoencephalopathy. Our patients
presented with a largely isolated and brief monophasic, unexplained neurological regression
late in the first year of life, without systemic accompaniments, evolving into static deficits.
AGS-consistent features included onset of symptoms in the first year of life, spasticity and,
in patient 1, seizures and chilblain lesions later in life, reported in 53% and 43% of AGS
patients respectively.3 Their presentations lacked several typical hallmarks of AGS,
including characteristic systemic and encephalitic phases, white matter abnormalities, brain
calcifications, and CSF abnormalities, although the CSFs were examined late in the course
of the disease.

After the acute encephalitic phase, which generally lasts from weeks to months, patients
with AGS can plateau in their neurological deterioration,? resulting in static impairment.
AGS studies show that IFN activity and CSF pleocytosis are negatively associated with age,
suggesting decline in the autoinflammatory process in older patients with AGS. This seems
particularly true for patients with AGS2, in which 10 of 32 (31%) patients in a recent study
had a normal IFN score at the time of evaluation.? This suggests that CSF abnormalities may
not provide a sensitive diagnostic criterion for AGS, as they might be absent in older
patients, patients with less severe disease, or those examined outside the acute encephalitic
phase.

Brain imaging findings in AGS generally encompass diffuse brain atrophy,
leukoencephalopathy, and/or basal ganglia calcifications; however, rarely, computed
tomographay and magnetic resonance imaging could be normal.3:° The presence of iron
deposition in the basal ganglia has not been previously reported in AGS. Iron accumulation,
particularly affecting the deep brain nuclei, is characteristic of neurodegeneration with brain
iron accumulation disorders, a group of rare progressive monogenic diseases with onset in
childhood and adolescence.!! Iron accumulation also occurs in neurodegenerative disorders,
including Parkinson and Alzheimer diseases.1? Inflammation, iron deposition and
neurodegeneration coexist, but their exact relationships are not well understood.13-14 For
example, neuronal death activates gliosis and recruits monocytes that transform to
phagocytic macrophages with large pools of labile iron. Macrophages undergo apoptotic
death, releasing labile iron to neighboring neurons.13 Excess iron promotes reactive oxygen
species causing membrane and DNA breakage, and protein misfolding and aggregation.14
Most patients with AGS are imaged in early childhood, and the lifetime burden of brain iron
accumulation might not be evident until later in life. Of note, in this study, the magnitude of
signal intensity over the basal ganglia seemed less pronounced on the T2* than in the T2-
fluid attenuated inversion recovery images; this is unusual as one would anticipate a
‘blooming’ effect in T2* sequences. While we can merely offer speculations at this time,
this finding can further be clarified in the future with the use of other imaging sequences
specifically tailored to answer this question. Mutations in RMASEHZB causing AGS2 (Fig.
S1, online supporting information), are responsible for approximately a third of all cases of
AGS. The single most common RNASEHZB mutation, ¢.529G>A, was found in 97 of 104
pan-ethnic families with AGS2 (48 homozygotes and 49 compound heterozygotes).3
Although fewer than 200 cases of ¢.529G>A have been reported, minor allele frequency in
large population databases (EXAC and ClinSeq Project) are 0.2% and 0.25%
respectively,12.15 with an approximate minor allele frequency of 0.29% for individuals of
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European descent. These would predict a prevalence of AGS2 due to biallelic ¢.529G>A
mutations alone of 1 in 120 000 in the European population to 1 in 250 000 in the general

population.

AGS?2 involving the c.529G>A allele is likely under-diagnosed and easily mistaken for
spastic cerebral palsy. AGS should be considered in these patients, even in the absence of
prototypical brain imaging and CSF findings. Early recognition influences reproductive
decisions and may allow for current and future therapeutic interventions targeting the
damaging effects of CNS autoinflammation.16

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What this paper adds

. We identified two siblings (sister and brother) with atypical Aicardi—
Goutiéres syndrome type 2 due to RNASEHZB mutation. Manifestations
included spastic quadriplegia and anarthria but preserved intellect and
increased iron signal in the basal ganglia.

. RNASEHZB-related Aicardi—-Goutieres syndrome type 2 can have present
with a variable phenotype, including idiopathic spastic cerebral palsy.
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(a) Neuroimaging results. (i) Magnetic resonance imaging (T2, T2-FLAIR and T2*) and CT
of patients 1 (11-1) and 2 (11-3) revealed grossly normal anatomy, nonspecific small white
matter lesions, and globus pallidus hypointensity on T2* and T2-FLAIR (arrows), consistent

with abnormal metal deposition. Computed tomography scans demonstrated no evident

brain parenchymal calcifications. (ii) T2, T2-FLAIR and T2* from an age-matched normal
control is shown for comparison. (iii) Axial FLAIR images from patient 2 (11-3) showing red
nucleus and substantia nigra, which are iron containing and appear hypointense on FLAIR
imaging. Magnetic resonance images were obtained using a 3.0 T Philips Achieva scanner.
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Acquisition parameters were: T2 (repetition time 5400ms; echo time 100ms; echo train
length 26; acquisition time 90s); T2-FLAIR (repetition time 11 000ms; inversion time
2700ms; echo time, 120ms; echo train length 20; acquisition time 90s); and T2* (repetition
time 600ms; echo time 15ms; echo train length 5; acquisition time 30s). Age-matched
control was scanned on the same scanner with the same acquisition parameters. (b) Family
pedigree and molecular data. Affected patients are shown in black. Unaffected family
members are shown in white. Chromatogram images show that patients 1 (11-1) and 2 (11-3)
are homozygous for the ¢.529G>A in RNASEHZB, while their father (I-1) mother (I-2), and
unaffected brother (11-2) are heterozygous for the mutation. CT, computed tomography;
FLAIR, fluid-attenuated inversion recovery.
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Table |

Predicted prevalence of homozygotes with ¢.529G>A variant in RNASEHZB based on ClinSeq and Exome
Sequencing Project (ESP) databases

ClinSeq database | ESP database ESP database
Population Full-study cohort Full-study cohort | European American
Homozygotes with reference allele (7) 996 6477 4275
Heterozygotes (1) 5 26 25
Homozygotes with ¢.529G>A mutation (/) 0 0 0
Minor allele frequency 0.0025 0.002 0.0029
Predicted prevalence of homozygotes with ¢.529G>A mutation | 1/160 000 1/250 230 1/118 336
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