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Abstract

Spinocerebellar ataxia 37 (SCA37) is caused by an (ATTTC), insertion in a polymorphic ATTTT repeat in the non-coding
region of DABI. The non-pathogenic alleles have a configuration [(ATTTT);_40], Whereas pathogenic alleles have a
complex structure of [(ATTTT)gy_79(ATTTC)31_75(ATTTT)s5_99]. Molecular diagnosis of SCA37 is laborious because about
7% of the pentanucleotide repeat alleles in DABI are larger than 30 units and, thus, fail to amplify with standard PCR
conditions, resulting in apparently homoallelism or in complete lack of PCR amplification in several cases. The molecular
test currently available requires long-range PCR and sequencing analysis for the detection and characterization of these large
alleles. We developed a simple assay capable of rapidly detecting the presence or absence of large pentanucleotide repeat
sizes. This assay is based on repeat-primed PCR followed by high-throughput capillary electrophoresis. Combining the
standard PCR with RP-PCR allows completion of the diagnosis in more than 80% of individuals, minimizing the number of
samples that require long-range PCR followed by Sanger sequencing analysis. This assay meets many of the requirements

for pre-screening of large cohorts of affected individuals.

Introduction

A large number of neurological and neuromuscular diseases
are caused by unstable repetitive tracts in coding or non-
coding gene regions [1-3]. These include the expansion of
trinucleotide repeats in coding regions, the most common
being CAG repeats that encode toxic polyglutamine
proteins [4, 5]. Tri-, tetra-, penta-, and hexanucleotide
repeats in non-coding gene regions, however, are also
responsible for many of these disorders [6—11]. In two of
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the unstable repeat diseases, spinocerebellar ataxia type 31
(SCA31) and SCA37, there is a pentanucleotide repeat
insertion in another polymorphic pentanucleotide repeat,
which is a challenge for routine diagnostic testing [12, 13].
This is further complicated by the existence of very large
non-pathogenic alleles comprised of pentanucleotide
repeats [13, 14].

In SCA37, there is an (ATTTC), insertion in the middle
of a polymorphic ATTTT repeat in the 5'UTR region of
DABI (DABI, reelin adaptor protein) [13]. The non-
pathogenic alleles have ATTTT repeats that can vary from 7
to 400 units and never contain ATTTC. Standard PCR
amplification of the pentanucleotide repeat in DABI can
easily detect alleles shorter than 30 units [13]; however,
amplification of larger alleles is technically challenging and
requires long-range PCR [13]. By standard PCR, finding
only one band of potentially two normal alleles of the same
size (homoallelism) is not conclusive because there is the
possibility of preferential amplification of the shorter allele
in the presence of a large allele that is not amplified. As the
molecular diagnosis relies on the presence of the ATTTC
insertion and since 7% of non-pathological alleles are larger
than 30 ATTTTs [13], long-range PCR and sequencing
analysis are frequently required.
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To facilitate screening of large cohorts of patients with
SCA, there is a need for simple and inexpensive tests with
high sensitivity and specificity. Expanded alleles in several
of the SCAs and in fragile-X syndrome can be detected
using a fluorescent repeat-primed PCR assay [15, 16]. In
SCA37, the (ATTTC), insertion has been successfully
detected by a similar repeat-primed PCR adapted to the
specificity of the pentanucleotide repeat insertion [13].
DNA samples with detected ATTTC repeat insertions are,
then, amplified by long-range PCR followed by sequencing
analysis of the products obtained. This method is adequate
for repeat insertions flanked by ATTTT stretches of ~100
units; however, for much larger ATTTT flanking repeats the
ladder of peaks obtained would fall out of the electro-
pherogram detection.

For screening purposes, this limitation of the ATTTC
RP-PCR negatively affects the sensitivity of the test. To
overcome this problem, we have developed an ATTTT RP-
PCR that allows detection of pentanucleotide repeat alleles
in DABI larger than 30 units. With this screening method
both normal alleles larger than 30 ATTTTs and alleles with
the ATTTC repeat insertion flanked by ATTTTs are
detected. The final step is always sequencing analysis of the
products of long-range PCR to identify alleles with the
ATTTC repeat insertion.

Subjects and methods
DNA samples from affected individuals and controls

This study used the de-identified, previously collected,
DNA samples of affected individuals with SCA37 as well
as anonymized DNA samples from control individuals; they
were described in a previous study [13].

Repeat-primed PCR for the ATTTT repeat

The pentanucleotide repeat sequence in DABI was amplified
by ATTTT RP-PCR with primers 24F (6-FAM-5-GAAG
TGGTCCTCCCAAGTCA-3"), FLAG (5'-TACGCATCC
CAGTTTGAGACG-3'), and RP-AATAA (5'-TACGCATC
CCAGTTTGAGACGAATAAAATAAAATAAAATAAA

ATAA-3’). The forward primer (24F) was a locus-specific
primer, while the RP-AATAA primer was an ATTTT-repeat
specific. The RP-AATAA primer had a DNA tail sequence
at the 5" end (absent in the human genome) and the reverse
primer FLAG had the 5’ tail sequence of the
RP-AATAA primer. PCR was performed with 100ng
genomic DNA, 1x HotStarTaq Master Mix (Qiagen), 0.8
UM primer 24F and primer FLAG, and 0.4 pM primer RP-
AATAA, in 12.5 yL. The initial RP-PCR step was at 95 °C
for 15 min and was followed by 40 cycles (94 °C for 1 min,

SPRINGER NATURE

54 °C for 1 min, and 72 °C for 2 min and 30s) and a final
extension of 10min at 72°C. RP-PCR products were
detected by capillary electrophoresis of 3 ul of RP-PCR
product mixed with 0.5 pl of GS500(-250)LIZ size standard
in Hi-Di"™ formamide (Applied Biosystems). Samples were
denatured at 95°C, for 5min, before loading onto an
ABI3730x]1 DNA Analyzer on a 36-cm capillary. Fragment
sizes were analyzed with GeneMapper v.4.0 (Applied
Biosystems).

Sequencing analysis

The long-range PCR [13] was performed in duplicate for
each sample with positive detection by ATTTT RP-PCR;
PCR products were separated by electrophoresis in a 1%
agarose gel. For each sample, each DNA and corresponding
duplicate band (of 0.9 kb or larger) were sliced from the gel
and the DNA was extracted together using the QIAquick gel
extraction kit (Qiagen) following the manufacturer instruc-
tions. The DNA was analyzed by Sanger sequencing.
Sequencing analysis in the forward orientation used 2 pL. of
DNA extracted from the duplicate bands together, 4 pL. of
BigDye terminator v.1.1 (Applied Biosystems), 0.5 x Big-
Dye sequencing buffer, 2.5pM of primer 24F
(5'-GAAGTGGTCCTCCCAAGTCA-3') in a final volume
of 20 ul. Sequencing analysis in the reverse orientation used
2 ul of DNA, 8 uL of BigDye terminator v.1.1, 0.5 x Big-
Dye sequencing buffer and 1.5uM of primer 24R4
(5'-GAGACCAGCCTGGGCAAC-3’) in a final volume of
20 ul. Sequencing reactions were performed, for both for-
ward and reverse orientations, with an initial denaturation of
Smin at 95°C followed by 50 cycles of 30s at
95°C, 10s at 56°C, and 4min at 60°C and a final
extension of 10 min at 60 °C.

Results
RP-PCR of pentanucleotide repeat alleles

Standard PCR analysis of the pentanucleotide repeat in
DABI resulted in the amplification of two, one or no alleles
in samples from affected or control individuals (Table 1);
this method could not amplify successfully alleles larger
than 30 repeats [13]. To detect pentanucleotide repeats larger
than 30 units in DAB/ for the screening of SCA37 in large
cohorts of individuals, we developed a simple ATTTT RP-
PCR (Fig. 1). After capillary electrophoresis and electro-
pherogram analysis, we observed that alleles larger than 30
repeats produced a ladder of multiple peaks 5-bp apart and
extending beyond the 250 bp, while this ladder ended below
250bp for alleles smaller than 30 repeats. Thus, we pre-
defined a cut-off value of 250 bp below which the test was
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Fig. 2 Sanger sequencing analysis of DABI pentanucleotide repeat
alleles. a Short (ATTTT)g allele and the repeat flanking region, pre-
viously amplified with standard PCR. b Electropherogram fragment of
an (ATTTT), allele with more than 30 repeat units, amplified using
long-range PCR. ¢ Electropherogram fragments of an allele with the

considered negative, indicating the absence of the SCA37
pentanucleotide repeat insertion. All the samples with long
non-pathogenic ATTTT tracts of 33-400 (17 samples) or
with the pathogenic repeat insertion (41 samples) showed an
ATTTT RP-PCR ladder extending beyond 250 bp.

Assay validation and specificity

One hundred and thirty seven samples previously analyzed
by sequence analysis [13] were tested to validate the
ATTTT RP-PCR assay. The samples showed full con-
cordance with previous results from sequencing analysis
(Table 1 and Fig. 2). All samples with a negative result by
ATTTT RP-PCR had pentanucleotide repeat alleles shorter
than 30, demonstrating the specificity of the assay (Fig. 1).

Discussion

Diagnostic testing for the ATTTC repeat insertion in DABI
that causes SCA37 requires amplification of a complex

repeat insertion from an affected individual with SCA37. Each frag-
ment shows repeat motifs that constitute the allele and are positioned
according to the structure [(ATTTT),(ATTTC),(ATTTT),]. The
arrows represent the continuation of the repeat stretch; the double red
lines represent the (ATTTC), insertion

(ATTTT)(ATTTC),(ATTTT), sequence of approximately
200 pentanucleotides and its sequencing analysis [13]. To
further complicate this test, non-pathogenic alleles may be
composed of >30 ATTTT repeats in 7% of the population
and, thus, not be amplified with standard PCR conditions,
showing complete lack of PCR product or displaying
apparent homoallelism [13]. With the current methods
available, this requires long-range PCR and sequencing of a
considerable number of samples that eventually show to be
negative for the pathogenic repeat insertion, resulting in a
laborious and costly screening assay. To facilitate the
diagnostic testing for SCA37, we developed a simple and
high-throughput ATTTT RP-PCR that allows a rapid
screening of samples.

In routine screening of large populations a simple and
inexpensive assay like this ATTTT RP-PCR is highly
valuable. We used our control population to assess the
highest effort needed in obtaining a conclusive molecular
diagnostic. Standard PCR analysis can easily detect penta-
nucleotide repeat alleles smaller than 30 in DABI, allowing
a conclusive diagnosis in 71% of the samples based on the

SPRINGER NATURE
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DNA sample
(peripheral blood)

l 96 samples

Standard PCR

68 samples / \ 28 samples

Two alleles One allele
71% Test completed
(ATTTT)n RP-PCR
1 samples/ V7 samples
<250bp 2250bp
Negative Positive
82% Test completed

Long-range PCR

l

Sanger sequencing
analysis

Fig. 3 Workflow for (ATTTC), insertion screening. This workflow
decreases the number of samples that require long-range PCR followed
by Sanger sequencing. First, it is performed a standard PCR, followed
by ATTTT RP-PCR in samples wherein only one allele is amplified.
The ATTTT RP-PCR distinguishes homoallelism from large allele
carriers. In samples with a positive result for the ATTTT RP-PCR
long-range PCR and Sanger sequencing are performed to assess the
size and composition of large alleles. In the control population studied,
71% of the samples required only standard PCR to complete the
negative diagnosis; standard PCR followed by ATTTT RP-PCR in
samples with one allele provided a conclusive negative result in 82%
of the total samples; the remaining 18% required long-range PCR
followed by Sanger sequencing

detection of both alleles (Fig. 3). Larger alleles, however,
are not successfully amplified by standard PCR conditions.
Therefore, in samples with apparent homoallelism ATTTT
RP-PCR proves advantageous by enabling a conclusive
negative result in a total of 82% of the samples. On the
other hand, this method allows detection of pathogenic
alleles with the configuration [(ATTTT)g_79(ATTTC)3,_75
(ATTTT)sg_90] despite the possibility of missing alleles with
very different configurations. Samples with a positive
ATTTT RP-PCR need to be amplified by long-range PCR
followed by sequencing analysis.

In conclusion, we suggest that the ATTTT RP-PCR can
be used as a rapid screening test in the diagnostic protocol
of SCA37 provided this is always followed by long-range
PCR amplification and sequencing analysis if a positive
ATTTT RP-PCR is detected.
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