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Abstract: Duchenne muscular dystrophy (DMD) is a life threatening disease which mostly occurs due to
deletions in the dystrophin gene. The deletions are reported to be clustered in two main regions in the gene
involving nearly one fourth of exons. These regions also represent major meiotic recombination hotspots. The
detection of deletions/mutation-hotspots in the coding sequences (exons) is not much possible till date due to the
gene specific-potential variations or the complex organization of introns and exons in the gene. A Digital signal
processing (DSP) method based on antinotch filter that exploits the period-3 property of a DNA sequence is
applied for the identification of exons in DNA sequences by providing concerned peaks in magnitude-plot. A two
digit numerical representation has been proposed for generating indicator sequence. In our approach to detect
deletion in DMD gene, all-exon-sequence was taken and analyzed through digital filter to obtain normal peaks
in the plot, which was than compared with the plots obtained after deletion of hotspot exons one by one. It was
found that most of the hotspot exons share the peaks and deletions are marked by significant modifications in
peaks. Thus, it was known that the peaks in filter-plot of DMD gene are associated with the location of the
hotspots and their modifications/absence can be utilized to detect the deletions of exons.
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. Introduction

Dystrophinopathies refers to a spectrum of muscle disease caused by the absence or malformation of a
protein, dystrophin. The commonest type of muscular dystrophy is dystrophinopathy that includes the clinically
more severe form of Duchenne muscular dystrophy (DMD) and the less severe form, Becker muscular
dystrophy (BMD) [1]. Both the forms are characterized by progressive wasting and weakness affecting the
voluntary muscles. Duchenne’s disease (or pseudohypertrophic) is the most common type and affects boys
between two and six. It begins in the large muscles of the lower trunk and upper legs. Progression is usually
rapid; a wheelchair is usually needed by adolescence, and life expectancy is short [2].

Duchenne muscular dystrophy in Man is an X-linked recessive trait that affects 1 in 3600-6000 live
male births [3-5] caused by mutations in the gene, DMD (chromosomal locus Xp21.3-p21.2), that encodes the
protein, dystrophin. The dystrophin gene has been identified by positional cloning in 1986 on chromosome X [6,
7]. With 79 exons and 8 promoters and consisting of 2.4 million base pairs, the DMD gene is one of the largest
genes known to date [8].

Approximately 60%-70% of mutations in individuals with DMD and BMD occur due to the deletions
of one or more exons [9-12]. It was documented by Tan et al. in 2010 [13] that many of the large gene deletions
within the dystrophin gene can be detected in specific “hotspot areas” of the gene. These “hotspots” are
clustered in two main regions - at the 5” proximal portion of the gene (exons 1, 3, 4, 5, 8, 13, 19) and within the
mid-distal region (exons 42 - 45, 47, 48, 50 - 53, 60). Further, the documentation of Sironi et al. in 2006 [14]
and Walmsley et al. in 2010 [15] revealed the deletion hotspots domains are in the exons 40-55 and exons 45—
53 respectively.

Identification of gene or the protein-coding regions in DNA sequences through computation means is
of great importance nowadays. It is now established that a DNA sequence can be divided into gene and
intergenic regions. Further, split gene concept revealed that a gene in eukaryote is divided into two sub-regions
called coding regions (exons) and non-coding regions (introns). Some exons within the protein-coding regions
of DNA sequences of eukaryotes tend to exhibit a period-three pattern [16-19]. The period-three pattern of the
exons can be utilized either to predict gene locations or to predict specific exons within the genes of eukaryotic
cells [16-19].

Common digital signal processing (DSP) methods for the identification of exons in DNA sequences
include the Discrete Fourier Transform (DFT) on overlapping windows[17,18, 20], the anti-notch IIR filter and
multi-stage bandpass filter centered at 2r/3 [19].

Although computational-identification of the coding sequences (exons) is achieved in some cases, the
detection of mutation-hotspots in the coding sequences (exons) is not much possible till date due to the gene
specific-potential variations in these hotspot regions. Due to the complex organisation of the introns and exons
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and considerable variations involving deletions/duplications/point mutations in the large DMD gene, the
detection of hot spots and/or deletions in the hotspot arena is a challenging job for analysts. Application of
computational methodologies in this field is also in infancy. In our approach we have successfully used the
digital signal processing method such as digital antinotch filter to specify the hotspot clusters in the normal gene
and detected deletion in a mutated DMD gene.

Section Il describes the mode of dataset preparation, the proposed numerical representation of the DMD
sequence and the digital signal processing method. Section 11 explains the simulation results and discussion of
the method applied for the analysis of DMD dataset. In Section IV a conclusion is drawn from the analysis.

1. Materials and Methods

2.1 Dataset Preparation

The DMD cDNA Reference Sequence was retrieved from the Leiden Muscular Dystrophy pages[21],
which has all the 79 exons with 11058 bases. The exons representing deletion hotspots in mutated DMD were
found out from various references through literature search in Tan et al. 2010 [13]; Sironi et al. 2006 [14];
Walmsley et al. 2010 [15]. Of these 22 hotspot exons (1, 3-5, 8, 13, 19, 40-45, 47, 48, 50-55, 60) were studied
using antinotch filter.

The exons were then lined up continuously without gaps to be used as the exon-data-set for filter
analysis.

2.2 Proposed Numerical Representation

Since digital signal processing deals with analysis of numerical sequences, various approaches for
numerical representation of genomic data and subsequent analysis have been made. As DNA sequence consists
of four alphabets i.e. ‘A’, ‘T’, ‘C’ and ‘G, it is much easier to represent it numerically by substituting the
numerical values in a number of ways.” The sensitivity of the digital signal processing methods also depends on
the numerical representations. There are some physico-chemical properties of the elements of DNA sequence
which play major role in the analysis of the sequence. The existing numerical encoding method of Voss is the
numerical representation [23] that maps the alphabets A, G, C and T into four-indicator sequences xa(n), x(n),
Xc(n) and xg(n) substituting 1 for presence or 0 for absence of respective nucleotide. Another four-indicator
sequence called relative frequency indicator sequence, based on various coding statistics like single-nucleotide,
dinucleotide and trinucleotide biases was incorporated into the algorithm to improve the selectivity and
sensitivity of filter methods [24,25]. The paired numeric [26] method deals with complementary property of
nucleotides and assign +1 and -1 to show the presence of A-T and C-G nucleotide pairs respectively.

In this paper a two digit binary representation of the DNA bases is used. Since the alphabets are four
such as A, T, C and G and binary numbers are two such as 0 and 1, hence four combinations are possible and
suitable for substitution in the DNA sequence. The two digits 00, 01, 10 and 11 are assignedto A, T, C and G
respectively. Like the real number representations, nucleotide bases A, T, C and G can be substituted with two-
digit binary numbers as shown in Table 1. It follows the symmetric properties of nucleotides, i.e, A-G and C-T.
The pairs are thus represented as 00-11, 01-10 respectively.

Table 1: Two Digit Representation

Nucleotide Two Digit
00
T 01
C 10
G 11

2.3 Digital Filter Method

It has been established that DNA sequence exhibit period-3 property which determines the coding
regions specifically the exons in the eukaryotic DNA sequence. Digital signal processing plays a major role in
predicting these coding regions as DSP tools exhibit perod-3 property by suitable modifications. Thus these
methods can be applied in predicting the coding regions of the DMD gene sequence. The digital filtering
techniques such as the antinotch filter have been used to identify period-3 property in DNA sequences [18-19].
In digital filtering method for indicator sequence xg(n), corresponding filter output Yg(n) is computed where
B=A, T, C and G. The sum of the square of filter outputs is expressed as :
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An IR anti-notch filter H(z) can be used for gene prediction [19]. The IIR filters can be obtained from
a second order all pass filter with poles at R-e*" as follows :

R? — 2RcosBz™ 1+ z72
A{z} — _1 — — (2)
1— 2RcosBz"*+ R=z"*
Where R?* <1, e.g. R =0.992, for stability. The IIR anti-notch filter is then can be calculated as follows :
1—A(z)
H(z) = — ®)

A plot of Y(n) is used to extract the period-3 region of the DNA sequence effectively. The period-3
property of a DNA sequence implies that the peak at the gene locations is large. While this is generally true, the
strength of the peak depends on the gene, and is thus sometimes is very pronounced and sometimes quite weak.
The window length should be sufficiently large, e.g. 351, so that the periodicity effect dominates that
background spectrum which makes its strong presence in DNA sequences.

The process was initiated with the retrieval of complete exon dataset of the DMD sequence from the
public domain. It was arranged in a suitable form to be analysed by the DSP tool. The complete exon-data-set of
DMD sequence was subjected to the digital filter to exploit its period three property and the Relative base
location vs. Magnitude plot for the complete exon-data-set was obtained. Mutated gene sequences were
generated by deleting the exons one by one or in association from the exon-data-set. The mutated exon-data-sets
were subjected to antinotch filter to generate transformed domain signals and then plotted (Relative Base
Locations vs. Magnitude) to get the concerned magnitude-peaks. Plots of mutated sequences were compared
with the plot of normal exon-data-set to find the absence or modification of peaks.

The overall process has been described in a block diagram as shown in Fig.1.

Dataset preparation

v
Filter Method

\ 4

Deleting exon one by one

v

Applying to Filter

l

Simulation result

Fig 1. Block diagram to show the overall process of DMD gene detection.

1. Simulation Results and Discussion
The DMD exon sequence was subjected to the filter for the detection of the coding regions, especially,
the hotspots. The result was obtained as magnitude versus the relative nucleotide base locations plots. The filter-
response-plots of normal exon-data-set (comprising of all the 79 exons) showed more than 25 magnitude-peaks.
About 17 (3-5, 8, 13, 19, 40-43, 47, 48, 51-53, 55, 60) of the 22 designated hotspot exons were located in
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the peak regions, either at the apex or in ascending-descending arms (Fig. 2a). Again, filter-analyses of exon-
data-sets after individual-deletion of hotspot exons revealed that modifications of the peaks in the plot though
occurred for most of the exons, deletion of at least 14 hotspot exons could induce major changes in the peaks of
filter-plots, which was marked by either absence or significant modifications of the corresponding peaks
(Fig. 2b-f).

It is documented that large intragenic deletions and duplications together account for more than two-
thirds of the mutations leading to DMD and BMD and, despite heterogeneity in deletion size and location, two
hot spots have been identified. Of which, the major one involves exons 40-55 [27, 28]. These gene regions also
represent major meiotic recombination hotspots [29]. Sequencing of deletion junctions involving both hotspots
revealed no clear clustering of chromosome breaks and failed to identify any element or feature that could
account for deletion formation [30, 31, 32, 33]. Though DNA double-strand breaks (DSBs) formation believed
to be the primary cause [14], the process of exon deletions within the DMD locus is extremely unpredictable.

This period-three behaviour has been observed in many genes and is useful for locating the coding
regions, which is exploited by filter method to obtain peaks in Relative Base Locations vs. Magnitude plot,
where, the strength of the peak depends on the gene. The DMD exon-data-set, which, behaved as a prokaryotic
(non-intronic) data set produced peaks in succession in the filter-plot. Systematic analysis of the plot revealed
that most of the hotspots in DMD gene share the peak regions. Thus, revealing the correlation between the
period-three pattern of the exons and the location of the hotspots (regions in DNA vulnerable to DSBs) in this
gene. The fact was further supported by the absence or considerable modifications of the peaks in the filter-plots
of mutated exon-data-set with deletions relating to at least 14 out of 22 hotspot exons. Though appearance of
some peaks in non-hotspot area and location of a few hotspots in non-peak zones make the process more
complicated in DMD gene, still, antinotch filter can be utilized both for the detection of hotspots and exon-
deletions in this gene.

The performance analysis of various methods can be made by prediction measures such as sensitivity
(Sn), specificity (Sp)

-

Sv =75 @
P + |:N

Se :T—P ®)
T + 5

Whereas Tp=true positive, Fp=false positive and Fy=false negative [26]. Tp corresponds to those genes
that are correctly predicted by the algorithm. Fp corresponds to the coding regions identified by a given
algorithm which are not present in the standard annotation. Fy is coding region that is present but not predicted
to be coding by the algorithm being used. True negatives are those regions which are not present in the dataset
and also predicted as non-coding regions by not showing any peak at the respective locations.

The sensitivity is the ratio of true positive to the sum of true positive and false negative. The specificity
is the ratio of true positive to sum of true positive and false positive. i.e. sensitivity depends on number of false
negative and specificity depends on number of false positive. The sensitivity and specificity have been found out
as 91% and 90.4% respectively.

V. Conclusion
In this paper the analysis of DMD gene was made using digital signal processing i.e. antinotch filter
having two digit numerical representations. The preliminary experiment provided encouraging result, as the
detection of deletions/mutation-hotspots in the coding sequences was successfully done with a prediction
accuracy of 91%. It happens to be a pioneer work using signal processing method.
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Figure 2. Plot of IIR antinotch filter technique, a) all exon-data-set, b) exon-data-set with deletion of
exon 13 (bp 1483-1602), c) exon-data-set with deletion of exon 47 (bp (6763-6912), d) exon-data-set
with deletion of exon 48 (bp (6913-7200), e) exon-data-set with deletion of exon 47-48 (bp (6763-
7200), f) exon-data-set with deletion of exon 52-53 (bp (7543-7872).
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