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A large homozygous deletion in the SAMHD1 gene
causes atypical Aicardi-Goutiéres syndrome
associated with mtDNA deletions

Esther Leshinsky—Silver*’1’2’3, Gustavo Malinger3’4, Liat Ben-Sira®?, Dvora Kidron>®, Sarit Cohen!,
Shani Inbar!, Tali Bezaleli!, Arie Levine®’, Chana Vinkler?8, Dorit Lev®>*® and Tally Lerman—Sagiez’3’9

Aicardi-Goutiéres syndrome (AGS) is a genetic neurodegenerative disorder with clinical symptoms mimicking a congenital viral
infection. Five causative genes have been described: three prime repair exonucleasel (TREX1), ribonucleases H2A, B and C,
and most recently SAM domain and HD domain 1 (SAMHD1). We performed a detailed clinical and molecular characterization
of a family with autosomal recessive neurodegenerative disorder showing white matter destruction and calcifications, presenting
in utero and associated with multiple mtDNA deletions. A muscle biopsy was normal and did not show any evidence of
respiratory chain dysfunction. Southern blot analysis of tissue from a living child and affected fetuses demonstrated multiple
mtDNA deletions. Molecular analysis of genes involved in mtDNA synthesis and maintenance (POLGx, POLGp, Twinkle, ANT1,
TK2, SUCLA1 and DGOUK) revealed normal sequences. Sequencing of TREX1 and ribonucleases H2A, B and C failed to reveal
any mutations. Whole-genome homozygosity mapping revealed a candidate region containing the SAMHD1 gene. Sequencing of
the gene in the affected child and two affected fetuses revealed a large deletion (9 kb), spanning the promoter, exonl and intron 1.

The parents were found to be heterozygous for this deletion. The identification of a homozygous large deletion in the SAMHD1
gene causing atypical AGS with multiple mtDNA deletions may add information regarding the involvement of mitochondria

in self-activation of innate immunity by cell intrinsic components.
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INTRODUCTION

Aicardi-Goutieres syndrome (AGS) is a severe genetic infantile ence-
phalopathy. The diagnosis is based on the following criteria:' (1)
neurological features of an early onset encephalopathy, (2) negative
investigations for common prenatal infections, (3) intracranial calci-
fications in a typical distribution and (4) CSF lymphocytosis > 5 cells/
mm?> and/or >2IU/ml of interferon-o. (IFN-o) in the CSF and/or
chilblains. Chronic arthropathy and contracures were also described.?
Severe neurological dysfunction becomes clinically apparent in infancy
and manifests as progressive microcephaly, profound psychomotor
retardation and often death in early childhood.>??

Five causative genes have been described: three prime repair exo-
nucleasel (TREX1), ribonucleases H2A, B and C, and most recently
SAM domain and HD domain 1 (SAMHDI). The AGS genes have a
putative role in the metabolism of nucleic acids. The accumulation of
endogenous DNA or DNA-RNA hybrids mistaken by the organism
for nucleic acid of viral origin!? is suggested to lead to induction of an
IFN-o-mediated immune response.

Brain calcifications and white matter damage, similar to that seen
in AGS, can also be found in disorders of energy metabolism. The
presentation is usually in infancy but prenatal brain involvement
has been infrequently described,*® including ventriculomegaly,

intracerebral calcifications, cavitation, polymicrogyria, multiple neu-
ronal heterotopia, callosal dysgenesis, cerebellar atrophy and periven-
tricular pseudocysts.”

We describe the first reported homozygous deletion of the
SAMHDI gene causing atypical AGS, presenting in utero with white
matter destruction and associated with multiple mtDNA deletions.

MATERIALS AND METHODS

Clinical report

The propositus was a 13-month-old boy who presented with global develop-
mental delay and severe failure to thrive. He was the second child, born at
40 weeks gestation to healthy unrelated parents of Jewish-Ashkenazi origin.
Birth weight was 2300g, head circumference was 35cm and general and
neurological examinations were normal.

At 3 weeks, he became irritable, began to feed poorly, developed diarrhea
and failed to gain weight. Elevated liver enzymes and fecal occult blood were
found. A gastroscopy showed mild villous atrophy. He failed to attain
developmental milestones. Eye contact was poor. Head circumference decreased
to 2 SD below the mean. Neurological assessment revealed central hypotonia
with brisk tendon reflexes and choreoathetoid movements. An electroencepha-
logram showed general deceleration without epileptic activity. A brain MRI
revealed extensive white matter destruction, delayed myelination, hypoplasia of
the corpus callosum, severe cortical atrophy, and destructive lesions of the
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aquaductal body and pons (Figures 1a and b). Repeat brain MRI at 1 year of
age showed progressive atrophy of the brain. TORCH results were negative.
MRS disclosed two pathological signals, one from the white matter of the
frontal lobe and another from the basal ganglia. The lactate peak was increased
compared with low background levels but all other peaks were normal. Blood
lactate was elevated (4 mmol/l, normal values: 0.5-1.5). A complete blood
count disclosed anemia and thrombocytosis. At the age of 13 months, his
weight, height and head circumference were under the third percentile. He
had profound mental retardation and severe irritability. He died at the age of
15 months of respiratory insufficiency. A lumbar puncture was not obtained.

The third pregnancy resulted in a healthy female. The fourth pregnancy was
considered normal according to ultrasonographic exams until 34 weeks of
gestation. A fetal brain MRI undertaken in view of the family history showed
hyperintense T2 signal in the periventricular white matter, particularly around
the frontal and temporal horns of the lateral ventricles (Figure 1c). The cavum
septi pellucidi and vergae were prominent. The neurosonographic examination
showed multiple hyperechogenic foci at the level of the caudate nuclei and
around the lateral periventricular regions (Figures 1d and e). This pattern was
more prominent on the right side. Additional findings included cardiomegaly
with apparently abnormal heart contractions and an estimated fetal weight of
1617 g (10th percentile). The parents opted for termination of pregnancy.
Pathological examination of the female fetus was difficult because of severe

autolytic changes. Positive findings included periventricular multiple calcifica-
tions and focally unlayered thick cortex with focal invasion of the meninges
by neurons (Figure 2).

Figure 2 Brain histology of aborted fetus (fourth pregnancy). H&E stain
showing calcifications in the white matter surrounded by glial and microglial
reaction.

Figure 1 (a) Axial T2-weighted image of the proband at age 2 months showing diffuse hyperintense changes in the deep white matter and the U-fibers
associated with cortical atrophy. (b) Coronal T2-weighted image of the proband at age 2 months shows diffuse white matter changes and periventricular
cysts, involving the head of the caudate bilaterally. (c) Fourth pregnancy. MRI-coronal HASTE at 33 weeks of gestation showing cysts of the caudate nuclei
and increased signal in the white matter of the temporal lobes. (d) Fourth pregnancy. US in the parasagittal transvaginal plane at 34 weeks 2 days showing
dotted areas of increased echogenicity in the caudate and thalamus (arrow). (e) Parasagittal transvaginal plane at 34 weeks 2 days showing a hypoechogenic
rim around the posterior horn of the lateral ventricle. (f) Fifth pregnancy. MRI-sagittal HASTE, 33 weeks of gestation of the fifth pregnancy. Cystic lesions of
frontal white matter and caudate nucleus enlarged lateral ventricle. (g) Fifth pregnancy. US in the parasagittal view at 34 weeks 2 days showing an
abnormally echogenic caudate (white arrow). (h) Fifth pregnancy. Coronal plane at 34 weeks 2 days showing dotted areas of increased echogenicity in the
caudate (arrow). Note the irregular shape of the lateral ventricle on the same side.
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The fifth pregnancy was uneventful until 24 weeks of gestation when the
presence of asymmetric ventricles was observed. At 28 weeks. fetal MRI raised
the suspicion of abnormal periventricular white matter. Neurosonographic
examination 3 weeks later identified two hyperechogenic foci close to the
caudate nucleus. At 33 weeks, ultrasound showed hyperechogenicity around the
frontal horns of the lateral ventricles and irregularity of the ependymal lining.
MRI performed at the same time showed severe diffuse white matter destruc-
tion (Figures 1f, g and h). The couple again opted for termination of the
pregnancy.

Following the identification of disease-associated haplotypes, haplotype
analysis was performed during the sixth pregnancy and indicated an unaffected
disease status. Fetal neurosonography and brain MRI were also normal.
Subsequently, a healthy child was born and his development is normal
(at the age of 2 years).

The seventh pregnancy was molecularly diagnosed on CVS and indicated an
unaffected disease status. A healthy male child was born. The pedigree is
presented in Figure 3d.

Written informed consent was obtained from patient’s parents. The study
was approved by the Israeli Ministry of Health Ethical Review Committee
and by the Supreme Helsinki Committee of the Israeli Ministry of Health.

Histological and electron microscopy analysis

Muscle sections of 10 um were stained with haematoxylin and eosin, modified
Gomori trichrome, PAS, Sudan black B, NADH-tetrazolium reductase,
succinate dehydrogenase, cytochrome oxidase and ATPase at pH 9.4 and after
preincubation at pH 4.3 and 4.6.
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Biochemical studies

Mitochondrial respiratory chain enzymes were measured in 5% liver
and muscle homogenates as previously described.® Pyruvate dehydrogenase
(PDH), pyruvate decarboxylase (El), lipoamide dehydrogenase (E3) and
thymidine phosphorylase were measured as described.”!

Southern blot mtDNA analysis

Total DNA was extracted from blood and other tissues using the Puregene
kit (Gentra, Minneapolis, MN, USA), according to the manufacturer’s instruc-
tions. Samples of total DNA weighing 5ug were analyzed by agarose
gel electrophoresis following a 24-h digestion with Pvull, as well as BamHI
and SnaBI (2u/ug DNA with a low-glycerol concentration), under the condi-
tions recommended by the manufacturer (NEB, Beverly, MA, USA). The
digested DNA was separated by electrophoresis on 0.6% agarose gel
and transferred to an N+ nylon membrane (Roche Diagnostic, Mannheim,
Germany). The membrane was hybridized with 100 ng a DIG-labeled probe
(519bp PCR product expanding nucleotides 4981-5500 of the mtDNA. The
probe was chosen according to its absence in the nuclear genome.!! Hybridiza-
tion was performed at 65°C. The probe was labeled by DIG dUTP incorpora-
tion during a PCR procedure using a PCR DIG Probe Synthesis kit (Roche
Diagnostic). PCR conditions were: 95°C for 7 min, (1 cycle), 30 cycles of 95°C
for 305, 55°C for 45s and 72°C for 905, and a final elongation step at 72°C for
10min. The designed primers were: (forward) 5-ACCAGACCCAGCTACG
CAAA-3" and (reverse) 5'-AGTATAAAAGGGGAGATAGGT-3". The hybridized
probe was immunodetected with anti-digoxigenin Fab fragments conjugated
to alkaline phosphatase and visualized with a chemiluminescence substrate
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Figure 3 (a) SAMHDI-deletion breakpoints. PCR primers across the deletion and a chromatogram demonstrating the sequence across the breakpoints.
(b) PCR amplification of exon 1. (c) PCR amplification across the deletion breakpoints. M-100bp ladder; 1: father; 2: mother; 3: proband, 4: CVS - 7th
pregnancy; 5: fetus I; 6: fetus Il; 7: normal; 8: normal; 9: blank. (d) Pedigree of the family with SAMHD1 genotypes. (e) Southern blot analysis of Pvull-
digested DNA of the proband (1) and the two aborted fetuses (2) in various tissues.
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(CDP star) according to the manufacturer’s instructions (DIG Luminescent
Detection kit, Roche Diagnostic). A Dig-labeled 48 kb ladder was also used for
fragment sizing (New England Biolabs, Ipswich, MA, USA, Lambda DNA
Mono Cut Mix, #301-91, Roche Chem-Link labeling and detection kit).

Gene sequencing

Genomic DNA was used to amplify the exons and exon—intron boundaries of
POLGx and f, Twinkle, ANT1, DGOUK, TK2, SUCLAI, TREXI and ribonu-
cleases H2A, B and C, and SAMHDI. PCR products were purified by the
Exo-Sap reagent (USB products, Cleveland, Ohio, USA). Sequencing was
performed on an ABI sequencer (Life technologies Co., Carlsbad, CA, USA)
and results were compared with the wild-type sequence using the Ensembl database
(ENSG00000140521, ENSG00000136460, ENSG00000107815, ENSG00000151729,
ENSG00000114956, ENSG00000166548, ENSG00000163541, ENSG00000213689,
ENSG00000104889, ENSG00000136104, ENSG00000172922 and ENSG00000
101347).

Homozygosity mapping

DNA samples of the affected child and the two aborted fetuses were analyzed
with Affymetrix Human Mapping 250k SNP Array (Affimetrix, Santa Clara,
CA, USA) at the Center for Genomic Technologies at the Hebrew University of
Jerusalem, Israel.

SAMHD]1 9kb deletion analysis

The following primers were used for deletion detection: (forward) 5-TTC
CCTTTTCTGCAATGCTT-3" and (reverse) 5-CCGGCCAAGAGAAACTTT
ATT-3’. PCR product: 501 bp.

SAMHDI1 9kb deletion carrier detection in Ashkenazi Jews

A total of 100 DNA samples from Ashkenazi Jews were purchased from the
National Laboratory for the Genetics of Israeli Populations at the Tel Aviv
University.

RESULTS
The histological staining and EM of the muscle and liver biopsies
revealed no morphologic abnormalities
When calculated per citrate synthase activity, muscle RC demonstrated
normal activities (65-90%) (Table 1). Only succinate—cytochrome ¢
reductase and cytochrome ¢ oxidase were measured in liver and were
found to be normal. PDH-E1 and E3 activities were normal, both in
muscle and liver. Thymidine phosphorylase activity in lymphocytes
was within the normal range (625 ng/h/mg, normal range 440-940).
Southern blot analysis of Pvull- and SNABI-digested DNA from the
child’s muscle and liver biopsies, and both fetuses” autopsies revealed
multiple mtDNA deletions. In contrast, no deletions were found in
mtDNA from blood and fibroblasts (Figure 3e).

Molecular analysis of genes known to be involved in mtDNA
synthesis and maintenance revealed normal sequences of POLG; both
o- and f-subunits, Twinkle, ANTI, TK2, SUCLAI and DGOUK.
Sequencing of TREXI and ribonucleases H2A, B and C was also
normal (courtesy of Professor Yanick Crow).

Whole-genome SNP analysis revealed seven regions of shared
homozygosity; the largest region (2.6 Mb) was on the chromosome
20 (33782325-36422795). This region contains four mitochondrial
genes: NFS1, UQCC, NNAT and TGM2, which disclosed normal
sequences. We observed that SAMHDI was located in the region of
homozygosity. Sequencing of SAMHDI showed normal sequences,
but exon 1 could not be amplified. We sequenced 10 000 bp upstream
of the promoter along with all 4600bp of intron 1 and found a
9137bp deletion starting upstream of the promoter and ending in
intron 1 (Figure 3a). PCR amplification of the deleted breakpoints
gave products in the patient, the parents and the two aborted fetuses
(Figure 3c). Exon 1 was amplified only in the parents and healthy
siblings (Figure 3b). The family pedigree with the molecular analysis is
shown in Figure 3d.

To assess the mutation carrier frequency in Jewish-Ashkenazi
community, DNA samples from 100 unrelated members of this ethnic
group were also tested for the presence of the SAMHD1 9 kb deletion.
None of them had this deletion, suggesting a carrier frequency of less
than 1% in this population.

DISCUSSION
We describe a family with in utero onset of white matter destruction,
calcifications and progressive cerebral atrophy associated with multi-
ple mtDNA deletions. The presentation fulfilled the following criteria
for AGS: neurological features of an early onset encephalopathy,
negative investigations for common prenatal infections and intracra-
nial calcifications in a typical distribution. The AGS phenotypic
characteristics were: severe psychomotor delay, progressive microce-
phaly, liver dysfunction, irritability, sleeping difficulties and anemia.
The only criterion missing was CSF lymphocytosis and/or elevated
IFN-o. As CSF was not obtained from the propositus, we do not know
whether these factors were elevated or not. At the time of his death at
the age of 15 months, we did not suspect AGS; so we did not inquire
whether the child had chilblains. Therefore, we assumed that our
patient did fulfill the criteria for AGS. The AGSI— genes'>!® known at
that time were sequenced but failed to reveal any mutations.

The multisystem involvement and progressive deterioration char-
acterized by failure to thrive, liver and pancreatic insufficiency, lack of
developmental progression, the destructive lesions in the brain,

Table 1 Respiratory chain enzyme activities in muscle mitochondrial fraction of patient and normal controls

Normal control Range Per CS Per CS Per CS %
Enzyme activity Patient (meanz* SD) (5-95%) Patient Normal of normal
NADH-ubiquinone reductase (C-1) 118 274+£127 115-503 0.107 0.137 78
NADH-ferricyanide reductase (C-1) 2200 4650+ 1020 2700-6400 2.00 2.33 86
NADH-cyt ¢ reductase (C-1+111) 205 586+ 234 305-999 0.186 0.294 70
Succinate-cyt ¢ oxidoreductase (C-11+111) 115 312+118 192-531 0.105 0.156 67
Succinate dehydrogenase (C-11) 144 280+ 86 255-442 0.130 0.140 93
Succinate-ubiquinone reductase (C-11) 39 72+£26 56-127 0.035 0.036 97
Cyt ¢ oxidase (C-1V) 717 1658 £403 963-2688 0.65 0.833 78
Mg ATPase (with DNP) (C-V) 0.260 0.721£0.203 0.354-1.094 0.236 0.362 65
Citrate synthase (CS) 1100 1990+379 1280-3600

C, complex.
Enzyme activities are expressed in nmol/min/mg mitochondrial protein.
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atypical for AGS, led us to suspect a mitochondrial disorder. Elevated
blood and basal ganglia lactate (MRS) further supported a disorder
of energy metabolism. However, respiratory chain enzyme activity
in liver and muscle was within the normal range. Heteroplasmic
multiple mtDNA deletions were found in the proband’s liver and
muscle, but not in blood. Multiple mtDNA deletions were also
observed in the liver, muscle, brain and intestines of the two aborted
fetuses, thus suggesting a general defect in mitochondrial DNA
synthesis and maintenance. Although the multiple mtDNA deletions
may have been non-specific or secondary, we systematically screened
genes with known involvement in mtDNA synthesis or maintenance®
but found them to be normal. It was therefore assumed that the
mtDNA deletions were likely secondary to a defect in a gene not
directly involved in mitochondrial DNA maintenance.'*

Identification, by homozygosity mapping, of a candidate region on
the chromosome 20, which included SAMHDI, led us to sequence
this gene. A large deletion spanning from 7kb upstream of the
promoter to 2kb inside intron 1 was found, resulting in absence of
the regulatory elements of the promoter and exon 1. Large deletions in
the SAMHDI gene have not been previously.'”

SAMHDI is known to be involved in the antiviral response and is
upregulated in viral infections possibly as a proinflammatory reaction
to TNF-o signaling. Rice et al'> suggest that it may act as a negative
regulator of the cell intrinsic antiviral response. SAMHDI is induced
by type 1 IENs and is exclusively localized to the nucleus. It has a SAM
motif involved in signal transduction through tyrosine phosphoryla-
tion and a HD motif, which is a phosphohydrolase. The SAM domain
is located in the A chain (the first 103 N-terminal amino acids),
particularly AA 29-92. Exon 1 skipping as in our family affects the
SAM motif and likely results in a defect in protein—protein interaction
during the signal transduction process.

The finding of mtDNA deletions in the proband and two affected
fetuses is difficult to explain, as SAMHDI is not apparently related to
or associated with mitochondrial metabolism, biogenesis or bio-
energetics nor is the adjacent retinoblastoma 1 (RBLI) gene. However,
mitochondrial dysfunction in AGS has previously been reported.
A similar elevation of lactate in the white matter and basal ganglia
in two patients with AGS was described by Robertson et al,'® and
another AGS patient with respiratory chain deficiency was described
by Barnerias et al.'” A comment that followed the last paper mentions
two other AGS cases with high serum and CSF lactate levels without
muscle RC deficiency, similar to our case. MtDNA deletion or
depletion without RC deficiency has been described in many geneti-
cally proven mitochondrial diseases, and the explanations given were
age-related improvement/compensation,'®!° tissue specificity?® and
in vitro versus in vivo mismatch.

Three of the AGS genes are subunits of the RNaseH2 complex.
RNaseH1 is important for mtDNA replication during embryogenesis.?!
Although RNaseH1 and H2 have a different enzymatic activity pattern,
the impairment of mitochondrial DNA in AGS patients could be possibly
explained by a misdigestion of RNA-DNA hybrids during replication.

The role of the mitochondria in cellular defense against viral
infections is well known.?? The mitochondrial antiviral signaling
protein (MAVS) plays an important role in this process. It has recently
been reported that mitofusin 2, a mediator of mitochondrial fusion,
interacts with MAVS to modulate antiviral immunity.>> We hypothe-
size that defective SAMHDI causes an induction of the cell intrinsic
antiviral response, apoptosis and consequently mitochondrial DNA
destruction, leading to accumulation of mtDNA deletions.

The identified deletion also involves the 3" end of the RBLI (about
48kb downstream of the gene). This gene is known to be a tumor
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suppressor gene. The association of tumor suppressor genes with
mtDNA synthesis has been described in mtDNA depletion and
deletion syndromes associated with mutations in RRM2B, encoding
a p53-inducible ribonucleotide reductase subunit.?42> Therefore,
we suggest that the large deletion found in our family could cause,
in addition to a defect in SAMHDI, elimination of regulatory
elements of the RBLI gene, which could alternatively explain the
defect in the mtDNA synthesis.

We cannot exclude the small possibility that another homozygous
locus is responsible for the mtDNA deletions but these areas lack genes
responsible for mtDNA maintenance.

We suggest that mtDNA deletions should be further studied in other
AGS patients especially with mutations or deletions in SAMHDI.

The prenatal identification of white matter abnormalities and
calcifications in AGS has only been described once previously.?
Prenatal diagnosis of AGS by demonstration of high-fetal blood
IFN-o at 27 gestational weeks has been reported in a fetus with a
normal MRI.?4?7 In these cases, the gene mutation was not presented.
The extreme severity in these and our cases, with white matter
destruction already prominent in utero, can possibly be explained by
the large deletion that includes the regulatory elements of SAMHDI,
as well as sequences downstream of the RBLI gene.

Our family with atypical AGS caused by a homozygous large
deletion in the SAMHDI gene and associated with multiple mtDNA
deletions may shed light to the involvement of mitochondria in self-
activation of innate immunity by cell intrinsic components.
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