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Ataxia telangiectasia (AT) and ataxia oculomotor apraxia type 2 (AOA2) are autosomal recessive ataxias caused
by mutations in genes involved in maintaining DNA integrity. Lifespan in AT is greatly shortened (20s–30s) due
to increased susceptibility to malignancies (leukemia/lymphoma). Lifespan in AOA2 is uncertain. We describe a
womanwith variant ATwith twonovelmutations inATM (IVS14 + 2 T N G and 5825C N T, p.A1942V)who died
at age 48 with pancreatic adenocarcinoma. Her mutations are associated with an unusually long life for AT and
with a cancer rarely associated with that disease. We also describe two siblings with AOA2, heterozygous for
two novel mutations in senataxin (3 bp deletion c.343–345 and 1398 T N G, p.I466M) who have survived into
their 70s, allowing us to characterize the longitudinal course of AOA2. In contrast to AT, we show that persons
with AOA2 can experience a prolonged lifespan with considerable motor disability.

Published by Elsevier B.V.
1. Introduction

Ataxia telangiectasia (AT) and ataxia oculomotor apraxia type 2
(AOA2) are autosomal recessive causes of ataxia that share several clin-
ical features, including sensorimotor neuropathy, gait ataxia, oculomo-
tor apraxia, and elevated alpha fetoprotein (AFP) level. AT is an ataxia
syndrome characterized by gait and truncal ataxia developing in child-
hood, often with individuals becoming wheelchair bound by 10 years
of age [1]. Individuals with AT typically develop dysarthria and oculo-
motor apraxia. Unlike AOA2, AT is also associated with oculocutaneous
telangiectasias, immunodeficiency, increased sensitivity to ionizing
radiation and susceptibility to malignancies, particularly lymphomas
and leukemias [1,2]. AT is caused by mutations in ATM, a gene that en-
codes a serine/threonine kinase of the phosphatidylinositol-3-kinase
(PI3K) family [3]. ATM has been implicated in multiple pathways essen-
tial formaintaining cellular homeostasis and genome stability, including
repair of double-stranded DNA breaks, regulation of cell cycle check-
points and apoptosis, oxidative stress, mitochondrial homeostasis, telo-
meremaintenance, and cellular protein turnover [4,5]. Since sequencing
of ATM has become available, the range in clinical phenotype of AT has
broadened, with recognition of variant AT in individuals withmutations
in ATM but milder disease course or later onset. Recently, Canadian
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Mennonite families presenting with primary dystonia were found to
havemutations in ATM, further broadening the clinical spectrum of var-
iant AT [6]. Mutations in splice sites causing early truncation and non-
sense mutations have been found in the classic AT phenotype [7,8],
whereas missense mutations in ATM are being increasingly identified
in variant AT. We present an individual with novel mutations causing
variant ATwhohad unusual longevity andwhodied at age 48with pan-
creatic adenocarcinoma, an unusual malignancy for AT.

AOA2 is an autosomal recessive syndrome clinically characterized
by ataxia onset during adolescence, cerebellar atrophy, sensorimotor
peripheral neuropathy, and elevated serum AFP. Oculomotor apraxia,
characterized by difficulty initiating saccades, is present in about 50%
of patients with AOA2 [9]. AOA2 is caused bymutations in the senataxin
(SETX) gene on chromosome 9q34, which encodes for a putative DNA
helicase [10,11]. Although its function in the nervous system remains
unclear, recent studies suggest that SETX functions in DNA break repair,
RNAmetabolism, and telomere stability [12,13]. Interestingly, dominant
mutations in SETX are associatedwith juvenile amyotrophic lateral scle-
rosis type 4 [11]. Missense, nonsense and deletionmutations in both the
conserved helicase domain and outside of the helicase domain, as well
as non-coding missense mutations leading to frame shifts, have been
identified in AOA2 patients [9,14]. We report 2 siblings with AOA2
who are compound heterozygotes for a previously described pathologic
3 bp deletion and a novel missense mutation in the C-terminus of SETX.
They are both in their 70s, with medical records since the 1950s,
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allowing us to characterize the longitudinal course of AOA2. Unlike AT,
individuals with AOA2 do not appear to have shortened lifespan, or
increased susceptibility to malignancy.

2. Case 1 — variant ataxia telangiectasia

Patient I was a Caucasian female andwas the product of a normal de-
livery. She startedwalking at 18 months. By age 2, shewas noted to have
mild athetosis and clumsiness, but had normal sensation and deep ten-
don reflexes. She developed dysarthric speech in early childhood. At
age 9, she was noted to have lateral nystagmus, increased tone in her
lower extremities, 2+ deep tendon reflexes and choreoathetosis of the
upper limbs. She was considered to have low normal intellectual abili-
ties. She graduated from high school with special education assistance.
Walking became progressively more difficult because of severe ataxia
and she was wheelchair bound by age 11, although she became an
avid horseback rider at age 13 and was able to ride unassisted through
her late 30s. A uterine fibroid was removed at age 33. At age 37, an
EMG was performed due to severe sensory loss and weakness in the
upper and lower extremities, revealing severe sensorimotor axonal
and demyelinating peripheral neuropathy. Sensory and motor nerve re-
sponses were absent in the lower extremities. By age 37 she had not
experienced cognitive deterioration that interfered with social interac-
tion, but did not have formal neuropsychological testing. She was
never employed, primarily due to severe dysarthria and ataxia. She
had a pleasant and cheerful personality, and did not have any behavioral
or emotional problems throughout her life. A brain MRI obtained at age
38 revealed midline cerebellar atrophy, without abnormalities in other
structures of the brain. She was found to have an elevated AFP of
509.9 ng/dL at age 45. As shewasnever noted to develop telangiectasias,
she underwent genetic testing for SETX, which was normal. Analysis of
sequencing of the ATM gene using the UCSC genome browser (http://
genome.ucsc.edu) revealed one ATM allele with a splice site mutation
at conserved position IVS14 + 2 T N G and a missense mutation
5825C N T in exon 41 in the second ATM allele resulting in A1942V, a
conserved codon (Fig. 1). Both are novel variants that are predicted to
be deleterious. The patient was diagnosed with pancreatic adenocarci-
noma five months prior to dying at age 48.

An autopsy revealed pancreatic adenocarcinoma involving the head
of the pancreas and extending into the duodenum with metastasis to
pancreatic lymph nodes. Neuropathologic examination of the brain re-
vealed severe, symmetric cerebellar atrophy (Fig. 2A — arrow), which
was confirmed with weight of the cerebellum and brainstem (100 g)
being 44% less than predicted by whole brain weight (1325 g). There
was no cortical or hippocampal atrophy, and deep cerebral nuclei, includ-
ing neostriatum, amygdala, hippocampus, thalamus, and hypothalamus,
in addition to white matter tracts, were grossly and histopathologically
normal. This correlated with prior findings on MRI, where volume loss
was restricted to the cerebellum. There was moderate (Fig. 2B) to severe
(Fig. 2C) loss of Purkinje cells associated with the so-called “empty bas-
kets” indicative of Purkinje neurondropout (Fig. 2D) andBergmangliosis,
preferentially involving the superior-medial cerebellar cortex. There was
3056 aa
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Fig. 1. 2 novel heterozygous mutations in ATM causing variant AT. A mutation was found
in the consensus splice donor site in intron 14 at position+2, T N G, predicting addition of
EENLYX with premature stop. A second missense mutation C5825T was found, leading to
A1942V in conserved exon 41. Neithermutation is located in the catalytic serine threonine
kinase domain or TAN motif, which is a p53 binding site involved in response to double-
stranded DNA breaks and regulating telomere length.
severe atrophy of the spinal cordwith severe axonal loss in the dorsal col-
umns, greater in the gracile fasciculus than the cuneate fasciculus. There
were moderate to severe loss of neurons in Clarke's column and less se-
vere loss of anterior horn neurons. These findings are consistent with
prior descriptions of ataxia telangiectasia [15]. Pathologic changes of
Alzheimer's disease, including neuritic plaques and neurofibrillary tan-
gles, were not identified, and Lewy bodies were not appreciated.
3. Cases 2 and 3 — ataxia oculomotor apraxia type 2

Patient II-2 is a 73 year old Caucasian female who developed un-
steady gait at age 14. She was the product of a normal pregnancy and
delivery, and had average intellect, completing a high school education.
At age 37 she had a moderately severe wide-based ataxic gait with pos-
itive Romberg andwas noted to have vertical and horizontal nystagmus
and ocular apraxia. She had moderate, but comprehensible, dysarthria.
Mild dysmetria was present in the upper extremities bilaterally. Deep
tendon reflexes were absent in the upper extremities, with preserved
2+ patellar reflexes and mute plantar responses. She had mildly de-
creased sensation to vibration, sensation to light touch and joint posi-
tion in the lower extremities, and moderately high arches were noted
in her feet. She was initially diagnosed with a familial spinocerebellar
ataxia. Progression of ataxia led to wheelchair use by age 48 and she be-
came wheelchair bound by age 57. An MRI of the brain at age 59 re-
vealed severe bilateral diffuse cerebellar atrophy.

At age 45, patient II-2 had an electro-nystagmogram that was
interpreted as consistent with central origin vestibular abnormalities.
Both left and right directional gaze nystagmus were present with eyes
open and positional nystagmus was present with eyes closed. Caloric
studies revealed an initial appropriate response to both cold and hot
water in both ears, followed by direction reversal nystagmus.

Family history revealed a brother with ataxia (see below), with no
known consanguinity in the parents (Fig. 3). She was initially tested
for Friedrich's ataxia, which revealed two normal GAA repeat lengths
in FRDA. Genetic testing for spinocerebellar ataxias 1, 2, 3, 6 and 7, and
POLG1 was normal. Her vitamin E level was within normal limits. AFP
level was elevated at 70.5 ng/mL. Given an absence of telangiectasias
on exam, SETX was sequenced and analyzed using the UCSC genome
browser (http://genome.ucsc.edu), revealing mutations in both copies
of SETX (Fig. 4). The first mutation is a 3 bp deletion at nucleotide posi-
tions 343 to 345 of CTT in exon 4, which is a known disease-associated
mutation for AOA2. The second mutation is a missense mutation
T1398G resulting in amino acid change isoleucine466methionine in
exon 10, a previously unreported mutation, but predicted to be patho-
logic by SIFT and PolyPhen-2.1.0 (HumVar).

At age 71, patient II-2 endorsed stable symptoms for the past decade
and was living independently. Her most recent neurologic exam at age
71 found full extra-ocular eye movements with horizontal nystagmus
with lateral gaze. She had hypermetric saccades but no oculomotor
apraxia or vertical nystagmus. Fasciculations were noted in the lower
eyelids. She had mild dysarthria and scanning speech, which remained
comprehensible. Her peripheral neuropathy slowly progressed and
was worse distally than proximally. There was severe wasting of the
intrinsic muscles of the hands bilaterally, and she had bilateral foot
drop. Sensation to light touch was absent in the feet, and pinprick sen-
sationwas decreased distally in the lower legs in a stocking distribution.
Vibration sense was absent distally in the upper and lower extremities,
affecting the legs greater than the arms. Joint position was absent in the
toes. Her ataxia slowly progressed, with severe symmetric dysmetria in
the upper and lower extremities. Deep tendon reflexes were absent
throughout, with normal tone. Plantar reflexes were mute to stimula-
tion. Skin exam did not reveal any telangiectasias. She was fully orient-
ed, had intact memory and was able to carry on a reasonable and
appropriate conversation, but no formal neuropsychological testing
was available.

http://genome.ucsc.edu
http://genome.ucsc.edu
http://genome.ucsc.edu
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Fig. 2. Cerebellar pathology in variant AT. A) Gross photograph of fresh brain reveals marked cerebellar atrophy (arrow)with no evidence of cortical atrophy or other abnormalities. B–C)
Photomicrographs at intermediatemagnification (200×) of calbindin immunohistochemistry (which specifically labels Purkinje neurons) demonstratemoderate loss of Purkinje neurons
in some areas (B) and severe loss in others (C). D) High magnification photomicrographs of Bielschowsky silver stained sections of cerebellar cortex reveals the presence of scattered
“empty baskets” indicating Purkinje neuron dropout.
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Patient II-1 is a 76 year old Caucasian male and the older sibling of
patient II-2 (Fig. 3). He has had similar butmore severe symptoms com-
pared to his sister. His onset of gait ataxia was at age 5. He dropped out
of high school due to his disability from gait abnormalities. He was
admitted to the neurology service at King County Hospital — Seattle
(nowHarborviewMedical Center) in June 1958 at age 23 for neurologic
workup of his gait abnormalities. Hewas noted at the time to have nys-
tagmus at rest, which was exacerbated by lateral and up gaze. He was
noted to have normal intellect. He had a wide-based stance and ataxic
gait, and significant ataxia with gross and fine movements of the
upper extremities. His deep tendon reflexes were absent throughout,
I
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Fig. 3. Pedigree of AOA2 siblings. Shaded circle or square indicates an individual with
ataxia.
and plantar responseswere equivocal. Hewas dischargedwith thediag-
nosis of spinocerebellar degeneration.

Patient II-1 had a slowly progressive course. He became wheelchair
bound at age 48 and retired at age 50. He was noted to have atrophy
of the intrinsic hand muscles and weak grip at age 62. He continued to
drive until his early 60s andwas able to transferwithout assistance. Cur-
rently at age 76, he lives in an assisted living facility where he requires
one-person assistance for all transfers and activities of daily living ex-
cept for eating, which he is able to do independently with adaptive
utensils. On his most recent neurologic exam at age 75, he had severe
bilateral foot drop and handweaknesswith severe atrophy of the intrin-
sic muscles of the hands. He did not have truncal ataxia. He had severe
dysmetria of the upper and lower extremities. He had no difficulty
swallowing and no evidence of tongue atrophy. His eye movements
were full with horizontal nystagmus. He had hypometric saccades and
saccadic intrusions with lateral gaze pursuit. His speech was mildly
Putative protein 
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Helicase 
domain

(aa 1931-2456)
NLS
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Fig. 4. A novel missense mutation and known deleterious microdeletion in SETX causing
AOA2. A 3 bp deletion was found at nucleotide positions 343 to 345 of CTT in exon 4,
which is a known disease-associated mutation for AOA2. A second missense mutation
T1398G was found, resulting in amino acid change I466M in exon 10, a previously
unreported mutation. Both mutations are located within the putative protein interaction
domain near the N-terminus of the SETX.
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dysarthric, which he believed was unchanged since his mid-30s. Sensa-
tion to pinprick and sensation to vibration and joint position were ab-
sent in the feet but present at the knees. Deep tendon reflexes
remained absent throughout, with normal tone and equivocal response
to plantar stimulation. He did not have any cognitive impairment that
interfered with his daily social activities. He had good language fluency
and followed commands without difficulty. He was oriented to person,
place and time, could name recent presidents and perform simple arith-
metic tasks. He had no difficulty with naming or repetition, could spell
“world” forward and backward, and had intact short-term memory.
Writing or drawing tasks could not be completed due to his ataxia and
neuropathy.

He developed heart failure at age 74, which is now controlled on
minimal antihypertensive medication. He is also on low dose aspirin
and a statin for secondary prevention of cardiac disease.

Patient II-1 was found to have the same compound heterozygous
mutations in the SETX gene as his sister. DNA from I-1, the mother of
the siblings, was found to be heterozygous for the 3 bp deletion but
not the missense mutation.

These siblings also had a sister who died at the age of 8 months of
pneumonia, and identical twin sisters who both died of lung cancer in
their late 60s, with no history of ataxia or neuropathy (Fig. 3). Their
mother, who is of Italian descent, had a normal neurologic exam docu-
mented at age 62, with intact deep tendon reflexes, no foot deformities,
no nystagmus or dysarthria, and no dysmetria. She died at age 91 of
stomach cancer. The father, whose family was from the British Isles,
was not available. There is no history of ataxia on thematernal or pater-
nal side (Table 1).

4. Discussion

We have identified novel variants in ATM and senataxin associated
with longer survival in AT and AOA2, respectively. In addition, our
patient with variant AT developed a malignancy that is unusual for AT
patients.Most AT patients develop hematologicmalignancies and respi-
ratory failure, often dying by the second or third decade of life. We are
aware of only one other variant AT patient with longer longevity of
51 years, who died from a hematologic malignancy [7]. Pancreatic ade-
nocarcinoma has not been reported in variant AT to date.

Patient I hadmultiple cerebellar signs in early childhood— gait atax-
ia, nystagmus, dysarthria and dysmetria, consistent with classic AT.
However, this patient also had clinical findings suggestive of variant
Table 1
Comparison of clinical features of AOA2 and AT patients with prolonged survival.

I (AT) II-1 (AOA2) II-2 (AOA2)

Ataxia onset Noted by age 2 Noted by age 5 Noted by age 14
Wheelchair
bound

Age 11 Age 48 Age 57

Sensorimotor
neuropathy

Yes Yes Yes

Oculomotor
apraxia

No No Yes

Nystagmus Yes, lateral Yes, horizontal
and lateral

Yes, horizontal
and lateral

Dysarthria Yes Yes Yes
Cerebellar
atrophy

Age 38, MRI brain
with midline
cerebellar atrophy

Not obtained Age 59, MRI brain
with marked
cerebellar atrophy

Elevated AFP 509.9 ng/mL at age 45,
repeat 434.6 ng/mL

Not obtained 70.5 ng/mL at age 70

Cognition Low normal as a child,
not demented in
adulthood

Normal intellect Normal intellect

Lifespan Diagnosed with
pancreatic cancer, died
5 months after
diagnosis at age 48

Currently alive
at age 76, with
well-controlled
heart failure

Currently alive and
well at age 73
AT: choreoathetosis early in disease course, atypical longevity, atypical
solid tumor malignancy, and absence of telangiectasias. It is possible
that our patientmay have expressed some ATM protein with functional
kinase activity, as onemutation is a missensemutation that may still be
translated, with no mutations present in the catalytic domain. This
would further support the diagnosis of variant rather than classic AT,
as a recent study found that classic AT was associated with absence or
severe reduction in ATM protein and kinase activity, while variant
AT patients with increased longevity were associated with residual
presence of ATM protein and ATM kinase activity and developed pre-
dominantly solid tumors rather than hematologic malignancies [7]. Un-
fortunately, lymphocytic cell lines derived from our patient were not
available to measure ATM kinase activity.

We describe two siblings with AOA2 with compound heterozygous
mutations in senataxin, one of which is a previously unreported
missense mutation. The missense mutation T1398G resulting in amino
acid change isoleucine466methionine is most likely pathologic, as it
segregates with the two siblings with symptoms consistent with
AOA2, and is not present in the asymptomaticmother, who is heterozy-
gous for the 3 bp deletion c.343–345, a knowndisease-associatedmuta-
tion. Both of these mutations are located in the N-terminus of SETX,
rather than the helical domain. The function of the N-terminus of
SETX remains unclear, but is conserved in yeast and vertebrates, and is
predicted to include a protein interaction domain [11]. SETX is
expressed widely in neurons in the mouse brain, with highest levels in
the cerebellum and hippocampus [11]. Loss of function of SETX in
human cell lines results in transcription termination and disrupted
mRNA processing [13,16]. Work by De Amicis et.al. demonstrated that
leukocyte cell lines from AOA2 patients with absent expression of
SETX did not have increased sensitivity to induction of chromosomal
aberrations. However, a fraction of SETX was found to localize to
telomeric sequences, and leukocyte cell lines from AOA2 patients had
shorter telomeres compared to age-matched wild type cell lines,
suggesting that SETX may be involved in telomere stability via RNA
transcription and chromatin compaction [12]. Recent work using the
yeast homologue Sen1 and human SETX in cell culture demonstrated
an important role for Sen1 in preventing stalling of replication forks at
genomic sites where DNA–RNA hybrids (R-loops) form when replica-
tion collides head on with transcription [17,18]. Prolonged R-loops
were found to recruit double-strandedbreak repair proteins, likely lead-
ing to increased risk of deletions, mutations and rearrangements [18].
Similar findings in the setting of meiotic recombination during sper-
matogenesis were found in SETX mutant male mice, where accumula-
tion of R-loops in the absence of SETX was associated with unrepaired
double-stranded breaks formed during meiotic recombination [19].
The unrepaired double-stranded breaks during meiosis led to arrest of
spermatogenesis and apoptosis [19]. In addition, SETX was found to
have a necessary role in meiotic sex chromosome inactivation. These
findings suggest that the pathology of AOA2 may be due to increased
genomic instability, however it remains unclear how SETX functions
in the nervous system, as neurons are not thought to undergo active
DNA replication or recombination in adults. These results also suggest
that genomic areas where transcription is more difficult, such as telo-
meres and repetitive sequences, may be more susceptible to genomic
instability, particularly in the absence of SETX, and could explain why
SETX was found to localize to telomeres [17,18].

AT and AOA2 have several clinical features in common, including
ataxia, oculomotor apraxia, and severe sensorimotor neuropathy. AFP
level is elevated in both diseases and can be used as a screening test
when either of these hereditary recessive ataxias are clinically suspected.
ATM has been implicated in multiple cell functions overlapping with
SETX, including genomic instability, although the two genes have not
been found to interact directly. Accelerated shortening of telomeres in
lymphocytes from AT patients has been also observed [20]. In addition
to the recruitment and activation of ATM in response to double stranded
DNA breaks, recent work suggests that unstable telomeres also recruit
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ATM in a separate pathway, activating the G2/M cell cycle checkpoint
and preventing progression to mitosis [21]. Cell lines from both
AOA2 and AT patients demonstrate increased sensitivity to oxidative
stress, although unlike in AT, AOA2 cells are not sensitive to oxidi-
zing radiation [22]. Recent work has suggested that ATM may play
a role in sensing reactive oxygen species independently of the DNA
damage response pathway [19]. Current research is revealing com-
plex, multifaceted roles for ATM and SETX in maintaining cell ho-
meostasis and DNA integrity. Further understanding of the functions
of these genes in the nervous systemcan hopefully elucidate the disease
mechanisms underlying ataxia.

Our reported patients with AOA2 are unique in that they have been
followed longitudinally for over 60 years. Interestingly, despite having
the same mutations in SETX, patient II-1 had a more severe phenotype
compared to his sibling, patient II-2, with earlier onset of ataxia, and
more severe debilitation. Oculomotor abnormalities seemed to improve
in both patients in later age. In addition, both siblings have not devel-
oped any cognitive impairment that has interferedwith social function-
ing, although formal neuropsychiatric testing could not be obtained.
Neuropsychiatric testing of a single AOA2 patient suggested that deficits
in executive function, working memory and implicit sequence learning
could be part of a cerebellar cognitive process in AOA2 [23]. Recent stud-
ies suggest that the cerebellum may have more influence on cognition
than previously thought, and it would be interesting to investigate
this further in a larger cohort of AOA2 patients with cerebellar degener-
ation and extended longevity [24,25]. Both of our AOA2 patients dem-
onstrate the slowly progressive ataxia and neuropathy as reported in
other AOA2 patients, through the 8th decade of life, but contrary to
AT, do not appear to have significant life-shortening complications
that would suggest decreased life expectancy with AOA2. As more indi-
viduals are identified to have genetic mutations in SETX and ATM, our
understanding of the phenotypic spectrum in these autosomal recessive
ataxias broadens and will help to elucidate the role of SETX and ATM in
the nervous system.
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