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We describe a 28-year-old Turkish man with consanguineous

parents who presented with an aged appearance with prema-

turely gray hair and scleroderma-like skin, spastic paraplegia,

and apparent disability. The proband and each of his parents

were heterozygous for a mutation in WRN, which could not

explain his symptoms. Exome sequencing of the proband’s blood

DNAshowedahomozygous c.626-1G>Cmutation in intron5of

the SAMHD1 gene, which encodes a triphosphohydrolase in-

volved in the regulation of intracellular dNTP pools andwhich is

mutated in Aicardi-Goutieres syndrome. The RNA studies con-

firmed aberrant splicing of exon 6, and family studies showed

that both parents are heterozygous for this mutation. We con-

clude that mutations in SAMHD1 - in addition to causing an

early-onset form of encephalopathy in Aicardi-Goutieres syn-

drome - may present with modest signs of accelerated aging

similar toWerner syndrome. The extent towhich heterozygosity

at the WRN locus may modify the effect of biallelic SAMHD1

mutations is unknown. It is conceivable that synergistic effects of

these two mutations might be responsible for the unusual

phenotype. � 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Aicardi-Goutieres syndrome (AGS) is a progressive neurological

disorder characterized by early onset encephalopathy, intellectual

disability, and intracranial calcification involving the basal ganglia

[Stephenson, 2008].The InternationalRegistry ofWerner Syndrome
2014 Wiley Periodicals, Inc.
has been recruiting patients with progeroid features since 1988 from

all over the world, primarily based on the clinical diagnostic criteria

of Werner syndrome (WS). Classical WS is caused by biallelic

mutations in theWRN gene that encode a nuclear helicase and plays

a role in maintenance of genomic stability [Friedrich et al., 2010;

Oshimaet al., 2014].Here,wereport a family fromTurkey referred to

our Registry because of overlapping features of WS in which we

identified both a novel homozygous null mutation of SAMDH1, a

locus that encodes a triphosphohydrolase and regulates intracellular

dNTPpools, as well as a heterozygousWRNmutation. This research
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projectwas reviewedandapprovedby the InstitutionalReviewBoard

(45 CFR 46. 102(f)).

CLINICAL REPORT

The patient was a 29-year-old Turkish man (Fig. 1A) whose

birth length (53 cm) and birth weight (3.4 kg) were normal. Gait

difficulty began at age 2 years, and school performancewas affectedby

age 10–12 years. At age 28, he was found to have apparent intellectual

disability, spastic paraparesis, hyperreflexia, and basal ganglia calci-

fications with cerebral atrophy on cranial CT scans (Fig. 1B). His

heightwas 150 cm(Z score�3.7),weightwas 62 kg (Z score�0.85),

OFC was normal at 56 cm, and blood pressure was 120/80. He had

prematurely graying hair, a hoarse voice, small testes and hyperkera-

toses of the soles of the feet. Cataracts were absent by slit lamp exam.

His fasting blood glucose and lipids were normal. Platelet count was

normal (212,000/m3) and liver function tests were mildly elevated

(less than two fold). Cerebrospinal fluid (CSF)proteinwas 34mg/dL;

CSF RBCs andWBCswere not detected. Chilblains of the extremities

were absent. Osteoporosis was present on vertebral X-rays. Electro-

myogram and nerve conduction velocity tests showed evidence of

axonal neuropathy and myopathy. A muscle biopsy was normal

(Supp. Table I in supporting information online).

His parents were first cousins and of normal stature (mother’s

height 155 cm, father’s height 170 cm) (Fig. 2A).Anolder brotherhad

short stature (adult height 138 cm, Z score �5.3), diabetes, and

general features of accelerated aging (prematurely gray hair and

skin wrinkles) and was thought to have WS. He died at 21 years

from a cerebral hemorrhage. DNA samples were not available from

this brother.

RESULTS

Sequencing of the coding region of WRN (GenBank #

NG_008870.1, NM_000553.4 and NP_000544.2) in the proband
FIG. 1. Patient profile. A) Picture of the patient at age 28 showing prema

the patient showing calcifications of the basal ganglia and cerebral atrop

genotypes.
showed a heterozygous c.3493C>T substitution in exon 30; which

predicts p.Q1165X (Fig. 2A). There was no evidence for a second

mutation at the WRN locus. This alteration had been previously

reported as a potential founder mutation; it was observed exclu-

sively amongTurkishpatientswithWS [Friedrich et al., 2010]. Both

parents were also heterozygous for the c.3493C>T mutation.

Western blot analysis of theWRNprotein from the lymphoblastoid

cell lines (LCL)derived from the patient and the parents showed the

presence of WRN protein whose size was in agreement with the

sequencing results (data not shown).

Because of the consanguinity of the parents, we suspected the

presence of a biallelic mutation at another locus and conducted

exome sequencing of the proband (Supplementary Methods

in supporting information online). We focused our analysis on

rare homozygous missense, nonsense, frameshift and splice-site

alterations. Using a filter of MAF <0.01, bioinformatic filtering

of variants identified 307 uncommon SNPs, 21 homozygous var-

iants and 3 protein truncating or splice variants. Two of the latter,

c.259C>T, p.Arg87Ter (rs118095359) in CST9 and c.861þ5G>A

(rs192663616) in GLDC were annotated in the Single Nucleotide

Polymorphism Database (dbSNP), leaving one non-annotated

sequence change with a severe impact on protein structure: a

homozygous c.626-1G>C alteration of SAMHD1 (GenBank#

NG_017059.1, NM_015474.3 and NP_056289.2) (Fig. 2B and C

and Supplementaty Table II), a locus known to be mutated in

Aicardi-Goutieres syndrome-5 (AGS5; OMIM# 612952) [Rice

et al., 2009]. Sanger sequencing confirmed the homozygous alter-

ation in the proband and showed that both parents were heterozy-

gous for this alteration.

The RT-PCR analyses of SAMHD1 mRNA spanning exons 4

through 8 showed products slightly larger than the wild type

product in the patient sample (Fig. 2D). Sequencing of the

purified RT-PCR product showed an aberrantly spliced product

containing an 18bp insertion including a novel stop codon
turely gray hair and overall aged appearance. B) Cranial CT scan of

hy. C) The patient’s pedigree is shown with SAMHD1 and WRN



FIG. 2. Molecular studies. A) Evidence of a heterozygous WRN mutation in the patient and his parents. The heterozygous mutation,

c.3493C> T (p.Q1165X), is shown by the arrow. B) A summarization of the exome sequencing performed with patient’s DNA. C) Confirmations

of SAMHD1 mutations, c.626-1G> C, in the patient and his parents. D) RT-PCR study of SAMHD1 exons 4-8. M indicates the123bp ladder

marker. E) The RT-PCR sequencing of exons 4-8 from the patient’s RNA. Bottom diagram shows the location of the homozygous mutation (�)
and the structures of two splice variants. F) Western analysis of SAMHD1 using an anti-N terminal antibody. Relative expression levels of

wildtype SAMHD1 were calculated after normalization to b-actin.
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(r.626_627ins18; p.H210Sf�5). Sequencing of the unpurified RT-

PCR product showed a minor RT-PCR product with a deletion of

exon 6 (r.627_697del71; p.G209Af�2) (Fig. 2E). Based on the peak

heights of sequences and RT-PCR intensities, the ratios of major

andminor splice variants in the patient samplewere estimated to be

5�10 to 1. The RT-PCR product of the mutant alleles in LCLs

seemed fainter than those of wild type alleles in control LCLs

(Fig. 2D), possibly because of nonsense mediated mRNA decay

of mutant RNA. Western analysis of SAMHD1 confirmed the

absence of wild type protein in the patient and reduced levels in

the parents (47 and 63% of controls) (Fig. 2F).
DISCUSSION

This is an unusual family in which the proband was found to be a

heterozygous carrier of a WRN disease mutation in addition to

having inherited null mutations at the SAMHD1 locus from each
parent. While cells derived fromWRNmutant heterozygotes have

been shown to have intermediate sensitivities to genotoxic agents,

[Ogburn et al., 1997], individuals with heterozygous WRN muta-

tions do not present with any of the signs and symptoms associated

with theWerner syndrome [Oshima et al., 2014]. Immunostaining

of 53BP1 in LCLs showed no significant differences in the number

of double strand break foci among LCLs from the patient, parents

and controls under standard culture conditions (data not shown).

These preliminary results raise the possibility that, unlike WS,

genomic instability may not be the dominant pathogenetic mech-

anism in this patient.

Aicardi-Goutieres syndrome is genetically heterogeneous

[Stephenson, 2008]. Causative mutations in the TREX1 gene

encoding the 30!50 TREX1exonuclease or in the three components

of the RNASEH2 endonuclease complex (RNASEH2B, RNA-

SEH2C, RNASEH2D) account for 85% of cases (AGS1-AGS4

respectively). Mutations in SAMHD1 are found in approximately
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5% of patients with AGS. There are two typical clinical presenta-

tions associated with mutations in these genes: a neonatal onset

resembling congenital infection, and a later onset beginning after a

period of normal neurological development. The typical neurolog-

ical phenotype includesmicrocephaly, seizures, dystonic posturing,

and severe intellectual disability. Hepatomegaly, thrombocytope-

nia and chilblains are frequent. A chronic CSF lymphocytosis and

intracranial calcifications are characteristic. Death by age 10 years is

common, although there is significant variability [Rice et al., 2009].

One of the puzzling features of AGS is a pronounced phenotypic

variability - quite unusual for autosomal recessive conditions,

particularly in patients with SAMHD1 or RNASEH2B mutations.

Phenotypes associated with SAMHD1mutations range from “clas-

sical” presentation [Rice et al., 2009] to mild intellectual disability

with a non-specific chronic inflammatory skin condition [Dale

et al., 2010].There are a series of reports describing cerebral vascular

complications that are primarily occlusive and inflammatory in

nature which result in variable degrees of neurological dysfunction

[Thiele et al., 2010; Xin et al., 2011]. Cerebral vasculopathy with a

very wide range of severity was observed within a highly genetically

homogeneousAmish community [Xinet al., 2011].Althoughwedo

not have sufficient clinical information or biological samples from

the deceased brother of our patient, it is possible that his cerebral

hemorrhage was due to the same SAMND1mutation and that this

family is an example of variable expressivity.

SAMHD1 (SAM domain- and HD domain-containing protein

1) encodes a deoxynucleotide triphosphohydrolase which inhibits

reverse transcription by reducing intracellular pools of dNTPs

[Lahouassa et al., 2012].SAMHD1 alsopossesses 30!50 exonuclease
activity, which can cleave viral and endogenous nucleic acids

[Beloglazova et al., 2013]. SAMHD1 plays a role in the restriction

of HIV-1 (human immunodeficiency virus -1) and in the suppres-

sion of autoimmune responses [Beloglazova et al., 2013]. Loss of

SAMHD1 activity results in the cellular accumulation of nucleic

acids, which is thought to enhance autoimmune responses.

It has been reported that SAMHD1 is commonly mutated in

chronic lymphocytic leukemia, likely because of its role in the

regulation of cell proliferation and survival, and in the response to

DNA damage [Clifford et al., 2013]. These studies suggest that the

accumulation of DNA damage might play a significant role in the

development of AGS. Interestingly, however, we did not observe, in

preliminary experiments, a grossly altered DNA damage response

or increased chromosomal instability in cell lines of our proband.

There is a possible that the WRN carrier status in the patient

reported here is incidental to his phenotype. It is also conceivable,

however, that WRN heterozygosity and SAMHD1 homozygosity

may have synergistically contributed to the atypical presentation

and severe phenotype of this patient.
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