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Abstract

The Apriori algorithm is a data mining algorithm used exclusively for identifying associations
between itemsets in a series of business transactions. In this paper, we modify this algorithm to
identify associations between trinucleotide repeat expansions in DNA, which are known for their
associations with specific genetic diseases. The proposed modification here is to treat all possible
forms of DNA trinucleotides as item sets and the list of all DNA segments as a series of
transactions. In the first iteration of the algorithm, the number of occurrences of every single
trinucleotide is counted across all DNA segments. Then, the results are filtered out according to a
preset threshold. In the second iteration, the number of occurrences of every pair of trinucleotides is
counted, and similarly, the results are filtered out according to a threshold. In the third iteration, the
number of occurrences of every trio of trinucleotides is handled similarly. The algorithm continues
until no results are produced. Lastly, the association rules are formed, yielding the conclusion of the

existence of a certain genetic disease will also mean an existence of another genetic disease.

Introduction

Trinucleotide repeat expansions!= are short segments of gene sequences whose frequency is proven
to be associated with genetic diseases.*® An individual with a specific range of trinucleotide
repeats, caused by inheritance or mutation,7,® will probably develop a neurological disorder in a

later stage of his or her life. The existence of such trinucleotide repeats, and if their RNA is a coding
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RNA,*!! will disturb the production of proteins, thus they are abnormally expressed, which will
eventually lead to the development of the disorder. These types of disorder are usually characterized
by symptoms of cognitive, movement, and psychiatric impairments. The most well-known cases of
these genetic disorders are Huntington’s disease,'>!3 Fragile X syndrome,!%!> Myotonic
dystrophy,'®!” and Spinocerebellar ataxias (SCAs).!%1°

A trinucleotide consists of 3 out of 4 nucleotides: Adenine, Thymine, Guanine, and Cytosine. There
are 4% (64) possible formations of trinucleotides. The repetitions of some of these formations are
proven to be associated with certain genetic diseases. For example, Huntington’s disease, a

20-22 jg characterized by the repetition of CAG**% (Cytosine, Adenine,

neurodegenerative disorder,
Guanine) form. When it exceeds a threshold (40 or more consecutive repeats), an individual will
develop the disorder at a later stage of his or her life.

26-28 is a data mining recursive algorithm? 3! that is used to identify

The Apriori algorithm
frequency and associations between itemsets that appear in a series of transactions. It is almost
exclusively used for mining business transactions. The traditional Apriori algorithm works as
follows: In the first iteration, the algorithm iterates over all transactions and scans the list of
itemsets to find the frequency of appearance of each item, which is known as the “Support Count”,
as well as the Support Percent-age. Assuming that T is the set of all transactions, T = {Ti, T, . . .,
T.}, N is the total number of all transactions, and X is an itemset. The Support Count is defined as

supp count(X) = [{T; € N | X € T;}|, that is, the number of appearances of X in all transactions. The
Support Percentage is defined as

supp count(x
supp(X) = PP N ( )x 100%

The list of support for all items will be refined based on a preset threshold, so an item with a
support percentage of less than 60%, for example, will be eliminated. Determining the threshold is
based on certain criteria decided on an individual basis and set up by the algorithm implementer. In
the second iteration, the algorithm scans for the appearance of each distinguished pair of items and
creates the support table for that pair, that is, the frequency of appearance of the pair in each
transaction. Again, the support table for all possible pairs will be refined according to the preset
threshold, and any pair that has a support percentage below the threshold will be omitted from the
table. In the third iteration, the support table for three items is created, and so on. The algorithm

continues iterating until the list of itemsets in the support table remains unchanged.
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The final step of the algorithm is establishing the association rules to determine the confidence of
the existence between individual items, pairs, or more items.. Assuming that X and Y are itemsets,

and X — Y is the association rule. The conﬁdence 1s defined as:

supp count(X U Y)

supp(X) = supp count(X)

Thus, the existence of a specific item or a specific pair of items means that there is, for example, a
65% chance of another specific item or pair to exist.

Several adaptations and improvements have been made to the Apriori algorithm. One improvement
is to resolve the issue of over-scanning the database of transactions and producing large sets of
candidates by using mapping and further pruning of the itemsets list to improve the efficiency of the
algorithm.?? In another improvement, this problem was approached by restructuring the storage of
the database and reducing the number of itemsets to avoid unnecessary candidate sets that need to
be added to the itemsets list.* In another optimization, the algorithm was adapted to solve the
problem of frequent itemset counting at its initial iteration by shortening itemset list with effective
pruning.’* In another literature, the Apriori algorithm was integrated with other outdated open
source tools to improve its performance.>> Moreover, one adaptation of the algorithm is combing
the classic Apriori algorithm with prefix tree technique. The purpose is to detect motifs in a series of
DNA sequences.*® Nevertheless, all these efforts are related to the optimization of the efficiency of
the algorithm. None was specifically related to the domain of trinucleotide repeat expansions, which
makes our modification of the Apriori algorithm unique in its nature.

The current form of the Apriori algorithm is not applicable in the domain of DNA sequences simply
because identifying the frequency of a single nucleotide does not have any phenotypic meaning.>’*°
In the following sections, we will explain how we modified the conventional Apriori algorithm to
be able to identify trinucleotide repeat expansions and to find the associations between different

genetic disorders that are caused by trinucleotide repeat expansions in DNA.

Materials and Methods
The methodology of our modified Apriori algorithm is to look at the DNA segment as a collection
of trinucleotides rather than a collection of single nucleotides. Since DNA sequences are composed

of a series of bases (A, G, T, and C), there are 64 possible formations of trinucleotides. The set of all
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of these formations is F = {ACT, ATA, TGT, ACA, CAA, GAA, CTC, TCG, CCA, GGT, GTC,
TCC, GTG, CCG, TTT, CGC, TTA, GTT, AGT, TCT, ATC, CGT, TCA, GGG, TAG, GAG, TGA,
ACC, GCC, GGC, AGG, GGA, ATG, AAC, AAT, CTA, CGA, GCA, CAG, CTG, GAC, TAC, ATT,
CTT, ACG, GAT, AGA, TGG, TTC, TTG, GTA, CGG, AAA, CCC, TAA, AGC, GCT, CAT, CAC,
TAT, AAG, TGC, CCT, GCG}. These forms represent itemsets while DNA segments represent
transactions (a DNA segment here could be an Exome, an Exon, an Intron, or even an entire
chromosome. So, in the case of Huntington’s disease, for example, the group of DNA segments can
be a group of Hunt-ington loci HTT (Huntingtin) genes (or IT15) or a group of complete
chromosome 4 where the H7T gene is located. As a preprocessing step, the algorithm iterates over
the four nucleotides (A, G, T, and C) to create the set of all possible forms of trinucleotides. In the
first iteration of the algorithm, each individual form (item) in the DNA sequence (transaction) is
counted, and the table of support and percentage of each form is created. Any trinucleotide with a
support less than the threshold will be omitted from the table. Since our purpose is to look for
associations between genetic diseases, the threshold should be set to include the lowest number of
pathogenic trinucleotide repeats that are proven to be associated with a genetic disease. For
example, in Spinocerebellar ataxia type 6 (SCA6), the lowest number of pathogenic CAG
trinucleotide repeats is 21, and at this point an individual will develop speech and muscle movement
impairment. Thus, if a trinucleotide’s support is less than 21, then that trinucleotide will be omitted
from the support table.

In the second iteration, the table of support and percentage of pairs of trinucleotides is created, and
then any pair with a support that is less than the previously determined threshold will be omitted. In
the third iteration, the table of support for three trinucleotides is created and refined. The algorithm
continues until only itemsets with supports of equal to or more than threshold remain.

Let us assume that we have the following four DNA segments:

AGGAGGAGGGATGAGGAGCCCGCCCTCCTGGGCTTTAGTGGCGCTTAGGAGCCTGGGAGCT
TCCCGAAAAAAAAACCCCCCCCCCCCTTTTTTTTTTTTTTTAAAAAAAAAAAAAAAAAAGGGG
GGGGGGGGGGG
AGGAGGAGGGATGAGGAGCCCGCCCTCCTGGGCTTTAGTGGCGCTTAGGAGCCTGGGAGCT
TCCCGAAAAAAAAACCCCCCCCCCCCTTTTTTTTTTTTTTTAAAAAAAAAAAAAAAAAAGGCG
GCGGCGGCGGC




AGGAGGAGGGATGAGGAGCCCGCCCTCCTGGGCTTTAGTGGCGCTTAGGAGCCTGGGAGCT
TCCCGAAAAAAAAACCCCCCCCCCCCTTTTTTTTTTTTTTTAAAAAAAAAAAAAAAAAAGGCG
GCGGCGGC
AGGAGGAGGGATGAGGAGCCCGCCCTCCTGGGCTTTAGTGGCGCTTAGGAGCCTGGGAGCT
TCCCGAAAAAAAAACCCCCCCCCCCCTTTTTTTTTTTTAAAAAAAAAAAAGGCGGCGGCGGC
GGCGGCGGC

For demonstration purposes, we will consider any trinucleotide that has five or more repeats in an
individual segment as significant, and it will be added to the support and percentage table. Also, we
will assume that the threshold of the support percentage is 50%. In the first iteration of the
algorithm, our support and percentage (Table 1) will be as follows: CGG, GCG, and GGG have
support of less than 50% and appear in only one segment; thus, these trinucleotides will be omitted.
In the second iteration, the support of possible pairs of trinucleotides (Table 1) is created. The pairs
AAA, GGC, and GGC, TTT have supports of less than 50% thus they will be omitted. At the third
iteration of three possible trinucleotides, AAA, GGC, and TTT, is created. But this trio contains a
subset that was found infrequent, AAA and GGC, thus it is going to be pruned. The only remaining
set of trinucleotides with a support of above the threshold is the pair of AAA and TTT (in the
second iteration), which has a support of 3 and a support percentage of 75%.

This finding is interpreted as there is an association between the existence of AAA and the existence
of TTT trinucleotides. An additional step in the algorithm is to calculate the confidence of this

existence, which is defined by the formula:

Support of AAA& TTT 3

Confidence(AAA - TTT) = Support of AAA "3

=100%

Thus, whenever the trinucleotide AAA is found in a DNA segment, TTT will also be found. On the
other hand, if we, for example, calculate the confidence of the existence of GGC and TTT, then it

will be only a 50% chance for that coexistence;

Support of GGC & TTT 1
=—=50%
Support of GGC 2

Confidence(GGC —» TTT) =



Applying the algorithm on real a world example, we collected 30 datasets (Sequence Read Archive
Study ID: SRP305710, Gene Expression Omnibus accession ID: GSE166567) from the NCBI (The
National Center for Biotechnology Information). The datasets are for the H77 gene (Huntington’s
gene) and consist of two groups: 20 pathological and 10 control. The total size of all datasets is
18.03G bases.

The threshold of a significant repeat expansion40 to be considered pathogenic is any expansion that

is greater than 26 trinucleotide repeats. We will also set the threshold for the support percentage as

60% or above.

Results

In the first iteration of the algorithm, the Table 2 of support count and support percentage for
individual trinucleotides is created (note that some of the expansions yield for more than one
trinucleotide. For example, the expansion of GAAGAAGAA yields either GAA, AAG, or AGA).
CAA/ACA, GGA/GAG, and TGA/GAT/ATG appear once, CAG/AGC/GCA appears 4 times, and
TTT has a very low support percentage; thus all of them will be omitted. In the second iteration, the
table of support percentage will be as shown in Table 3.

The frequency of GAA/AGA/AAG with TTC/TCT/CTT is 56.7% so this association will be
omitted from the table. In the third iteration, where the association of three trinucleotides is
examined, the output Table 4 of the algorithm will be as follow:

The only remaining trios of trinucleotides that have support above the threshold are
GAA/AGA/AAG, AAA, GGG, and AAA, GGG, TTC/TCT/CTT. The algorithm will continue until
no more support above the threshold.

We can use Table 1 to find the association between two or three trinucleotides. If we want to
calculate the confidence of the existence of a pair of trinucleotides, say AAA and TTC/TCT/CTT,
then:

Support of AAA & TTC/TCT/CTT 18 60
Support of AAA —30 7

Confidence(AAA —» TTC/TCT/CTT) =



That is, if AAA exists, then there is a 60% chance that GAA/AGA/AAG will also exist. For the
confidence in the existence of AAA and GGG,

Support of AAA & GGG 21

Confidence(AAA - GGG) = Support of AAA =30" 70%

and for GAA/AGA/AAG and AAA, it is

Support of GAA/AGA/AAG & AAA 20

Confidence(GAA/AGA/AAG — AAA) = Support of GAA/AGA/AAG =50" 100%

For trio trinucleotides (Table 1), finding the confidence of the existence of one trinucleotide will

also means the existence of a pair of trinucleotides, thus

Support of AAA & GGG, TTC/TCT/CTT _ 18
Support of AAA "~ 30

Confidence(AAA - GGG, TTC/TCT/CTT) =

= 60%

The proposed algorithm

Algorithm: Trinucleotide repeat expansions specific apriori algorithm.
Input: A list of DNA segments.

Output: A list of strongly associated trinucleotide repeat expansions.

1: F is the empty set of all possible trinucleotide formations

2:N={A,C,G, T}, Lis alist of DNA sequences

3: r is the threshold for the minimum trinucleotide repeat to be considered as signif-
icant, s is the threshold of support count

4: T is an empty table of support count and support percentage
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5: while length of F < 64 do

6:  Randomize a trinucleotide from the set N
7:  if trinucleotide & F then

8: F « F + trinucleotide

9: endif

10: end while

11: for i to length(F) do

12:  forj to length(L) do

13:  Find n (the highest trinucleotide repeats) of F; in L;
14: ifn>r then

15: T<T+F;

16: T«—T+n D> Add support count of F;

17:  endif

18: T « T + total of all F occurrences/length(L) > Add support % of F;
19:  end for

20: end for

21:forkin T do

22: if T ’s support_count < s then

23:  Omit T 4 and its supersets from T

24: endif

25: end for

26: Repeat steps 21 - 25 for the pair T 1 & T «... support, then T 41, T £ support
... then for the trio T, T x+1 & T «..m Support . . . etc.

Discussion

Modifying the Apriori algorithm expands its scope to larger data pools. The algorithm has the
ability to search large databases for associations between any trinucleotides. It can also be adjusted
to search for tetranucleotide, pentanucleotide, hexanucleotide, or more nucleotide repeats. We only
have to adjust the possible number of formations. For tetranucleotide, there will be 4* possible
forms, for pentanucleotide, there are 4°, and for hexanucleotide, there are 4°. Abstractly, 4* where x

is the number of repeats required.



However, one limitation of our modified algorithm is the challenge of determining the threshold for
the support count and percentage. There is no clear guideline for choosing the appropriate threshold,
as this is the case for all domains where the Apriori algorithm is applied. Another limitation is the
determination of the number of repeats for an expansion to be considered abnormal. The threshold

varies widely among genetic diseases, which makes it difficult to deduce a firm conclusion.

Conclusions

The current form of the Apriori algorithm is not applicable to the domain of DNA sequences simply
because identifying the frequency of a single nucleotide does not have any phenotypic or
pathogenic meaning.

The key modification of the Apriori algorithm here is to treat every “significant” trinucleotide
repeat as an item in a transaction (DNA segments). The level of significance of the repeat
expansions depends on the genetic diseases being mined. For example, in Spinocerebellar ataxia
Type 6, 21 is considered pathogenic, while in Fragile X syndrome, the expansions must be more
than 230 trinucleotides for pathogenic repeats.

In the case study of the HTT gene (Huntington’s gene)?*?* previously discussed, GAA/AGA/AAG
appears with TTC/TCT/CTT but the support is only 56.7%, while GAA/AGA/AAG with AAA is
66.7%. The association here is stronger therefore required higher attention. This study will be

extensively investigated in a separate paper.
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Table 1. Frequency of individual trinucleotides through algorithm iterations (iter).

Iter Trinucleotide Count Percentage
AAA 3 75
CGG 1 25
1 GCG 1 25
GGC 2 50
GGG 1 25
TTT 3 75
AAA, GGC 1 25
2 GGC, TTT 1 25
AAA, TTT 3 75
3 AAA, GGC, TTT 1 25
Table 2. Frequency of individual trinucleotides.
Trinucleotide Support Count Support Percentage
1 CAA/ACA T 33
2 GAA/AGA/AAG 20 66.7
3 AAA 30 100
4 GGA/GAG 1 3.3
5 TGA/GAT/ATG 1 3.3
6 CAG/AGC/GCA 4 13.3
7 TTC/TCT/CTT 18 60
8 GGG 21 70
9 TIT 11 36.7
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Table 3. Frequency of pairs of trinucleotides.

Trinucleotides Support Count  Support Percentage
1 GAA/AGA/AAG < AAA 20 66.7

2 GAA/AGA/AAG < TTC/TCT/CTT 17 56.7

3 GAA/AGA/AAG < GGG 20 66.7

4 AAA - TTC/TCT/CTT 18 60

5 AAA - GGG 21 70

6 TTC/TCT/CTT « GGG 18 60

Table 4. Frequency of trios of trinucleotides.

Trinucleotides Support Count  Support Percentage
1 GAA/AGA/AAG <« AAA < GGG 20 66.7

2 GAA/AGA/AAG < AAA < TTC/TCT/CTT 17 56.7

3 GAA/AGA/AAG < GGG < TTC/TCT/CTT 17 56.7

4 AAA & GGG < TTC/TCT/CTT 18 60
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