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Abstract Episodic ataxia is an autosomal dominant ion
channel disorder characterized by paroxysmal attacks of
incoordination. Episodic ataxia type 2 (EA2) is caused by
mutations in CACNA1A. EA2 mutations are mostly
nonsense and sometimes missense mutations. However, in
some typical EA2 families, CACNA1A sequencing does
not detect any point mutation. Herein, we have designed a
quantitative multiplex polymerase chain reaction of short
fluorescent fragment test to screen the 50 exons of
CACNA1A and investigated 27 probands referred for
molecular diagnosis of EA2 who did not show any point
mutation in CACNA1A. We have identified four different
exonic deletions in four patients with a typical EA2
phenotype. These results establish the need to complete
sequencing analysis by a screening for deletions to ensure
an accurate molecular diagnosis of EA2.
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Introduction

Episodic ataxia type 2 (EA2 [MIM 108500]) is an
autosomal dominant neurological disorder, characterized
by early onset recurrent attacks of incoordination lasting
hours to days with interictal eye movement abnormalities.
These attacks are often triggered by fatigue or emotional
stress and are most often responsive to acetazolamide [1].
EA2 is caused by mutations in CACNA1A [2]. CACNA1A
[MIM 601011] encodes the CaV2.1 subunit, which is the
pore-forming and voltage-sensing subunit of a neuronal
P/Q type calcium channel expressed throughout the CNS
but most abundant in the cerebellum [3]. EA2 has been
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shown to be associated most often with nonsense and
sometimes with missense mutations within CACNA1A.
More than 40 different point mutations have been published
[1, 4, 5]. However, in some typical EA2 families,
CACNA1A screening does not detect any point mutation
[4–7]. The loss of function nature of nonsense mutations
suggest that deletions may be involved in this disease. We
have recently described the first EA2 family with a large
deletion in CACNA1A gene [8]. Herein, we report four
different novel deletions of CACNA1A in 4 EA2 probands.

Materials and methods

Study subjects

The study included 27 patients referred for molecular
diagnosis of EA2. They all presented several bouts of
ataxia or vertigo, consistent with the diagnosis of paroxys-
mal ataxia. Blood samples had been collected after
obtaining written informed consent. Sequencing of the 50
exons of CACNA1A had been previously performed and
did not detect any point mutation.

QMPSF conditions

The quantitative multiplex polymerase chain reaction (PCR)
of short fluorescent fragments (QMPSF) method is described
in detail elsewhere [9]. Oligonucleotide primer pairs for
amplification of short fluorescent fragments corresponding to
CACNA1A exons were designed using the Primer Premier 5
Software (Primer Biosoft International, Palo Alto, CA,
USA). Six multiplex PCRs were set up to check the copy
number of the 50 exons of CACNA1A. All forward primers
were 5′-labeled with the 6-FAM fluorochrome. Each
multiplex PCR set contained a control primer set that
amplified a short sequence of HMBS (hydroxymethylbilane
synthase gene), not involved in EA2. (Primer sequences are
available on request.) Amplicon sizes ranged between 120

and 250 bp. All DNA samples were re-extracted using the
QIAamp DNA blood mini kit (Qiagen Hilden, Germany).
Reactions were done as described previously [10].

PCR products were separated by capillary electrophoresis
on an ABI 3130 Genetic Analyser (Applied Biosystems
Foster City, USA). Quantification of the area of peaks
corresponding to the tested exons and to the internal HMBS
control was determined using GeneMapper analysis software
version 4.0 (Applied Biosystems). The copy number of each
tested exon was expressed as the following ratio: (area of the
peak corresponding to a tested exon for the patient/area of
the peak corresponding to HMBS for the patient)/(area of the
peak corresponding to a tested exon for the control DNA/
area of the peak corresponding to HMBS for the control
DNA). Calculation of ratios was done by the software. A
ratio close to 1 is obtained when two copies of the exon are
present and a ratio close to 0.5 when only one copy of the
tested exon is present (hemizygous DNA).

Long-range PCR and sequencing

Long-range PCR amplifications was performed with the
TripleMaster® PCR System (Eppendorf AG—Hamburg,
Germany) according to the manufacturer recommendations.
Sequencing was performed using standard protocols, on an
ABI 3130 DNA analyser (Applied Biosystems).

Results

The 27 DNA samples underwent QMPSF analysis. Four
patients presented a ratio close to 0.5 for one or several
exons, consistent with an exonic deletion. Ratios were close
to 1 for the 50 exons of the 23 remaining patients.

Clinical data of the four probands with a deletion

Pedigrees and clinical data of the four deleted probands and
their available relatives are summarized in Fig. 1 and

Family 1 
deletion ex 38-40 

Family 3 
deletion ex 30

Family 2 
deletion ex 7-10 

Family 4 
deletion ex 6 

?

? ?
??

+/del +/del 

+/del

+/del +/del 

+/del 

? ?

Fig. 1 Pedigrees of the four probands with a CACNA1A deletion:
circle females, squares males, arrows probands, filled symbols
episodic ataxia affected, empty symbols clinically healthy, striped

neurological symptoms of unknown significance, question marks no
information available, crossed deceased, ⊥ DNA available, +/del
heterozygous deletion
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Table 1. Briefly, all four probands showed typical episodic
ataxia episodes. Age of onset ranged between 2 and
19 years old; acetazolamide was effective in all of them.
Two of the probands (1 and 3) had at least one relative
affected with the same symptoms. One (proband 2) was a
sporadic case. His parents were aged over 60 and never had
any clinical manifestation; their DNA was not available.
The last one (proband 4) did not had relatives with typical
EA2, but his mother had presented atypical clinical
symptoms, including bilateral hypoacusia, rotatory vertigo
episodes, and tinnitus. Clinical examination showed a mild
nystagmus. She had epilepsy and learning disabilities
during childhood.

Molecular data

Ratios obtained by QMPSF analysis for patient 1 were
close to 0.5 for exons 38, 39, and 40 and were close to 1 for
the other exons. Long-range PCR was performed to
determine the size and breakpoints of the deletion and
sequence analysis of a fragment spanning the deleted region
revealed that the deletion was 12,143 bp in size. The
deletion IVS37_IVS40 removes 1,151 bp of intron 37
adjacent to exon 38, all of exon 38 to exon 40, and 452 bp
of intron 40 adjacent to exon 40 (Fig. 2a). The same
deletion was detected in his mother. The open-reading
frame should be maintained after the deletion since the
cumulated size of the deleted exons is 315 bp (105 codons).

Ratios obtained by QMPSF analysis for patient 2 were
close to 0.5 for exons 7, 8, 9, and 10 and were close to 1 for the
other exons. Long-range PCR and sequence analysis revealed
that the deletion was 11,276 bp in size. The deletion,
IVS6_IVS10 removes 2,453 bp of intron 6 adjacent to exon
7, all of exon 7 to exon 10, and 3,157 bp of intron 10 adjacent
to exon 10 (Fig. 2b). The deletion should lead to a frameshift
and a premature stop codon.

Ratios obtained by QMPSF analysis for patient 3 were
close to 0.5 for exons 30 and were close to 1 for all other
exons. Long-range PCR and sequencing revealed that the
deletion size was 4,041 bp. The deletion, IVS29_IVS30,
removes 1,545 bp of intron 29 adjacent to exon 30, exon
30, and 2,385 bp of intron 30 adjacent to exon 30. DNA
repair was accompanied by an insertion of 22 bp where the
DNA breakpoints rejoined (Fig. 2c). As patient 1, the open-
reading frame is conserved after the deletion, the size of
exon 30 being 111 bp (37 codons).

Ratios obtained by QMPSF analysis for patient 4 were
close to 0.5 for exons 6 and close to 1 for the other exons.
Long-range PCR and sequencing revealed that the deletion
size was 17,583 bp. The deletion, IVS5_IVS6, removes
2,649 bp of intron 5 adjacent to exon 6, exon 6, and
14,740 bp of intron 6 adjacent to exon 6 (Fig. 2c). The
deletion should lead to a frame shift and a premature stop T

ab
le

1
C
lin

ic
al

an
d
ge
ne
tic

da
ta

of
th
e
pa
tie
nt
s
w
ith

m
ut
at
io
ns

F
am

ily
P
at
ie
nt

A
ge
/a
ge

at
on

se
t

E
pi
so
di
c
fe
at
ur
es

D
ur
at
io
n

In
te
ri
ct
al

si
gn

s
R
es
po

ns
e
to

ac
et
az
ol
am

id
e

M
R
I

O
th
er

D
el
et
io
n

1
P
ro
ba
nd

41
/1
9

A
ta
xi
a,

in
te
rm

itt
en
t

di
pl
op

ia
,
se
ve
re

he
ad
ac
he
s

1
h

P
er
m
an
en
t
ce
re
be
lla
r

sy
m
pt
om

s,
m
ul
tid

ir
ec
tio

na
l

ny
st
ag
m
us

P
ar
tia
l

C
er
eb
el
la
r

at
ro
ph

y
D
el
et
io
n
of

ex
on

s
38
–3

9–
40

1
M
ot
he
r

72
/5
5

A
ta
xi
a,

he
ad
ac
he
s

1–
2

h
N
ys
ta
gm

us
?

?
D
el
et
io
n
of

ex
on

s
38
–3

9–
40

2
P
ro
ba
nd

36
/2

A
ta
xi
a,

na
us
ea
,
he
ad
ac
he
s,

dy
sa
rt
hr
ia
,
ny

st
ag
m
us

1–
2

h
N
or
m
al

G
oo

d
N
or
m
al

D
el
et
io
n
of

ex
on

s
7–
8–

9–
10

3
P
ro
ba
nd

33
/7

A
ta
xi
a,

he
ad
ac
he
s,
vo

m
iti
ng

,
dy

sa
rt
hr
ia
,
bl
ur
re
d
vi
si
on

2–
3

h
N
or
m
al

G
oo

d
S
up

er
io
r
ve
rm

is
at
ro
ph

y
D
el
et
io
n
of

ex
on

30

4
P
ro
ba
nd

26
/1
0

A
ta
xi
a,

in
te
ns
e
he
ad
ac
he
,

vo
m
iti
ng

,
ro
ta
to
ry

ve
rt
ig
o

10
m
in

to
se
ve
ra
l
ho

ur
s

N
ys
ta
gm

us
,
pe
rs
is
te
nt

ce
re
be
lla
r
sy
nd

ro
m
e,

je
rk
y
oc
ul
ar

pu
rs
ui
t

G
oo

d
N
or
m
al

E
pi
le
ps
y
in

ch
ild

ho
od

,
IQ

=
88

D
el
et
io
n
of

ex
on

6

4
M
ot
he
r

66
/3
5

R
ot
at
or
y
ve
rt
ig
o

S
ev
er
al

ho
ur
s

M
ild

ny
st
ag
m
us

?
?

E
pi
le
ps
y
in

ch
ild

ho
od

,
la
ng

ua
ge

de
la
y,

tin
ni
tu
s,
hy

po
ac
us
ia

D
el
et
io
n
of

ex
on

6

Neurogenetics (2010) 11:101–106 103



codon. The same deletion was present in his mother. These
four deletions were absent in 102 control individuals.

To determine if these deletions arose from a common
mechanism, analysis of the sequence around both breakpoints
of each deletion was performed to search for homologies and
repeated domains with the RepeatMasker Software (Institute
for System Biology, Seattle, WA, USA; Fig. 3). The proximal

breakpoint of patient 1 was located within a FLAM-C
sequence (chr19: 13197804-13197678) and the distal break-
point within an Alu repeat (chr19: 13785799-13185487). The
proximal breakpoint for patient 2 was not located in a
repeated sequence, but the distal breakpoint was located
within an Alu sequence (ch 19: 13298994-13298710).
Patient 3′ proximal breakpoint was located within an Alu

Fig. 2 Breakpoints of the deletions: a the deletion identified in patient
1 begins after the 5,628th nucleotide of IVS37, removes 1,151 bp of
IVS37 adjacent to exon 38, all of exon 38 to exon 40, and 452 bp of
IVS40 adjacent to exon 40. b Deletion identified in patient 2 begins
after the 21,243rd nucleotide of IVS6, removes 2,453 bp of IVS6
adjacent to exon 7, all exons 7 to 10, and 3,157 bp of IVS10 adjacent
to exon 10. c Deletion identified in patient 3 begins after the 448th

nucleotide of IVS29, removes 1,545 bp of IVS29 adjacent to exon 30,
exon 30, and 2,385 bp of IVS30 adjacent to exon 30. DNA repair was
accompanied by an insertion of 22 bp where the DNA breakpoints
rejoined. d Deletion identified in patient 4 begins after the 5,517th
nucleotide of IVS5, removes 2,649 bp of IVS5 adjacent to exon 6,
exon 6 and 14,740 bp of IVS6 adjacent to exon 6

IVS 37 GCGTGGTGGCTCATGCCTGTAATCCTAGTGCTTTGGGAGGCTGAGACGGGAGGATCACTTGAGCCCAGTTCGAGACTAGC
 :::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: ::  :   : :
Patient 1 GCGTGGTGGCTCATGCCTGTAATCCTAGTGCTTTGGGAGGCTGAGACGGGAGGATCACTTGAACCTGGGAGGTGGAGGTT
   :::: : :     :::::  ::: ::    ::::::::::::: : :::: :::::::::::::::::::::::::::
IVS 40 ATGTGGCGCCATGCACCTGTGGTCCCAGCTACTTGGGAGGCTGAGGCAGGAGAATCACTTGAACCTGGGAGGTGGAGGTT

IVS 6 TGTAGTGATCTTGGATCAGTAACTATCCAAGAATTACTGGGTGTTGGCAAAGGTACATACAGTTATACACTGCACAATGG
      ::::::::::::::::::::::::::::::::::::::::::::::::::::: :          :    : : ::
Patient 2   TGTAGTGATCTTGGATCAGTAACTATCCAAGAATTACTGGGTGTTGGCAAAGGCAACATAGTGAGACCCTGTCTCTATCA
       : ::      :::     :   :       :     : ::  ::::::::::::::::::::::::::::::
IVS 10 GGAAGCTGAGGTGGGAGGATCGTTTGAGGTCAGGAGTTTCAGACCAGCCTAGGCAACATAGTGAGACCCTGTCTCTATCA

IVS 29   ATTAATGAAATGAGGGGGCTGGGCGCGGTGGCTCATGCCTGTAATCCCAGAACTTTGGGAGGCCGAGGCGGGCGGATCAC
 :::::::::::::::::::::::::::::::        :  : ::            : :  ::  :         ::
Patient 3  ATTAATGAAATGAGGGGGCTGGGCGCGGTGGTCAGGAATTCGAGACCAGCCTGGCCAACATGGTGAAACCCCATCTCTAC
     ::     :  :::: :: :::  : ::::: ::  :: :::::: ::: :::::::::::::::::::::::::::
IVS 30 TTTGGGAGACAGAGGTGGGTGGATCATGAGGTCAAGAGATCCAGACCACCCTTGCCAACATGGTGAAACCCCATCTCTAC

IVS 5 ATTGGCCGGGTGCAGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCCGAGGCAGGCGGATCAAAAGGTCAGGAGTT
 :::::::::::::::::::::::::::::::::::::::::::::::::::::::::   : ::::   :  :  : :
Patient 4 ATTGGCCGGGTGCAGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCCGAGGCACAAGAATCACTTGAACCTGGGAG
 ::: :: : : :  ::::  :  :::::::::::::::   :::::::::::::::::::::::::::::::::::::::
IVS 6 ATTAGCTGAGCGTGGTGGTGCGTGCCTGTAATCCCAGCTACTTGGGAGGCCGAGGCACAAGAATCACTTGAACCTGGGAG

Fig. 3 Sequence alignment at the breakpoints. Each mutated sequence
is aligned with the breakpoint corresponding sequences: introns 37
and 40 for patient 1, introns 6 and 10 for patient 2, introns 29 and 30
for patient 3, and introns 5 and 6 for patient 4. Boxed identical

nucleotides between the two intronic sequences at the breakpoints,
underlined the 22 bp insertion at the patient 3′ breakpoint. Alu
sequences are noted in blue
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sequence (chr19: 13226474-13226164), and the distal break-
point was within an Alu repeat (chr19: 13222509-
132222215). The insertion of 22 bp at the breakpoint
corresponds to an Alu sequence. Patient 4 had a proximal
breakpoint and a distal breakpoint within two Alu sequences
(respectively, chr19: 13334010-13334316 and chr19:
13316589-13316872). Homology between the two sequen-
ces on both sides of the deletion (on the 30 last bases before
the recombination site) was 90% for patients 1 and 4 and
lower for patients 2 and 3 (respectively, 26% and 50%).

Discussion

We performed a QMPSF analysis of CACNA1A in 27
probands referred for EA2 genetic testing and in whom no
point mutation had been identified by sequencing. This
analysis allowed the detection of four different rearrange-
ments in four probands, two deletions of a single exon, one
deletion of three exons, and one of four exons. The four
probands had a typical EA2 phenotype. Three cases were
familial (patients 1, 3, and 4), and one case was clinically
sporadic (patient 2).

Two of the deletions are predicted to lead to a frameshift
and a premature stop codon (patients 2 and 4). The
consequence of these two mutations is identical to those
of previously reported premature stop codons observed in
EA2 families, the deleted alleles should lead either to a
shorter protein or an absence of protein due to mRNA
decay. The other two are predicted to be in frame deletions.
The consequences of these deletions cannot be firmly
established because neither the mRNA nor the protein
encoded by this gene is available for study. Two hypotheses
may at least be raised. Although in frame, these deletions
may lead to an absence of the mutated protein at the cell
membrane through protein instability or misrouting, the
consequences would then be similar to classical loss of
function mutations. Alternatively, these two in-frame
deletions might lead to shorter Cav2.1 proteins expressed
at the cell surface. Exon 30 (deleted in patient 3) encodes
the major part of segment IV-S2 and the loop between IV-
S1 and IV-S2. The absence of this exon will alter the
structure of the fourth domain and should affect the correct
assembly of the protein in the membrane. The other in-
frame deletion (deletion of exons 38–39–40 found in family
1) removes 105 amino acids in the proximal half
of the cytoplasmic C-terminal tail of the protein (p.
Arg1877_Gln1981). This region contains the IQ domain
implicated in Cav2.1 regulation that is essential for channel
function, in particular Ca2+-dependant facilitation and
inactivation [11, 12].

Deletions seem to be highly heterogeneous both in their
location and size (4.0 to 17.5 kb); however, the breakpoints

are mostly located in Alu elements. Alu elements are the
most abundant class of interspersed repeat sequences,
covering 5–10% of the genome and occurring on average
once every 4 kb [13]. Alu repeats are known to favor
recombination events, either by homologous or nonhomol-
ogous recombination. Alu sequences have been implicated
in many diseases, including cancers [14, 15]. In CAC-
NA1A, they are over-represented as compared to the
average in the human genome, corresponding to 29.2% of
the gene sequence (327 Alu sequences). So, in EA2,
recombination events in CACNA1A might be favored by
the high number of Alu elements.

To summarize, we have identified a causative deletion
within CACNA1A in four of 27 (14%) patients referred for
molecular testing and in whom no point mutation was
identified. These results emphasize the need to complete
sequencing analysis by screening for deletions to increase
the sensitivity of molecular test. However, we did not detect
a point mutation nor a deletion in the remaining 23 patients,
suggesting the existence of mutations located in the intronic
or regulatory regions of the gene, or genetic heterogeneity
since other types of episodic ataxia had been reported that
can be clinically similar to type 2 [16].
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