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Abstract

One of the key problems in computational genomics is that of identifying structural varia-
tions between two sequences of genomic origin. Recently, with the advent of high-throughput
sequencing of transcriptomes (RNA-seq), transcriptional structural variation studies also
came into prominence.

This study introduces two novel frameworks for aligning transcribed sequences to the
genome with high sensitivity to structural alterations within the transcript. (1) A pairwise
nucleotide-level alignment model and (2) a faster lower-sensitivity solution based on chaining
homologous substrings between the transcript and the genome.

A further contribution of this study is a stand-alone transcriptome-to-genome alignment
tool, which can comprehensively identify and characterize transcriptional events (dupli-
cations, inversions, rearrangements and fusions); suitable for high-throughput structural
variation studies involving long transcribed sequences with high similarity to their genomic
origin.

Reported results include experiments upon simulated datasets of transcriptional events

and RNA-seq assemblies of a human prostate cancer individual.
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“By 2015, we will see the beginnings of a real transformation in the therapeutics of
medicine, which by 2020 will have touched virtually every disorder, ... And the drugs that
we give in 2020 will for the most part be those that were based on the understanding of
the genome, and the things that we use today will be relegated to the dust bin.”

— Francis Collins
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Chapter 1

Introduction

In the past few years, next-generation sequencing has transformed genome studies. Sanger-
based sequencing technology has been replaced with novel technologies (e.g. Illumina, 454,
PacBio, SoliD) that produce typically shorter reads at an unprecedented speed and cost,
enabling the realization of tera-base scale high-throughput genome sequencing projects such
as the 1000 Genomes Project. Unfortunately new sequencing technologies not only provide
reads that are short, but also have high sequencing error rate, both contributing to the
level of ambiguity in determining the locus of each read on the reference human genome
sequence. In order to resolve this ambiguity in an efficient and reliable manner, novel and
sophisticated algorithms and software tools are needed. Even though recent developments
of next-generation sequencing provide longer sequences (100-150bp) than initially obtained
(20-30bp), the increase in read length is offset by the increase in the number and type of
errors that need to be tolerated for analyzing these reads, keeping mapping ambiguity at a
high level.

Longer read lengths are not only difficult to tackle due to higher sequencing or assembly
errors but also due to structural variations in the donor genome with respect to the reference.
These variations can be in the form of insertions, deletions, inversions and translocations
as well as duplications in genomic sequences. The algorithms to be developed should thus
handle increasing read lengths, with higher number of errors and different error structures

in the form of not only mismatches and indels!, but also these structural alterations that

In this thesis, we denote indels as single nucleotide edit operations in a sequence that result in a single
base insertion or deletion.
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cannot be detected by nucleotide level analysis. The developed algorithms should also be fast
and memory efficient enough to be able to handle very large datasets, which is a necessity
for sequence analysis studies to catch up with the current explosion of sequence information
in terms of both size and variety.

The advent of next-generation sequencing did not only affect the studies upon genomic
sequences but also transcriptomics. From a mathematical point of view, transcriptomic
sequences are relatively short polynucleotide sequences (consisting of 10s up to 10000s of
nucleotides) that are copied (transcribed) from a substring of the genome (a gene). Apart
from the transcription process; in order to take its form as a mature transcript (e.g. mRNA),
some of these sequences also go under the process of splicing, which is the transcriptional
procedure of cutting out several non-coding sub-strings (introns), and stitching back the
remaining pieces, which are called exons.

Even though the scale of a whole transcriptome database is relatively smaller than a
whole genome database?, transcriptome datasets are more difficult to analyse due to their
spliced nature and their possibility of containing structural alterations from its wild-type
form, such as transcriptional duplications, inversions, fusions (trans-splicing/read-through)
and rearrangements (non-co-linear transcription).

This thesis is a theoretical and experimental study upon efficient high-throughput iden-
tification of such structural alterations within transcriptome datasets with respect to a
reference genome.

The remainder of the Introduction chapter is organized as follows:

e Motivation: This section contains a literature survey of research upon chimeric and
non-co-linear transcripts as well as the significance of the current study for transcrip-

tome research.

e Methods Background: In this section, already existing methods in the literature for
finding structural alterations in transcriptomic sequences are described and their lim-

itations are argued.

e Contribution of Current Study: This section details the deliverables of the current

study in terms of theoretical results and software.

2Depending on the species and how deep the transcriptome database is constructed (including isoforms),
from around %3 up to %20 of the size of the genome (according RefSeq and GenBank transcript databases).
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e Organization of Thesis: The section breaks down the general structure of this thesis

document for the remainder of the chapters.

1.1 Motivation

The phenomenon of structural alterations during transcription has been known for some
time for simpler animals (e.g. nematodes [18]), yet only recently these transcriptional ab-
normalities have started to be investigated in higher mammals.

Even though there is an element of doubt with regard to whether these findings are
authentic or experimental artifacts[19], there has also been growing evidence and interest
upon this research area within the scientific community[13][43][28][3][16], and some of these
studies suggest a correlation between the extent of these structural alterations and the
abnormal activity of a cell (e.g. tumor cells)[13][43].

Due to the growing interest to the problem of detecting transcriptional variations, many
computational tools were developed upon mining mappings of RNA-seq reads to the genome
for detection and analysis of transcriptional abnormalities [35][26][20][12][4][29][38][31][30],
most of which specifically focus on identifying gene fusions.

A common drawback of these methods is being limited upon RNA-seq short-read map-
pings (or alternatively single-split mappings) for variation discovery and thus their inability
to scale well the progressing transcriptome sequencing technology. As next-generation se-
quencing currently provides longer reads (100-150bp) than before and is expected to get
longer (>1000bp) with the emergence of new technologies such as PacBio sequencing; there
is a much higher possibility of each transcript read to contain sequences from more than
two exons, in contrast to the short read samples taken from the transcript. In such cases,
semi-global short-read mapping and split-mapping methods will be rendered ineffective due
to their inability to locate structurally important loci for structural variation discovery.

Furthermore, longer read sequencing technologies also allow more accurate de novo tran-
scriptome assembly. FEach additional length carrying exponentially higher information value;
in near future highly accurate whole transcriptome assembly may not be a tough challenge
as it currently is. With the emergence of such transcriptome assembly methods, it will be
useful to have an efficient structural variation discovery method that can detect structural

alterations in full transcript sequences within a spliced alignment framework.
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Transcriptome to genome alignment problem has drawn a lot of interest from the biol-
ogy community in the last decade. It has been of interest to find the spliced intron/exon
structure of a transcript, given the contiguous transcript sequences themselves. Many well-
known methods have been proposed for this transcriptome to genome alignment problem
[21][46][41][33][2]. However, most of these methods assume the wild-type property of the
transcript sequence, devoid of any structural modifications such as non-co-linear transcrip-
tion, inversions within the transcript sequence, or very long or inter-chromosomal gaps
between two exons?.

With the next-generation transcriptional structural variation studies, there is a neces-
sity for an efficient long transcribed sequence (long RNA-seq reads or assemblies) to genome
aligner, that can address the limitations of the currently existing aligners and detect struc-
tural alterations in the form of duplications, inversions, fusions and rearrangements.

In this study we propose two novel frameworks for aligning transcripts to genome with
structural changes as well as a new high-throughput transcriptome to genome aligner that
can detect various structural alterations in transcripts.

Establishing a comprehensive mathematical model of structural alteration events in tran-
scriptome sequences will lead to a better understanding of the novel transcription phenomena
such as trans-splicing and non-co-linear transcription and their correlation with regulatory
abnormalities of a cell. Thus, the availability of an efficient computational tool that can
accurately identify such complex transcriptional events will be of great significance to per-
sonalized genome/transcriptome research, detecting complex variations that might lead to

the characterization of personal biomarkers for cancer diagnosis and prognosis of tumours.

1.2 Methods Background

The problem of aligning a transcript sequence to genome (also known as spliced alignment
problem), is a well investigated problem with many exact solution methods for different
variants and a multitude of heuristic approaches based on homology search and fragment
chaining. Theoretical foundations of this problem go as early as 80s with the investigation

of convex gap cost functions* such as in the form a+bxlog(z), a,b being constant values and

3We should note among the referred methods, GMAP [46] has a limited support for chimeric transcript
detection.

4In the cited article, convex gap cost function model is referred to as “concave” gap penalty model.
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x representing the distance of the gap [45]. This more advanced gap penalty function can
model RNA splicing and intron gaps in the alignment in a more realistic fashion than linear
gap penalties. Until the late 80s, the best known solution method for this problem was the
naive dynamic programming solution within O(MN? + NM?), M, N being the length of
the genomic and transcriptomic sequences.

In the late 80s and early 90s, multiple results have been published upon speeding up
the nucleotide-level alignment problem?® for special gap penalty functions that satisfy certain
convexity, concavity properties[32][11][23] and for functions that we can calculate their zeros
in a simple way[11].

Also in the early 90s, BLAST[1] introduced a fast DNA to whole genome alignment
heuristic method with reduced sensitivity as an alternative to the slower exact alignment
solutions[36][42]. This method, instead of directly aligning matching nucleotides, utilized a
seed-and-extend alignment strategy, which is based on searching common seeds of a certain
length in both sequences and extending them in order to obtain the full alignment. In the
same direction, there emerged faster methods for spliced alignment of a transcribed sequence
to whole genome through a combination of homology search and fragment chaining methods.

From late 90s to mid-2000s, an ample amount of transcript to whole genome alignment
tools emerged such as Gapped BLAST|2], BLAT[21], GMAP[46] and Exonerate[41]. Since
solving this problem is computationally harder than aligning a DNA sequence to the genome,
the proposed methods do not only utilize a seed-and-extend alignment strategy, but also
combine it with a fragment chaining method that aims to stitch the fragments that yields
a high-scoring or optimal fragment chain.

Even though currently available methods can align entire transcriptome datasets to
whole genome within the order of days with a single processor, their support for detection
of complex structural variation events is very limited. The primary reason behind this is
the lack of knowledge about complex structural alteration events (novelties) in transcripts
during the times these methods were developed, as biological studies on these are only
recently becoming available to the scientific community.

In the realm of next-generation structural variation studies, these tools need to be mod-

ified towards the identification of complex structural variants. In this context, one needs to

5These solutions did not consider the direct application of the spliced alignment problem, but were mainly
designed for genome-to-genome or protein-to-protein alignment purposes with a more realistic gap penalty
model than affine gap penalties.
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find the most likely alignment between a given transcript sequence and a genomic sequence
under the possibility of the following genomic events: (1) Duplication events, in which two
separate regions in the transcript sequence align to a shared region within the genomic
sequence. (2) Inversions, in which an interval within the transcript sequence aligns to a dif-
ferent strand of the genome than the rest of the transcript. (3) Rearrangements that appear
as non-linear ordering of the transcript alignment and (4) fusions transcripts, in which the
transcript sequence is split into two separate genomic intervals that can be far apart on the
same chomosome or on entirely different choromosomes sequences.

A practical approach to the problem of identifying novel transcriptional events was
proposed by [37]; in which study, they parsed the alignment results of a regular spliced
alignment method and mined the structural variation information such as folded inversions®
and fusions hidden in the combination of alignments. Another method proposed in a similar
direction, is to extract duplication and in-place inversion information that is indirectly
represented in wild-type spliced alignment formations[44]. However, these approaches can
provide only a limited level of analysis for detecting events involving complex structural
variations, since they are highly dependent on the regular spliced alignment tools that were
not originally designed to tackle these complex structural alterations. Frequently, transcripts
containing structural alterations will appear in deformed formations when aligned with
regular spliced alignment methods due to their over-sensitivity for the wild-type transcript
structure, disregarding potential variations. Therefore, as an alternative initial alignment
step for such studies; it will be useful to design a novel algorithm that can detect complex
structural alterations during the alignment, rather than inferring them through a post-
processing step.

There are several issues that need to be addressed for the purpose of designing and de-
veloping a spliced alignment method with the capability of detecting structural alterations
in a personal transcriptome. First, the alignment framework (and the alignments it would
provide) should be generalized to be able to handle complex alignment cases such as the
alignment of different regions in the transcript to the same region in the genomic sequence
(because of a duplication event during transcription), and the alignment of consecutive re-

gions in the transcript to the genome with different directionality (due to an inversion).

SInversions that cover a suffix or prefix of the full transcript. Note that these can be produced by only a
single irregular transition between alignment bases.
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Furthermore, the algorithm should allow backward junctions in the genome due to a rear-
rangement of two consecutive intervals (i.e., order of two consecutive blocks is switched when
aligned to the genome while conserving their directionality). In addition (for the purpose
of detecting a fusion event due to trans-splicing or genomic rearrangements), the algorithm
should allow the alignment of different parts of the transcript sequence to two locations
which are far apart in the genome (or even in two separate chromosome sequences).

To our best knowledge, apart from this study there is no single comprehensive long
transcript’ alignment method that can address all of the concerns noted above. A similar
but a simpler genome alignment version of this problem was addressed in [7], in which a
genomic sequence is aligned to another genomic sequence with the structural alterations
(in the form of duplications, inversions and rearrangements) in a model of “l-monotonous”
alignment that considers only one sequence indices to be increasing and the other sequence
to be supplying copies of substrings with indices that are not necessarily increasing. The
biggest drawback of this method, as also noted in the original paper, is that the alignment
would inherently be asymmetric due to the detection of duplications in only one of the
sequences rather than the other. However, this feature is not necessarily a drawback for
transcript to genome alignment purposes, since the aim is to find the structural alterations
in the transcript with respect to the genomic sequence and not vice versa. Therefore,
finding the duplications of a string in the genomic sequence within the transcript would be
of interest, yet reporting two alternative placements of a single transcript exon onto the
genomic sequences less interesting in terms of finding transcriptional structural variants.
However, the problem at hand is more complex than the genomic counterpart, due to the
fact that transcriptomic gap penalties need to be modelled as more complex functions than
the genome. Even though an affine gap penalty model can be satisfactory for the purposes of
genome to genome alignment, more complicated gap penalty functions are necessary when

designing a realistic transcriptome to genome alignment framework.

1.3 Contribution of Current Study

The first set of deliverables of this thesis project are two novel frameworks for transcriptome-

to-genome alignment with structural alterations and the corresponding set of solutions for

"Number of splices in the transcript are not limited by a constant number.
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different gap penalty models within each formulation.

Our first framework is a nucleotide-level alignment model that can detect duplications,
rearrangements, inversions and fusions in the transcript as long as the sequence is repre-
sented as chain of unidirectional copies of segments taken from the genome, meaning that
structural events are only detected on the transcript side and the duplications on the genome
side are missed or ignored. For our formulations within this framework, we provide several
dynamic programming solutions with different run-time complexities, depending on how
complex the gap penalty of introns and other genomic gaps are modeled. The main the-
oretical result in this framework is the sparsification of the alignment matrix construction
step using convex gap penalty model.

Our second framework aims to resolve the high run-time and memory cost of the initial
the nucleotide-level alignment framework, by sacrificing sensitivity upon structures shorter
than a minimum threshold. In this formulation we assume each alignment unit to be a frag-
ment that represents a short homologous sequence between the transcript and the genome
(that only contains mismatches), and try to find the fragment chaining that gives the best
overall alignment score concordant with penalties given in the first framework. For the
formulations within this framework; we do not present a sparse solution, yet examine the
problem from different overlap resolution perspectives and propose alternative approaches.

The study also presents a novel transcriptome to whole genome alignment tool named
Dissect (DIScovery of Structural Event Containing Transcripts), suitable for high through-
put transcriptome structural variation studies,. As far as we know, this is the first com-
prehensive stand-alone software pipeline for the purposes of detecting and characterizing
novel transcriptional alterations, capable of direct global alignment of long transcriptomic
sequences (such as long RNA-seq reads, ESTs and short-read assembly contigs®) that con-
tain structural alterations to whole genome using realistic gap penalty models. This software
pipeline is suitable for high-throughput analysis of large-scale transcriptome studies, allow-
ing the processing of entire transcriptomes in the order of days with a modern single core
processor.

Finally, we report experimental results using our alignment tool, upon a simulated mouse
transcriptome database containing nucleotide-level noise and assembled RNA-seq reads of

a human prostate cancer individual. Discovered structural alterations within the prostate

8Contiguous sequences
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cancer dataset are presented, ready to be validated for analysis of their biological signifi-

cance.

1.4 Organization of Thesis

This thesis document is structured as follows:

Methods

The methods chapter is composed of three separate sections.

The first two chapters present the two theoretical frameworks mentioned earlier. For
both nucleotide-level alignment and fragment chaining approach, the problems are investi-
gated in multiple variants and efficient solutions are proposed to tackle them.

In the third section of the methods chapter, we present our software aligner, Dissect.
We present the multiple steps of the alignment and event detection process, but focusing
on more practical problems than the theoretical concepts discussed in the earlier sections.
Two of the practical problems that are investigated in detail in this section are: inferring
putative gene regions that the transcripts are likely to be located and post-refinement of
potential small-scale misalignments in the fragment chain due to the minimum fragment
length threshold. In this section, we also talk about the software development aspects of
Dissect, discussing the design considerations to make it more efficient in terms of memory

and disk usage and improving the usability of the software.

Experiments

The experiments chapter reports experimental resuts in two main directions: experiments
upon simulated datasets and real life biological datasets.

The simulation experiments fall into two main subcategories: (1) Showing evidence
for the alignment accuracy and event detection specificity through tests upon wild-type
transcriptome datasets comtaminated by with nucleotide-level noise and novel insertions. (2)
Showing evidence for the event detection sensitivity through tests upon simulated structural
events on wild-type transcripts.

In the second set of experiments, we use assembled RNA-seq contigs of a human prostate
cancer individual and report the number of events we detect for each sub-type. Unfortu-

nately there is not a reliable way to ascertain false negative rates in real life datasets and
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biologically relevant true positive rates, due to the fact that these sequences are generated
by a separate assembly pipeline which will have its own rate of false assemblies that contain
structural events. However, the purpose of the presented software is finding structural al-
terations assuming that the given sequence is correct and has a high rate of similarity to its
genomic origin. For this reason, in order to evaluate the reliability of the software in real-life

datasets, we use a wild-type spliced aligner as a surrogate for detecting false positive events.

Summary and Conclusion

This chapter contains an overall summary and a general discussion upon the reported the-
oretical results, design aspects of the presented alignment tool and obtained experimental
results as well as the possible directions in which this study can be improved or extended

in the future.



Chapter 2

Methods

2.1 A Theoretical Framework for Nucleotide-Level Spliced

Alignment with Structural Alterations

Different from the alignment of two genomic sequences, aligning a transcribed sequence to
a genomic sequence have several challenges even without the incorporation of structural
alterations. These challenges mostly arise from the asymmetric gap models for the genome
and transcript sides of the alignment and the nontrivial genomic gap penalty functions that
are used to model long introns on the genome side. Furthermore, with the incorporation of
splice signal scores to the alignment formulation, the penalty function of genomic gaps be-
come position specific, thus traversing the constructed alignment graph becomes a challenge
by itself.

The main concern when aligning two genomic sequences is whether to align them globally,
forcing both sequences to be fully represented within the alignment or locally, giving both
sequences the option to omit leading or trailing sequences that reduce the alignment score
if they are included. In both cases the alignment would be symmetric (i.e. the same
alignment is obtained when the order of the aligned sequences are changed within the
pairwise alignment graph)

When we consider the alignment of a transcript to a genomic sequence, the two sequences
do not have symmetric alignment properties (as opposed to genome-to-genome alignment).
The aligned transcribed sequences would be contained within only a very small region of

the full genomic sequence given, however the extent of this region would be larger than

11
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transcript’s length due to the length difference between introns and exons. This property
of aligned sequences creates an asymmetry in the transcript alignment problem, in which
the transcript sequence should be considered fully within the alignment whereas its genomic
counterpart should be very local and contain relatively long gaps within.

Moreover, since the discarded introns in a transcript sequence tend to be much longer
than the retained exon sequences, constant or affine gap penalties that could act as plausible
models of the gap length in the case of aligning two genomic sequences, would be inade-
quate to model the long gaps on the genome side in the case of transcriptome to genome
alignments!. For this reason; in the following set of formulations, we assume genomic gap
penalty models in the form of convex and log-scale cost functions.

For the sake of simplicity, the gap penalties on the transcript side are formulated within
the constant gap penalty model, even though the algorithms described in this section are
fully compatible with affine gap penalties with simple modifications. At the end of each
subsection, how to modify the presented algorithms for affine gap penalties is briefly de-
scribed.

The following two subsections provide two different problem formulations and algorithms
to solve these problems exactly. The first problem definition presents a realistic model of
the alignment of a wild-type transcript to the genome without involving any structural
changes. Whereas the second problem definition expands the same model by involving
structural alterations in the alignments; such as the alignment of two separate transcribed
bases to a single genomic base (i.e. duplication), alignment of a base that comes later in the
transcribed sequence to be aligned to a genomic base that comes earlier than the alignment
of a previous base in the transcript (i.e. rearrangement), alignment of a substring of bases
in the transcript to the reverse complement of the genomic sequence (i.e inversion) and
the placement of a single special genomic gap that can span a much larger distance than
usual or form a junction between two separate chromosome sequences (i.e. fusion). We
further expand this model by incorporating additional scores (penalty reductions) for gaps
that span an intron junction between genomic positions that represent a canonical splice
signal pair (e.g. GT-AG). Even though this addition to the formulation does not represent

a structural change; due to the additional steps required for integration, siplice signals are

'Tf we model an intron gap with a linear cost function f(L) = co + ¢1 x L (L representing the gap size
and cg, c1 arbitrary constant values), gap penalty of long introns are likely to dominate the matching base
pair scores obtained from other regions in the transcribed sequence.
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investigated as part of the second problem formulation.

Provided algorithms for the first problem describe already existing methods in the lit-
erature. Whereas in the second subsection we describe our expanded problem definition
and corresponding novel solution methods that extend the original methods to structural

alterations staying within the same run-time complexity bound.

2.1.1 Problem 1: Wild-type transcript to genome alignment

Given an alphabet of ¥ = {A,C,G, T}, let T' = t1ty...txy be the transcribed sequence of
length N and G = g1g2...gnm be the genomic sequence of length M over ¥. The value
function v(t;) returns the base character for the given position i in 7', whereas v(g;) returns
the base character for the given position j in G.

A wild-type transcript to genome alignment of sequence T" to G, A(T,G), is a mapping
f from the set indices of T', {1,2,..., N} to the indices of G together with a special gap
index, {1,2,..., M}U{¢}, ¢ representing a gap character ‘.’ on the genome side, such that

Vi,je[LN],i<j A fli)#o N fU)#o = fE) <f0) (2.1)
holds?. This statement ensures that each base on the transcribed sequence should be either
aligned to a gap, or should be aligned to a genomic position that comes later than all of the
aligned positions of the previous bases in the transcript.

The score of the alignment Score(A) is defined as follows:

N
Score(A) = Spli, f(i)) — > Po(f(i), £(5))
=1 1<i<j<N
FO) #SALG) # 6
Vk,i<k<j fk)=¢

where S;,, represents the base match/mismatch score/penalty function and Ps representing

the gap penalty function, defined as follows:
Cmatch for U(ti) = U(gj)

Sm(iaj) = Chismateh  for J 7& ¢ A v(ti) 7£ U(gj)
Cyap for j=¢

2The conventional problem definition for alignment would involve a two-row matrix with gaps on either
side. However, the given problem definition and the following score functions correspond to the exact same
formulation with a two row matrix. Such a problem definition is provided for the sake of simplicity of the
transition from wild-type transcript alignment to transcript alignment with structural alterations.
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Ps(a,b) =h(b—a—1)

In the definition of the penalty score function®, h: Z* U {0} — R is a convex gap cost

function satisfying the following property:
h(z) —h(x—1) > h(z+1)—h(z) >0 (2.2)

Below, two different solution methods are given for solving the problem formulated above
(Wild-Type Transtriptome Alignment). The first algorithm is a simple solution method
that does not utilize the convex gap penalty function property, but is suitable for arbitrary
gap penalties. Whereas the second solution provides a more complicated algorithm with a

tighter run-time complexity that utilizes the convex gap penalty property.

Algorithm WTTA-1: Naive solution method

The general approach of this naive solution is to iteratively fill in the cells of the align-
ment matrix X row by row; each of the matrix cell X[i, j] representing the best wild-type
transcript to genome alignment of 77s prefix T[1..i] and G’s prefix G[1..j].

For each cell of the matix, the algorithm computes the cost all valid genomic gaps from
the previous row to the cell or alternatively maps a particular cell to the gap character index
¢.

The initialization step of the WTTA-1 algorithm is as follows:

Vi e [1,M], X[1, j].score «— max(Sn(1,7), Sm(1,9))
Vi € [1,M], X[1,j].parent < source
where the source parent indicates that the alignment cell is the starting point for the align-
ment.

And for each row ¢, from 2 to NV, and within each row; for columns j, from 1 to M, the

following assignment is done:

X[i, j].score — max(X[i — 1, j| + Sp (i, @), lr?ka?j(X[i —1,k] — Ps(k,j) + Sm(i,7)))

In the assignment above, the first parameter of the outer maximum function considers

aligning the current base of the transcript (¢;) to a gap, whereas the inner maximum function

3A desirable property of the P, function would be returning the value zero, if b—a—1=0
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evaluates the gap transitions from all previous genomic positions (gi). In the special case
in which j = k + 1, the genomic transition does not represent a gap, but a consecutive
alignment of two bases in the transcript to two consecutive bases in the genome. In this
particular case, the function h would ideally return zero for h(j — k — 1), therefore the value
of the new cell would in this case be X[i — 1,7 — 1] + S, (¢, 5), similar to pairwise genome
alignment.

If the best score of the cell is determined by first parameter of the outer maximum
function, X[i, j].parent is assigned as j; alternatively if the score value is determined by
one of the k values in the second parameter, the parent is assigned as k. Also note that; if
the genomic gap to X[i, j] is from a cell X[i — 1, k| that ¢; is aligned to ¢, the represented
genomic gap is not from X[i —1, k] but from the first ancestor of that cell that is not aligned
to a ¢ or is source.

After the score and parent information of all cells in the matrix are filled, alignment
step of the algorithm terminates by selecting the highest scoring base in the last row of the
alignment matrix, which corresponds to the last base of the transcribed sequence. Therefore,
the algorithm selects the best alignment of the entire transcript to a local region in the
genomic sequence.

The backtracking step of the algorithm simply starts from the highest scoring cell in
the last row and follows the direction of parents until it reaches the first row. The optimal
alignment function f is constructed by the following scheme: whenever X[, j|.parent = j,
f(i) < ¢, otherwise if X[i, j|.parent = k # j, f(i) < k. When the top row is reached, f(1)
is assigned as the current column index (or a gap) and the backtracking step terminates.

The run-time complexity of the algorithm WTTA-1 is O(NM?) due to visiting every
cell of the previous row for all cells in the matrix X, apart from the first row. Memory

complexity of WITA-1 is the size of alignment matrix X, thus O(NM).

Algorithm WTTA-2: Sparse solution method

In order to reduce the time complexity of WTTA-1 from O(NM?) to O(NMlog(M)), we
can utilize the property of the gap penalty function A being a convex cost function that has
non-increasing growth with the length of the gap as defined in (2.2). The result described
below is originally demonstrated by [32] and [11].

The first row of the matrix X is initialized in the same manner as in the algorithm

WTTA-1, however generating (i-+1)"" row using the values from the i*" row can be performed
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in O(Mlog(M)) operations, using the property given in (2.2). The first step in obtaining
this improvement would be to generalize the given inequality.

Lemma 1. Given four integers k <1< q<r and h:Z" U {0} — R; if h is a convex cost
function with the property defined in (2.2), then h(r —1) — h(q—1) > h(r — k) — h(q — k).

Proof. From (2.2), for t > 0 we have;
h(i) —=h(i—1)>h(i+1)—h(i)>...>h(i+t)—h(i+t—1) (2.3)

And similarly, for 1 < m < i;

7 i+1
> h(k)—h(k—1)=> i h(k) — h(k —1)
k=i—m+1 k=i—m+2
— h(i)—h(i—m)>h(i+1) —h(i —m+1) (2.4)

From (2.3) and (2.4)
h(i) — h(i —m) > h(i +t) — h(i +t—m)
Here if we rewrite m =7 —q ,i=7—1,and t = — k
h(r —1) = h(qg—1) > h(r — k) — h(q — k)
O

At this point, in order to make use of Lemma 1, we will modify the general dynamic
programming scheme in WTTA-1. In WTTA-1, the algorithm searches for transitions from
the previous row towards the current cell. However, in WTTA-2, each cell will perform a
search for which cells of the following row it can affect by a transition. We will call this a
forward assignment step as described follows:

Assume that, the initialization steps of WTTA-2 are the same as in WTTA-1 with the
only difference that all cells other than the first row are initialized as having a score of —oco.
Then, for each row i, from 1 to N — 1; and within each row, for each column j, from 1 to
M.

X[i+ 1, j].score « max(X[i + 1, j].score, X[i, j|.score + Sy, (i + 1, ¢))

Vk € [j+1, M], X[i+1, k].score < max(X[i+1, k].score, X [i, j].score—Ps(j, k)4 Sm (i4+1, k))
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If the assignment in the first line above updates the score of the cell, X[i + 1, j|.parent
is set as j. Similarly for any k, that X[i + 1, k].score is altered during the assignments in
the second line, X[i + 1, k].parent is set as j.

These operations during a full scan of the alignment matrix will produce the exact same
results as in WTTA-1. However, these values are not filled in by each cell looking at previous
values in the matrix; but by the forward assignment operations done by the previous matrix
cells. However, this traversal also yields a run-time complexity of O(NM?). In order to
perform these forward assignments in O(N Mlog(M)) time we will make use of the following

property of the assignment process.

Theorem 1. During the forward assignment process described above, at any row i and
column j, right before the forward assignments begin for that particular cell, the sequence

formed by the current parents of the cells to be visited,

I, =(X[i+1,j+1].parent, X[i +1,j + 2].parent, ..., X[i+ 1, M].parent )

is a mon-increasing sequence®.

Proof. If j' and k' are column indices such that, 1 < j/ < j and k < k¥’ < M; we can

substitute j',7,k,k" in place of k,l,q,r in Lemma 1, obtaining the following inequality:
h(k' = j) = h(k — j) = h(k' = j') = h(k — j')
= PS(j7 k/) - Ps(jv k) Z Ps(jlak/) - Ps(jlv k)

= PS(jlvk)_PS(j7k) EPS(jlak/)_PS(j7k/) (25)

And from (2.5),
PS(]’k) ZPS(j,ak) = OZPs(j,,k‘,)—PS(j,k/) = Ps(jak,) ZPS(jlak,)

_Ps(j, k) < _Ps(jlvk) = _Ps(j7 k,) < _Ps(j,ak,)

Thus,
X i, j].score — Py(j, k) < X[i, j'].score — Ps(j', k)

2.6
= X[i, j|.score — Ps(j, k') < X[i, j'].score — Ps(j', k") (2:6)

4 Remember that X[i, j].parent points toward a column k of a matriz cell in the previous row, X[i — 1, k].
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In order to prove Theorem 1 by contradiction, we assume that I, is not monotonously

non-increasing:

Ju,v € [j + 1, M] such that u < v Ap1 = X[i + 1, u].parent < py = X[i + 1, v].parent
The statement p; = X[i + 1, u].parent, would require the following statement to hold:

Vt,0 <t <j:X[i,p1].s — Ps(p1,u) > X[i,t].s — Ps(t,u) (2.7)
Similarly for po = X[i + 1, v].parent:

VE, 0 <t <j:X[i,pa].s — Ps(pa,v) > X[i,t].s — Ps(t,u) (2.8)
From (2.7) and (2.8), we obtain:

X|[i,p1].score — Ps(p1,u) > X|[i, p2].score — Ps(pa,u)

and

X[i, p2].score — Py(p2,v) = X[i, p1].score — Ps(p1,v)

which contradict with the statement in (2.6). Hence, I, needs to be monotonously non-

increasing. O

Using the property in Theorem 1, we can skip the score comparisons for the majority
of the row cells during the forward assignment process. An algorithm that utilizes this

property during the forward assignments is described as follows.
e Assume that initialization step of the first row takes place in the same way as WTTA-1
e For each of the rows 4, from 1 to N — 1:

— Initialize parents of all cells in the (i + 1) row as () and define X[i, (].score as

—005.

— Initialize a linked list structure B, that contains nodes By to B,, that represent
the block of columns in the (i 4+ 1) row that has the same parent pointerS. It is
sufficient for each node B, to only hold the ending column (B..ec) of each block,
and the parent index value (B..pi) each cell in the block B, has’.

®Thus, the score of having parent (} is —oco for any cell in the (i + 1) row
5The value m is determined by how many same parent blocks exists in the list. Thus initially m = 1

"Initially B will contain only a single node Bj, having Bi.ec = M and By.pi = 0)
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— Assign current block B, «+— Bj
— For each of the columns j, from i + 1 to M
 If the score transition from X|[i, B..pi] to X[i+ 1,7 — 1] is larger than X[i +
1,7 — 1].score, then update X[i + 1,7 — 1].score and assign X[i + 1,j —
1].parent — B..pi
* Check the score of aligning s; to ¢:

X[i+1,j].score «— max(X[i + 1, j].score, X[i, j].score + Sy, (i + 1, ¢))

If this assignment updates X[i + 1,j].score, then X[i + 1, j].parent «— j.
At this point, we define another information type for the aligment matrix
as gap, and assign X[i + 1, j|.gap as true. We assume all gap values in the
alignment matrix are initialized as false.

x Update the current block if it is completed: If B..ec < j, then ¢+ c+ 1

« Check if a transition from X[i, j] can update X[i + 1, + 1]’s score:

X[i, j].score — Ps(j,j + 1) > X[i, Be.pi].score — Ps(Be.pi, j + 1)

If it does not, from the observation (2.6), it is clear that X[i, j] cannot update
any one of the remaining cells. Thus, skip the following steps and continue
this process with the next column j + 1.

* Check if a transition from X|[i, j] can update X[i + 1, k]’s score, in which k

is the ending column of the current block. In mathematical terms, check if:
X[i, j].score — Ps(j, Be.ec) > X|[i, B..pi|.score — Py(Be.pi, B..ec)

If the inequality above holds®, then assign B..pi «+ j then check if the same
inequality holds for the next block’s ending position, B.yi.pi. If it holds,
then merge the two blocks B. and B.y1 by updating B..ec « B.41.ec and
deleting B.y1. As this inequality holds for the remaining blocks in the list,

merge them one by one to B.?. If all of the blocks are merged into one,

8Note that with this inequality, ties are broken favoring the block parent indicating an earlier cell. Even
though either way may not represent a biological reasoning, the way this tie-breaking scheme is selected
favors a higher quality alignment prior to a longer intron over a relatively lower quality alignment with a
shorter intron.

9Since B is maintained by a linked list, shifting the remainder of the blocks whenever two adjacent blocks
are merged, can be done in constant time.
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return to the beginning of the inner loop and continue the same process with
the next column j+ 1 and the resulting linked list B. If the first or any other
block’s inequality does not hold however, the block that does not satisfy the

given inequality, By, needs to be analysed in detail in the next step.

* By in the (i + 1)"* row represents the column index interval [(Bu_j.ec +
1), By .ec]. If the inequality given above does not hold for B..ec but holds
for By_y.ec + 1, then transitions from X|i, j] can update only some of the
cells within this block. However, due to the property proved in Theorem
1 to be satisfied, the updated cells should form a sub-interval that starts at
the beginning of the block. Here, we only need to find the position that this
sub-interval ends. This can be achieved by employing a binary search within
the block interval, trying to find the ¢** cell in the interval that satisfies
the equation where (g + 1) cell does not'?. After this position ¢ is found,
the block B, is split into two separate blocks with column index intervals:
[(Ber—1.ec+1),q] and [(¢+ 1), Be.ec]. Also the respective parent indices and
ending positions are set. If B. was the original B, block, then after splitting
B, into two as described, we continue with the next column j + 1. If By
is one of the downstream blocks of B, however, then all of the blocks in
between have already been merged to B, and the first block that is created
during the split is merged with B, as well.

— At this point we have the final parent and score values for all of the cells in the
(i + 1)*" row. In order to fill the remainder of the rows, we go to the beginning

of the outer loop.

e The backtracking step of this algorithm is employed in a similar way to the method
described in WTTA-1. During the backtracking procedure, the current transcript base
is aligned to a gap only if the gap value of the current alignment matrix cell is true.
Otherwise, i*" base of the transcript is aligned to the j** base of the genomic sequence
as in the WTTA-1 algorithm.

Analysing the complexity of this method is more difficult than WTTA-1 algorithm,

9Tt is important to note that, throughout the binary search or block merging/splitting steps the actual
parent and score values of the cells from X[i + 1,57 + 1] to X[i + 1, M] are not stored. All of the score
calculations required for the inequality checks are performed on the fly, with the values not saved or reused.
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however it is clear that the inner loop of the algorithm is called O(N M) times throughout
the algorithm, thus initialization and backtracking steps of the algorithm does not affect the
run-time complexity. It can also be noticed that at each iteration of the inner loop; (1) a
binary search is performed within an interval of O(M) cells, (2) at most O(1) cells are split
into two, and (3) at most O(M) cells are merged. Step (1) adds an additional O(logM)
operations for each inner loop call and step (2) does not affect the complexity since it can
be performed in constant time. In order to analyse the complexity of step (3), we can make
use of the observation that before the first iteration of the inner loop starts, the number
of blocks is exactly 1. Since at each step at most one block is split into two, there can at
most be O(M) blocks created in total. This observation indicates that there are at most
O(M) cells merged as well, giving an amortized complexity of ©(1) for step (3) for each
iteration of the inner loop. Therefore the overall complexity of the WTTA-2 algorithm is
O(NMlog(M)).

Further improvements to WTTA-2

In the WTTA-2 algorithm, it was assumed that in the given penalty function genome-side
gaps are modelled by a convex cost function satisfying the inequality given in (2.2). However,
it is possible to achieve a further run-time complexity reduction if we consider a smaller set
of functions that satisfy the “closest zero property” defined in [11].

The definition of this property for a given convex cost function, h : R — R, is as follows:
e For every x1,20 € Z, 1 < 3 and r € R, the smallest y integer value such that y > xo

and h(y — x1) — h(y — xz2) — a < 0 can be calculated in constant time (2.9)

Theorem 2. If the gap penalty function Ps(a,b) = h(b—a—1) in the Problem 1 definition
is a convez cost function satisfying (2.2), and also has the “closest zero property” as defined
in (2.9). Problem 1 can be solved in O(MN) time; M, N being the transcript and genome
lengths respectively.

Proof. In the complexity analysis of the algorithm WTTA-1, we identified three steps within
the inner loop: (1) binary search within the interval of a same parent block, (2) splitting
of an interval, and (3) merging of one or more intervals. Steps (2) and (3) are shown to

have ©(1), and amortized ©(1) runtime complexities respectively, whereas step (1) takes
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O(log(M)) time. Due to the fact that the inner loop is iterated O(M N) times, the overall
running time was O(M Nlog(M)). The goal of each binary search employed was to find the

¢'" column in the block that the following two inequalities are satisfied.
X[i, j].score — Ps(j,q) > X[i, B..pi].score — Ps(B..pi, q)

X[i, j].score — Ps(j,q + 1) < X[i, Be.pi].score — Ps(Be.pi,q + 1)

Given (2.9), we can find such a ¢ index value in constant time.
This improvement will reduce the binary search step performed in O(logM ) time to ©(1)

time, giving an overall run-time complexity of O(MN). O

Log-scale functions in the form h(xz) = C1+Caxlogy(x), satisfy the ’closest zero property’,
given (1 and Cy are constant rational numbers. The calculation steps of y in a log-scale

function is described as follows:

h(y —x1) —h(y —x2) —a =0

a
= log(y — z1) — log(y — x2) = roR
2

Yy — a1 a

= lo = —

g(y_m) G

1
Yy — 2

Redefine b%: as Co:
= y—21=Coxy—Co*xo

Co * 290 — 21
e = —
J 1—Cp

At this point, if the calculated y is less than or equal to xo, we infer that there is no such
y that satisfies (2.9), otherwise return the smallest integer larger than or equal to y as the
solution.

Note that, the calculation b%s is an operation that can be done in constant time. The
remaining of the steps can also be performed in constant time, if a unit operation is assumed
to cover the basic arithmetic operations'!.

Another possible addition to the WTTA-2 algorithm is the extension of the transcript

gap penalty model from constant to affine cost functions. In the affine gap penalty model,

1 Such as addition, subtraction, multiplication, division and comparison.
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a gap distance of ¢ is not penalized by Cyqp * t as in the constant gap penalty model, but
penalized as a linear function in the form: Cyap—open + Cyap—eatend * . In order to introduce
this new gap penalty model, the function S,, in the definition of Problem 1 should be

changed to Sy,, as follows:

Craten, for  v(t;) = v(g;
Chmismateh  for  j # ¢ Ao(t;
Cgap—open  for j=o¢ N fi—1)#¢

Cyap—catend for Jj=oN fi=1)=¢
In order to integrate S,,, definition to the new algorithm, we can add two more score

matrices other than X: XM and X¢. XM[i, j] represents the alignment of the i*" index

Sma(iaﬁ =

of T to the j* index of G as a match or mismatch, whereas X G[i, j] represents the same
index alignment as a gap. Moreover, X[i, j] represents the maximum of the cells in these
two matrices.

In each forward assignment step in WTTA-2, a genomic transition score (from (i, j) to
(i + 1,k)) that ends with a match will be calculated from the base score of X[, j], and
assigned to XM [i + 1, k] and replace the value of X[i + 1,k], if larger. On the other hand;
for a gap transition (from (,7) to (¢ +1,7) ) that ends with a gap, we have two different
alternatives. The gap can either extend the gap in (7,j) or start a new gap in (i + 1, 7).
In the first case the transition score should be calculated as X G[i, J] — Cyap—eatend and in
the second case XM[i, j] — Cgap—open- The maximum of these two values will be assigned
to XC[i + 1,7] and replace X[i + 1,;] if it is larger. Since the number of operations and
additional number of cells are within a constant factor of the original WTTA-2 algorithm,

the extension for affine gap penalties do not alter run-time and memory complexity.

2.1.2 Problem 2: Transcript to genome alignment with structural alter-

ations and splice signals

Here we propose an alternative definition of the first problem, generalizing it for detect-
ing transcriptional variations such as duplications, rearrangements and inversions that are
represented as unidirectional copies of genomic substrings in the transcript. We further

generalize the problem formulation for handling the special case of fusions that correspond
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to the alignment of a single transcript to two different genomic sequences'? with the restric-
tion that there can only be a single transition from the first sequence to the other and no
transition back from the second to the first. Finally, we incorporate the additional scoring
of canonical splice signals into our formulation of pairwise transcript-to-genome alignment
with structural alterations.

Assume the original definitions for the alphabet X, transcribed sequence T' = t1to...tN
and the genomic sequence G = g1gs ... g, given in the previous problem definition.

Inclusion of duplications and rearrangements to the problem formulation will require
the freedom to have backwards gaps/junctions in the genome, allowing the cases in which
i,j € [1,N]: i <j A f(i) > f(j). Therefore, in this alignment formulation the statement
given in (2.1) is omitted.

Moreover, inclusion of inversions to the alignment framework will require the alignment
of a base within the transcribed sequence to the complement of the base in the genome
rather than the original. The base complement function for any sequence index is defined

as follows:

d:v(d)=A for v(c)=T
=1 for -4
Comp(c) = d:o(d)=G for v(e)=C
d:v(d)=C for v(c)=G

For easier notation of the complement alignment of a transcribed base to the genome,
we introduce a new genomic sequence G' = g¢{g5...g),, such that for each i from 1 to
M, g; = Comp(g}). An important point to note here is that, this new sequence does not
represent the reverse complement genome sequence but a sequence derived from the original
genome sequence by taking the complement of each base character in its original place's.

Furthermore, for the incorporation of fusion events, a new secondary genomic sequence
and its complement should be introduced. Let S = s1s5 ... sy, to be the secondary sequence
completely independent from the sequence G, and S’ = s}s), ...} be the complement of S
such that for each i from 1 to L, s; = Comp(s}). An important condition that the designed

alignment framework should enforce on these fusion model is that, there should be at least

120r very far apart genomic regions such that any cost function cannot act as a realistic gap penalty
model.

3This notation is used for the sake of having a compatible index scheme between G and G'.
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one prefix/suffix split of the transcript sequence such that all of the bases in the prefix are
aligned to G, G’, or ¢, and all of the bases in the suffix are aligned to S, S’, or ¢. This
property requires that the first and secondary genomic sequences are known prior to the
alignment of a fusion transcript. Furthermore, this model is general enough to also include
transcripts without a fusion; in which case, the sequences S and S’ would be empty and the
prefix/suffix split would occur after the last base of the transcript (the prefix contains the
entire sequence). Or alternatively the split will occur before the first base of the transcript
(the suffix contains the entire sequence).

Finally, we investigate the incorporation of splice signal scores to the alignment formu-
lation. The direct incorporation of additional scoring for canonical splice signals appears to
be violating the convex gap penalty scheme, due to the fact that the gap penalties are now
affected by the splice sites. However, in the following problem solutions, we handle splice
signal positions within separate genomic position subsets that do not violate the convexity
property within their respective position set.

In mammalian genome the transcription splicing regulation is dominated by GT-AG
splicing signals. Similarly, if the input transcript sequence is the reverse complement of
an actual transcript, the majority of the splice signals throughout the transcript will have
CT-AC signal. Even though, for higher accuracy, a splice signal score table can be used for
different values of splice signal scores on either side; for simplicity purposes, in the following
set, of solutions we assume that the only type of valid splice signal is GT-AG. Thus the gaps
spanning these signals in the genome are awarded with an additional score deducted from
their respective genome transiton penalty. However, we also show that, with the condition
that the splice signal length is constant; any scoring scheme upon multiple splice signals
can be performed within the same run-time and memory complexity as in the case with the
GT-AG signal scheme.

Splice signal-pair scoring scheme can be employed in two main forms: sums of partial
signal scores or conjunction of signal scores. In the first scheme, the overall score for a
single splice junction is represented as the summation of individual scores depending on
the existence of canonical splice signals on either side. In the second scheme, the score
is only considered as depending on the existence of canonical splice signals on both sides.
In both schemes, however; splice signal scores are constant values independent from the
gap length. For simplicity; in the current problem formulation, the first scheme will be

considered, yet the extension for the second scheme is examined at the end of the problem
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solution subsections.

With the help of the clarifications given above, the problem of aligning a transcribed
sequence to the genome (a single genomic sequence or alternatively two genomic sequences
for fusion transcripts) with structural changes, is given as follows:

An alignment of a transcribed sequence T to genomic sequences G, G', S and S’ with
structural alterations, A4(T,G,S), is a mapping F from the bases of T, {t1,t2,...,tN}
to the bases of G and S and a special gap index, {g1,92,...,9m} U {91, 05, ---.9)} U
{s1,82,...,s.} U{s],sh,...,s,} U{@}, ¢ representing the gap character ‘.’ on the genome
side of the alignment!'*, with the condition given below.

There is no such i,5 € [1,N],q € [1, M],r € [1, L], such that:

(i <) A (E() = 5,V (L) = 1) A (F(t) = g4 V F(t;) = g}) (2.10)

The statement (2.10) ensures that the alignment of the transcribed sequence T' can
switch from the sequence G to S only once and after switch always stays on that side!®.

With the given alignment definition above, the score of such an alignment, Score(Ay) is
defined as:

N
Score(As) = Sp(ti, F(t:)) — > (Ps(F(t:), F(t5)) — Js(F (L), F(t5)))
=1 1<i<j<N

Ft) #oNF(t;) # ¢
Vk,i <k <j,Fty)=¢

with S,, defined as follows:
Cnaten,  for v(ti) = U(F(tl))

Sm(tiaF(ti)) = Cmismatch for F l) 7é (b A v<ti) 7& U(F(tl))
Cgap for F z) = qb

and Py is defined below. Throughout Ps and J, function definitions, the notation F(t;) =
A € S is used (implying Ik € [1,length(S)] : A = Si), and A.p stands for the position of

(t
(t

the mapped base in its respective sequence, which is k£ in this case.

“Note that the mapping F is different from the previously defined function f, in the sense that it does
not map positions between two sequences, but bases of the sequences themselves.

S However, in the cases that there is no fusion, one of these sequences will not be used therefore the whole
alignment will take place in only one of these sequences. Yet such a formation will not be forced prior to the
alignment but will emerge naturally from the best scoring alignment itself.
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) (A, BEGVABeS)NAp<B.p

) (A,BeG'VA,BeS)ANBp<Ap
Hy(Ap—Bp+1) for (A, BEGVABeS)NAp>B.p

) (A,BeG'VA,BeS)ANBp>Ap

) (AeGABeG)V(Ae G ANBe@)
V(Ae SABeS)v(Ae S ABeS)
Cy for (A€cGVAeG)N(BeSVBeY)

H,, Hy, and H; are functions satisfying the convex cost property given in (2.2), and
(' is a constant penalty representing switching cost from the first sequence to the second
as a transcriptional fusion. Even though there is a freedom in this formulation for the
relative costs of H functions, in a realistic transcript to genome alignment setting, Hp
function that represents backwards junctions in the genome (for detection of duplications
and rearrangements) and H; function that represents the junction between exons on different
strands (for detection of inversions) are expected to be more costly than H,, function which
corresponds to the regular intron spanning junction.

In the alignment score function defined above; the splice signal scoring function, Js that
returns an additional score depending on the existence of splice signals at the junction sites,

is defined as follows:
0 for (AALBEGVABeS)AN1<B.p—Ap<minint

Js(A,B) = 0 for (ALBeG'VABeS)AN1< Ap— B.p<minint
Jp(A) + J.(B) otherwise

given constant min_int value defined as the minimum possible length for an intron and Jp,
J. defined as follows:

0 for (AcG'VAeS)NAp<2
0 for (A€GANAp>M—-2)V(AecSNAp>L-2)
J(A) =3 G= for (AcGVAES)Av(Ap+1)="G Nv(Ap+2)="T
0255 for (AeGVAeS)YANv(Ap—2)= A ANv(Ap—1)=""
0 otherwise
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0 for (BEGVBeS)ABp<2

0 for (BEG'ABp>M-2)V(BeS ABp>L-—2)
Je(B) =4 %+ for (BeEGVBeS)Av(Bp+1)="AANv(Bp+2)=GC

s for (BEG'VBeS)ANv(Bp+1)="C'Av(Bp+2)="T

0 otherwise

In the following two subsections, we extend the initially described WTTA-1 and WTTA-
2 algorithms to the new formulation of transcript to genome alignment with structural
alterations (Transcriptome to Genome Alignment with Structural Alterations), staying

within their original run-time and memory complexity.

Algorithm TGASA-1: Extending WTTA-1

The extension from the algorithm WTTA-1 to TGASA-1 within the complexity bound of
O(NM?) is fairly straight forward if several key points are handled carefully: These are
(1) four interdependent alignment matrices need to be defined with different properties (for
fusions and inversions), (2) a cell in a row can update the values of the cells in the following
row with both forwards and backwards genomic transitions, and (3) each gap will have a
score based on its beginning and ending positions in the genome.

In the initialization step, we first identify the positions in G, G’, S, S’ that correspond
to the beginning or ending of the GT-AG splice sites in accordance with the Js(A, B)
function definition given above. This task only requires a linear scan in all four sequences,
corresponding to O(M + L) comparisons. In this and the following complexity analyses,
we will assume that without loss of generality, M > L. Thus performing this initialization
step will take O(M) comparisons. The positions for canonical splice sites are stored in a
constant time access table, so that whenever J; score function is called, we can assume the
result to be obtained instantly.

Furthermore, we define the four alignment matrices X¢g, X¢qr, Xg, Xg/, that correspond
to aligning the transcribed sequence T' with the four genome sequences G, G’, S, and 5.

The initialization step of X is the same as in the WTTA-1 algorithm; however, the
initialization step of X will be performed with the complements of the bases taken from
T.

Vj e [1,M], X¢[1, jl.score «— max(Sm(ti, g;), Sm(t1, @)
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Vi e [1,M], Xq[l, j].parent « source
and for the complement sequence G’
Vi e [1,M], Xa[1,j].score — maa:(Sm(C’omp(tl),g;-), S (Comp(t1), @)
Vi e [1,M], X[, j].parent «— source
And similarly the initialization steps for Xg and Xg are:
Vj e [1,M], Xg[1, jl.score « max(Sm(ti,S;), Sm(ti, P))

Vj € [1,M], Xg[1, j].score < maz(Sm(Comp(t1), S}), Sm(Comp(t1), ¢))
Vj € [1,M], Xgs[1, j].parent < source N Xg[1, j].parent < source

After the initialization, for each row i from 2 to N, the following steps are employed for

the four alignment matrices:
e For each column j from, 1 to M

— Xgli, jl.score — (Xg[i — 1, j] + Sm(ti, ¢)) and X¢g|i, j].parent — (Xq,j)

Updatel6 XG[i,j].SCOT@ by 1£I}€a<}§w(XG[7’_l’ k] _Ps(gka gj)+Sm(tZ7g])+Js(gka g]))

« If Xql[i, j].score value is modified, X¢[i, j].parent — (Xq, k)

Update X¢[i, j].score by max (Xgli—1,k] = Ps(g5, 95) + Sm(tir ;) + Js(9k: 95))
« If Xql[i, j].score value is modified, Xq[i, j].parent — (Xqr, k)

— X¢vli, j).score — (Xgr[i — 1, j] + Sm(ti, @) and X i, j].parent «— (X¢r, j)

_ i i . ro o It
Update X¢r|[i, j].score by 12%?%\4()(6‘ [i =1, k] = Ps(gi, 9;) + Sm(ti, 95) + Js(gk, 95))

« If X[, j].score value is modified, X¢[i, j].parent — (X, k)

_ id i — _ ’ ) ’

Update X¢[i, j].score by 13},%4()(9 [i—1, k] = Ps(gr, 9;) + Sm (ti, g7) +Js(gk, 95))

« If X¢o|i, j].score is updated, X¢[i, j].parent — (Xa, k)
e For each column j from, 1 to L

— Xgli, j].score — (Xg[i — 1, j| + Sm(ti, ¢)) and Xgl[i, j].parent — (Xg,7)

$The operation “Update A by X” stands for A « max(A, X).
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Update Xg[i, j|.score by 11f<nka<XL(X5[i —1,k] — Py(sk, 55) + Sm(ti, s5) + Js(Sk, 55))
« If Xgli, j|.score value is modified, Xgli, j|.parent «— (Xg, k)
— Update Xgli, j].score by 1glka<XL(XS[i —1,k] — Ps(s, 85) + Sm(tis 85) + Js(8), 55))

« If Xg[i, j].score value is modified, Xg[i, j].parent — (Xg, k)

Update Xgli, j].score by 121}2}}\/[(Xg[i — 1, k] — Cf + Sm(ti, 55) + Js(gk 55))
« If Xgli, j].score value i_s ;nodiﬁed, Xsli, jl.parent — (Xq, k)
— Update Xg|i, j].score by 12}92}5\/1()(@[1. — 1,k = C¢ + Sm(tiysj) + Js(gg, 55))
« If Xgl[i, j].score value i_s ;nodiﬁed, Xsli, jl.parent — (X, k)
— Xg[i, jl.score — (Xg/[i — 1, 7] + S (ti, ¢)) and Xg[i, j].parent — (Xg,7)
— Update Xg[i, j].score by 1?ka§XL<XS/ [i =1, k] = Ps(sy, 55) + Sm(ts, 57) + Js(s},, 55))

« If Xgi[i,j].score value is modified, Xg[7, j].parent «— (Xg, k)

Update Xg/[i, j].score by 1r§nka§XL(X5/ [i =1, k] = Ps(s, 85) + Sm(ti, 87) + Js(sk, 55))
« If Xg[i,].score value is modified, Xg/[i, j].parent — (Xg, k)

o , .. . o ) /' /4
Update Xg/[i, j].score by @E%%(XG[Z L k] = Cp + Sp(ti, 87) + Js(gk, 55))

« If Xgi[i,j].score value is modified, Xg/[i, j|.parent — (Xqg, k)

Update Xg/[i, j].score by 12%2%)5\/[(XG/[2' — 1,k] = Cy + Spu(ti, 87) + Js(gz, 55))

x If Xg(i,j].score value is modified, Xg/[i, j].parent — (X, k)

After all the rows are filled with their best scoring values, the best alignment ending cell
is searched among the last rows of all four matrices. The backtracking step is similar to
WTTA-1, with the only difference that; the parent of a cell is a pair representing the parent
matrix and the column number for the previous row of in that matrix. Similar to WTTA-1,
backtracking stops when the top row is reached.

Since each of the individual steps above can be performed in O(M) operations corre-
sponding to a complete scan of the previous row, repeating them for each column in each
row will give O(NM?) run-time complexity similar to WTTA-1. Since total number of
cells that are held in memory is less than four times than that in WTTA-1, the memory
complexity is still within the O(MN).

More advanced splice signal scoring schemes can also be handled within this run-time

complexity with little modification to the algorithm. If we were to change the scoring scheme
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from summation to conjunction, the only modification that needs to be added is checking if
canonical splice signals exist on both sides during each J, function call above. If the splice
signal scoring is not based on canonical signals, but a matrix of scores based on the signals
at the beginning and ending sites, the main part to modify in TGASA-1 algorithm would
be the original splice site scanning of the G, G', S, S’ sequences. We can use the row and
column indices of this splice score matrix in order to indicate which score should be used
from the matrix for each J; function call. Since we initially assumed that splice signals are
of constant length, such a matrix will have a constant number of rows and columns, thus
the initial splice site scan procedure will stay within O(M) complexity bound, and each J

call be will performed in constant number of operations.

Algorithm TGASA-2: Extending WTTA-2

The extension from WTTA-2 to TGASA-2 is analogous to the extension from WTTA-1
to TGASA-1 in terms of the use of four interdependent matrices and backwards/forwards
transitions in the genome. In the case of TGASA-2, the special data structure and algorithm
that is used to lower O(N M?) run-time complexity to O(NMlog(M)) in WTTA-1 for convex
gap cost functions should be applied in both backwards and forwards directions and also
from different matrices. However, the main difficulty is to adapt the splice signal score
functions to the convex gap penalty scheme; since in its current definition the final gap
penalty function is not necessarily convex and Theorem 1 does not hold. Thus the original
speed-up cannot be used upon the alignment matrix in its current state and the matrices
should be initially modified in order to apply this speed-up.

For the sake of simplicity, throughout the description of TGASA-2, the summation
of signal scores scheme is used as in the original definition given for the J; function. The
extension for more general splice signal scoring schemes will be discussed after the algorithm
is fully described.

A key point that is utilized in the TGASA-2 algorithm is that; if we consider only the
subset of columns in a row that only consists of positions that correspond to canonical
splice beginning sites (or only consists of positions that do not represent a canonical splice
beginning sites), assuming that J is defined as sums of beginning and ending signal scores,
the list of transition scores from the cells in the i** row to the &' column in the (i4-1)** row
show a convex gap cost property. Therefore Theorem 1 applies to each of two sub-cases

even though it does not apply to the entire row.
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Assume that the initialization step of TGASA-2 for all four alignment matrices to be
same as TGASA-1. In the following steps we describe how to fill the remaining values of the
matrices X and Xqr. Since the explicit description of TGASA-2 operations would involve
about 33 times as many operations as in the WTTA-2 algorithm, we give a sketch of the
algorithm with references to the operations in WTTA-2 and TGASA-1.

For each of the rows 4, from 1 to N — 1:

e Initialize parents of all cells in the (i + 1) row of X and X as () and define

X|i,0].score as —oo.

e For each of the positions in the i*" row of X that represent canonical splice beginning
sites, form an artificial row X, 5 that consists of only such positions (by masking the
scores of remaining positions as —oo) and form X that only represent the remaining
positions that do not have a canonical splice beginning site. Similarly create X, ZTC, and
X for the ith row of X, considering the reverse complement splice beginning sites.

We often denote these sets as (+) or (—) in the solution described below.

e Initialize sixteen linked list structures B' to B0 for X and X together, similar
to the definition B in WTTA-2; each node representing the block of columns in the
(i + 1)** row that have the same parent pointer. The reason for handling sixteen
separate linked lists is because each list differs by, (1) whether the current row belongs
to X¢ or X¢r, (2) whether the following row belongs to X¢ or X, (3) whether the
junctions between the two adjacent rows are towards the left-side (backward for X¢
and forward for X¢/) or towards the right-side (forward for X and backward for X¢)
of the alignment matrix, (4) whether the junctions are from (+) or (—) subsets of the

columns in the i row.

e B; and Bs: In the case of the forward transitions (towards the right side) from X¢ to
X¢ with the set of columns that have canonical splice signals (+), the score values and
parents in the (i + 1) row are calculated exactly as the WTTA-2 case, with the only
difference that the left-to-right scan of " row for forward looking assignments only
stop at the columns that are within the (+) set. Instead of filling in the actual values
of X¢, we store the resulting (i + 1) row in an artificial row R;[1..M]. Similarly for
the (—) subset, we only stop at cells that do not represent a canonical splice beginning

site and store the calculated (i + 1) row in the artificially constructed row Ra[1..M].
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e B3 and By: The case for the forward transitions (towards the right side) from Xg to
X involve the same calculations performed for B; and Bs, but making transitions
from " row of X to the (i + 1) row of X¢r. The score calculation of this transition
can also be calculated in constant time as described in H; penalty scheme in Ps function

definition. Resulting rows are stored in rows R3[1..M| and R4[1..M]

e Bs, Bg, By and Bs: The case of forward transitions (towards the left side) from X to
X¢r with (4)/(—) subsets (Bs and Bg), involve the same calculations used in B; and
By cases, with the only difference that the scan of the i*” row is done from right-to-left
and all block operations in the linked list is performed in the reverse direction (as if
each column index k is replaced with M — k + 1)7. The results from (+) and (—)
sets are stored in artificially constructed rows Rs[1..M] and Rg[1..M] respectively.
Similarly forward transitions (towards the left side) from X to X¢g for (+)/(—)
subsets are calculated and stored in the same way in R7[1..M] and Rg[1..M], with the

difference of using H; penalty scheme in P; function definition.

e An important point to note here is that; for By, Bo, Bs, and Bg linked lists, we
only consider the transitions that are longer than min_intron. We compute forward
transitions in X that are shorter than min_intron separately and merge the results
with By and By cases. Similarly we compute forward transitions (towards left-side)
in X that are shorter than min_intron separately and merge with the results that

are obtained from By and Bg cases.

e By to Byg: These cases correspond to the backward transitions instead of forward
in each of the cases from By to Bg. Cases By to Bqs represent backward transitions
(towards the left side) X¢ to X or X¢ from (+)/(—) column subsets. The direction
to construct and handle the lists are right-to-left, similar to By to Bg, but the transition
penalties are calculated accoring to the Hj penalty scheme defined in P;. The resulting
rows are stored within artificially constructed arrays Ry[1l..M] to Ry2[1..M]. Cases B3
to Big correspond to the backward transitions (towards the left side) from X¢ to X¢
or X¢ from (+)/(—) column sets. The direction to handle the lists are left-to-right

similar to the cases from By to By with the difference that gap penalties are calculated

" Therefore, the blocks that represent same parent blocks do not actually hold ending column indices but
beginning column indices and all splits and merges are handled accordingly.
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as described in the Hp penalty scheme of P, function. The corresponding results are

stored in Rq3 to Rig.

o After all of the rows R; to Rig are generated, the eight arrays that correspond to
X¢ (the cases that represent transitions from X¢ or X/ to X¢) are merged into the
(i + 1) row of X by selecting the cell with the maximum score from these arrays
for each column. Similarly, the other eight arrays that correspond to X¢ (the cases
that represent transitions from X or X to X¢) are merged into the (i 4 1) row

of X by selecting the maximum values among them for each column.

After the matrices X and X are constructed in the way described above, the con-
struction of Xg and Xg take place as follows.

For each of the rows ¢, from 1 to NV — 1:

e Determine the highest scoring column Zg amongst the i*" row of X according to the

following function Xq[i, Z] + Jp(Z).

e Determine the highest scoring column Z¢ amongst the it row of X according to
the following function X¢[i, Z] + Jp(Z) (Note that J, function in this case will check

for reverse complement splice beginning signal).

e Initialize the parents of all cells in the (i41)" row of X5 and Xg as the highest scoring
cell between the two cell values'®, X¢[i, Zg] and X¢[i, Z¢r]. Calculate and store the
corresponding score values from these fusion transition functions (e.g. Xgl[i, Z] +
Jy(Z) - Cy if Xgli, Zg) > X [i, Ze] ). The reason that all the cells are assigned the
same parent is because fusion transitions are independent from genomic distance and
alignment direction of the bases (as well as the direction matrix) on two sides of the

fusion!?.

e Apply all of the steps described in the construction of X and X matrices apart
from initialization and the final merging steps by replacing the terms Xg with Xg,
XGv/ with XS/, Rl[lM] to RlG[lM] with Rl[lL] to Rlﬁ[lL]

8Note that, the transition being representing an inversion does not affect the penalty of a fusion transition.

¥ This independence causes all of the sixteen different cases handled in the construction of Xg and Xg/
to merge into a single case.
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e The difference in the final merging step is that, when merging the eight R arrays that
correspond to the (i + 1) row of Xg, we also consider the actual (i + 1) row values
of Xg that are initially assigned by fusion transitions. Similarly when merging the
other eight R arrays we take the (i + 1)"* row of Xg into account together with the

fusion transitions.

The backtracking step of TGASA-2 is same as TGASA-1.

It is clear that the number of operations for each specific case in TGASA-2 is in the
same order as WTTA-2 algorithm. Since there are only a constant number of different cases
to be considered, TGASA-2 algorithm also has the same overall complexity as WTTA-2.

Changing the splice signal scoring from the summation scheme to the conjunction scheme
in TGASA-2, is not as straightforward as in the case with TGASA-1. In this particular
case; since the splice site properties from both sides would affect the convexity property of
the gap cost function, the (4)/(—) cases that represent the column subsets of the i‘" row
with respect to the existence of canonical splice beginning sites should further be divided
into three (++)/(+—)/(—) cases ((—+) and (——) can be merged into (—)), that represent
subsets from both i*” and (i +1)"* rows, which are handled as separate B cases that satisfies
the convexity property within each case.

In order to extend the splice sginal scheme to the most generalized case of a splice signal
score matrix (of ¢; splice beginning signals and ¢y splice ending signals) would require the
analysis of ¢ X ¢y different B cases for each forward assignment in TGASA-2. However; since
c1 and co are assumed to be constants, the run-time complexity of the extended algorithm

is not more than the original TGASA-2 algorithm.

Further improvements to TGASA-2

Extending TGASA-2 for affine gap penalty model on the transcript side is analogous to the
extension of WTTA-2.
We should modify the S, function to Sy, as

Craten  for v(ti) - U(F(tz))
Chismaten  for j 7& ¢ N U(ti) 7& U(F(tl))
Cgapfopen for j=¢A F(tifl) #

Sma(tiaF(ti)) = &
Cgapfextend for j=¢A F(ti—l) =0
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and split each of the matrices X, Xq, Xg, Xg into three as Xé/[, Xg, Xa, Xg,, Xg,,
and so on.

In the definition above, regardless of the original matrix; X™M[i, j] represents the align-
ment of (4,7) pair as a match or mismatch, X%[i,j] as a gap, and X[i, j] best of both.
When calculating the scores of X[i,5], X[i,j], and XM[i, ] in the forward assignment
step of TGASA-2; which matrix to use for the base score is as described in the case with
WTTA-2, with the difference that the previous alignment pair can be from different genomic
sequences.

The reduction from O(M NlogM ) run-time complexity to O(M N) for convex gap penalty
functions that satisfy “closest zero property” was described for the improvements for WTTA-
2. A similar improvement can be made for TGASA-2, by replacing the binary search in
each one of the cases By to Byg for both G and S, with the exact calculation of the same
parent block breakpoint. The difference in this case would be the binary search for the re-
verse ordered parent blocks (that hold beginning column parent index instead of the ending
column), but this issue can also be easily solved by switching indices as if each column index

k is replaced with M — k + 1.

2.2 Low-sensitivity Fragment Chaining Framework for Tran-
scriptome to Genome Alignment with Structural Alter-

ations

As described in the previous section, the problem of transcriptome to the genome alignment

0 can be optimally solved in polynomial time. However; for high-

with structural alterations?
throughput transcriptome to genome alignment studies, run-time and memory requirements
of TGASA-2 will be costly even with the improvements for log-scale gap cost functions.

In this section we propose a lower sensitivity solution for transcript to genome alignment
with structural alterations by initially generating a set of homologous fragments between the
transcript and genome sequences and stitching a list of fragments from this set afterwards
in order to obtain a chain of substring alignments from the transcript to the genome.

Different than the previous section, we directly introduce the formulation of fragment

chaining with structural alterations, without an introduction for the wild-type alignment

20As in the problem definition given in Problem 1.
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version. However, we initially introduce a simpler version of the problem with no overlapping
fragments in Problem 3 and provide a solution for this version. A more complex version
of the problem with overlaps between chained fragments is investigated in subsection 2.2.2,
which is a more realistic model of real-life fragment chaining applications.

In this section we do not describe methods for generating a comprehensive set of align-
ment fragments, but the method we use to efficiently construct a set alignment fragments
is described in detail in the following section that introduces our transcriptome to genome
alignment tool, Dissect. But for the following problem formulations to be complete, ini-
tially we mathematically define the properties of an alignment fragment and a valid set of
fragments.

A pairwise alignment fragment F between a transcribed sequence T and a genomic
sequence G is a data point that represents a homologous region of specific length between
A and B. Each fragment holds the following pieces of information: starting position in the
transcribed sequence, identity of the genome sequence?!, starting position in the genome
sequence, direction of alignment in the genome??, the length of the fragment, and the score
of the fragment; respectively denoted by F' = (F.ts, F.gen, F.gs, F.dir, F.len, F.score). An
important point to note here is that; F.dir only represents the direction of the alignment
on the genome side and the direction of all fragments on the transcript side are assumed
to be (4+)?3. Another important property of an alignment fragment is that; there is only a
single length value for both the genome and transcript sequences, which indicates that there
cannot be any insertions or deletions within the transcript on either side?*. This, however,
does not mean that there cannot be mismatches within the fragment. Actually, the score of
a fragment is directly related to the number of matches and mismatches within the fragment

according to the scoring scheme defined below:

F.score = (Chateh * (F.len — #mismatches in F)) + Cruismaten * #Fmismatches in F (2.11)

21This information will be useful in the fragment chaining method when two chained fragments are aligned
to different genomic sequences.

22From here on, we often refer to the forward (downstream) alignment direction as (+), and refer to the
reverse direction alignment (upstream on the reverse complement strand) as (—).

23This property comes without a loss of generality due to the fact that any fragment that is in the reverse
direction in the transcript can be converted to a forward direction fragment by only changing the direction
on the genome side and modifying fragment start positions accordingly.

24This property is not compulsory for the described algorithms below from a theoretical standpoint, yet due
to its simplicity and closer representation of the fragment construction methodology adopted in our alignment
tool Dissect; we also assume this property for the following set of problem definitions and solutions.
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For the following set of problems we are given a set, Fsot = {F1,Fb,...,Fk}, of K
alignment fragments between a transcribed sequence and a genomic sequence. For our
problem case, we have four separate sets for each of the genome sequences G, G’, S, and
S’ as described in the previous section (the gen value for these would be 1, 1, 2, and 2
respectively, indicating the sequences’ genomic origin as the first sequence or the second
sequence). The sets for G and S only comprise of forward fragments, whereas the sets for
the sequences G’ and S’ are in the reverse direction and the scores are calculated based on
the complement similarity of each corresponding base pair. One key point to note about
these fragment sets is that; they are concise in the way that the same fragment is not listed
twice and no fragment is a sub-fragment?® of another fragment in the set, thus all fragments
are maximal. Also two fragments in F.; are called disjoint if they do not overlap in the
transcribed sequence T and they are called overlapping fragments if they contain at least
one common base in 7.

It is also important for complexity concerns to mention that in this formulation described
below, the maximum number of mismatches in a fragment is bounded by a constant number
independent from the length of the fragment. This property is of particular importance due
to the fact that transition penalty between two overlapping fragments will be related to the
number of mismatches within the overlap interval for both fragments. Even though this
property is not necessarily strict in the simpler Problem 3 formulation of disjoint fragment
chaining, it is crucial for the complexity analysis of overlapping fragment chaining to have
a well-defined mismatch model. At the end of each algorithm description, we discuss the
effect of having an unbounded error rate to the complexity of the algorithm. Also we denote
the list of mismatches of a fragment F' as F™™, and the position of its i mismatch in the

transcript as F;""".

2.2.1 Problem 3: Disjoint fragment chaining with structural alterations

In our problem formulation, a valid fragment chaining between T and [G, G’, S, S’], of length
N and [M,M,L,L] respectively, is a sequence of k < K fragments L. = (Fi, Fs,..., F}),

with each element F; € F; satisfying the following two constraints:

o Vie[l,k—1|, Fi.ts + F;.len < F;11.ts

25We define a sub-fragment as a fragment generated by removing leading or trailing matching/mismatching
base pairs from a larger alignment fragment.
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o Vic[l,k—1], (Fi.gen =2) = (Fj11.gen =2)

The first constraint defined above ensures that the starting indices of the fragments on
the transcript monotonously increase throughout the chain and it also prohibits any overlaps
in between adjacent fragments. The second constraint ensures that when a fragment chain
switches to the secondary fused sequence, all of the downstream fragments are also within
the second sequence. This prevents multiple fusions within a transcript.

For conciseness in the following algorithm description, we will use the terms, F; is chained
to F;4+1 and Fj4 is chained from Fj referring to the adjacency of the fragments F; and Fj4q
in a chain.

With the definition of a valid fragment chain as described above; our goal is to find the
highest scoring chain L (of length B < K without loss of generality) over Fges, given the
fragment chain scoring function Fs..r. and the transition penalty function P described as

below:

B B
Fscore(Lp) = Z F;.score — Z P(iyi+1)
i=1 =0

P(F;ts—1) for i=0

P,(N — Fj.te) for i=B
Py(Fj41.ts — Fy.e — 1) + Ps(F;.ge, Fi11.98)
—Js(F;.ge, Fit1.98)

Even though F.ge is not defined as part of fragment F', for simplicity purposes we assume

P:
for 0<i<B

that F.ge denotes the ending index of a fragment in its respective genome considering the
directionality of the fragment. Similarly F.te denotes F.ts + F.len — 1.

In the transcript and genome gap penalties given above, the alignment is penalized
globally on the transcript side considering trailing and leading gaps and locally on the
genome side omitting trailing/leading gaps.

Similar to the formulations in the previous section, the transcript gap distance penalty,

P, is a linear function®® defined as follows.
Py(d) = Cyep x d

The genomic transition penalty function Ps and canonical splice signal scoring function

Js are the same as their definition in Section 2.1.2. However; it is important to note that

26This function can be chosen as an affine gap penalty function without affecting the solution complexities
throughout the section.
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the value Fj.gs sent to Ps or Js functions does not represent an integer value of size Fj.gs,

but rather the genomic base (Fk.gen)( Fy.gs)- Sequence origin is crucial for the calculations

of the genomic transition penalty function and the canonical splice signal score function.
We describe our method of solving the problem of disjoint fragment chaining with struc-

tural alterations as follows:

e Sort all fragments F; € Fsey = {F1,..., Fx}, in a non-decreasing order based on their
transcript starting positions (Fj.ts). From here on, we refer to F; as the i fragment
in the sorted sequence Fj;sy = (F1,..., Fx). We also denote the best chaining score of

F; as Fj.chain and the fragment that it is chained from as F;.parent.
e Initialize all fragment chains Fj, as the beginning of their own chain.

— Fj.chain «— (F;.score — P(Fj.ts — 1))

— Fj.parent «— source
e For each ¢ from 1 to K — 1:

— Jstart < minimum k such that Fj.ts + Fj.len < Fy.ts
— For each j from jsqrt to K
* Transcript gap penalty, tp « P(Fj.ts — Fj.te — 1).
« If Fj.chain—Ps(F;.ge, Fj.gs)+Js(F;.ge, Fj.gs)+ Fj.score > F)j.chain, replace
Fj.chain and update Fj.parent < F;.

* Otherwise, do not update Fj.chain or Fj.parent.

e Finalize each chain by subtracting the penalties for reaching the end of the transcript

sequence from each fragment Fj:

Fj.chain «— (F;.chain — P,(N — Fj.te))

e Return the chain score of the fragment F; with the highest Fj.chain value. In order
to reconstruct the chain, backtrack through parents of each fragment until source is

reached.

Such an algorithm would correctly calculate best non-overlapping fragment chaining

given the set of fragments Fi;.
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The sorting step at the beginning takes O(min(Klog(K), N + K)) operations depending
on whether merge sort or counting sort is applied. However, this is dominated by the two
nested loops that iterate along fragments, which has a run-time cost of O(K?), calculating
the transition cost for each pair in constant time. Finally, the backtracking step will take
O(min(K, N)) operations, yielding an overall algorithm run-time complexity of O(K?). The
memory complexity of the overall algorithm will be O(K), or alternatively O(K + N) if we
employ counting sort instead of merge sort.

We can also generalize this method to unbounded mismatch scheme?” staying within the
same run-time complexity. This is due to the fact that we do not consider any overlaps that
would require detailed mismatch resolution for calculating transitions between fragments.
However, due to the maximal extension property of the fragments; in real life transcriptome
datasets, overlapping fragments can be caused by either over-extension of the fragments or
existence of homologous genomic sequences in the leading and trailing flanking sequences of
fragment alignments.

In the following set of problem formulations, we consider the cases in which the fragments

that are chained can contain overlapping intervals.

2.2.2 Observations upon overlapping fragment chaining

In a real-life experimental setting, the set of maximal fragments is likely to contain fragments
that are over-extended on either side. This might be due to a homology between the flanking
sequences in the transcript and the genome, even though the extended region can be part
of another fragment exhibiting higher similarity within the extended region. In Problem
8 formulation given above, such two fragments are not allowed to be chained together.
However, since each fragments are maximal?®, the ideal chaining might be missed due to
the overlap between a fragment pair on the transcript side. The ideal chaining in the case
described above could be the chaining to a suffix of the second fragment from a prefix of
the first fragment, such that they are not overlapping. In this section, we investigate several
possible problem formulations and solutions for chaining fragments that might overlap in

the transcript sequence.

27in which each fragment F; can hold O(F;.len) mismatches in its mismatch list F™™.

28There can be no sub-fragments within the given set.
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Defining the fragment chaining problem for overlap resolution is tougher than the orig-
inal disjoint chaining problem defined above, due to the different approaches of overlap
resolution schemes involving length of the overlap, mismatches within fragments and/or up-
dated genomic distance of the newly constructed fragments after overlap resolution. Below
we redefine the concept of valid fragment chains described in the previous subsection and
investigate several transition scoring models for different overlap resolution schemes.

In this new problem formulation, a valid fragment chaining between T and [G, G, S,
S’], of length N and [M,M,L,L] respectively, is a sequence of k < K fragments L, =
(F1, Fs,. .., Fy), with each element F; € Fy¢; satisfying the following two constraints:

o Vic[l,k—1], Fj.ts < Fj41.ts \ Fi.ts + Fy.len < Fyy1.ts + Fiy1.len
o Vic[l,k—1], (Fi.gen =2) = (Fj11.9en =2)

Therefore, the fragments in a chain are allowed to overlap as long as the transcript starting
indices of the fragments in the chain are monotonously increasing and no fragment is fully
contained within another.

With the definition of a valid fragment chain with overlaps, the score of a given fragment

chain L of length B is defined as follows:
B B
Fscore(Lp) = Z F;.score — Z P(iyi+1)
i=1 =0

P(Fits—1) for i=0

P,(N — F;.te) for i=B
Py(Fijy1.ts — Fj.e — 1) + Py(F;.ge, Fi11.9s)  for 0<i<BAFte<Fi.ts
P,(F;, Fiy1) for 0<i< BAF;te> Fjiq.ts

P=

F;.te indicating the ending position of F; in T, P,(F;, F;1+1) representing the transition
penalty for overlapping fragment pairs.

Note that, the splice signal score J; is omitted from the definition of P function in this
subsection. This is due to the complications that will be caused by the integration of splice
junction scores into the formulation. This concern is addressed in detail in the final part of
this subsection.

Before going into the details of different P, function definitions, we first define the notion

of overlap split position of a fragment pair overlapping in the transcript.



CHAPTER 2. METHODS 43

Given a valid fragment chain L. = (F1,..., F}), an overlap split position between two
overlapping fragments, F; and Fjyi, is an index r € [Fj41.ts — 1, Fj.te] in the transcript
sequence indicating the transcript ending position of the updated F; fragment, F}, and the
position right before the transcript beginning position of the updated Fi; fragment, F/ ;.

Without detailing how the new score values are obtained, the exact properties of the

updated fragments with respect to the split position r, are as follows:
F! « (Fj.ts, Fj.gen, F;.gs, F;.dir,r — Fj.ts + 1, F.score)

, (r+1, Fiy1.9en, Fiy1.95 + 3, Fyy1.dir, Fiyy.len — 3, F].score)  Fiyy.dir = (+)
i+1 . .
" (r+ 1, Fy1.9en, Fip1.9s — 3, Fyy1.dir, Fiyylen — 3, F] .score)  Fiyy.dir = (—)

B=r+1-Fts

Hence, the overlap splitting procedure given above will return two new fragments adja-
cent in the transcript and these will be sub-fragments of the original fragment pair.

In the remainder of this subsection, we describe several different overlap resolution
schemes, which utilize the overlap splitting procedure described above with different score
values for the updated fragments. We also talk about the limitations of the overlap model
and the overlap splitting scheme given above, such as the exclusion of the cases in which the
overlap region covers one of the fragments entirely and the cases in which there are more

than two fragments overlapping at a single transcript position.

Overlap resolution based on length of the overlapping interval and genomic

distance

In this overlap resolution scheme, P, penalty function is not specifically dependent on the
overlap split position but only on the length of the overlap interval and the distance of the
genomic gap?? in between after the fragments are updated. Given an overlap split position

q for overlap resolution of F; and Fjy1, P, is defined as:

P,(F;, Fiy1) = Ps(genpos(F;,q — F.ts), genpos(Fiy1,q + 1 — Fiy1.ts))
—|—(Fi.t€ — E+1.t8 + 1)

2°Note that there will be no gap in the transcript in between the updated fragments obtained from an
overlap resolution.
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The returned value from genpos(A, ) is the base in A.gen that corresponds to the 2"
position of the fragment in the genome, namely:
Q(A.gs-i—z—l) fO’I” Adir = (+)
Q(A.gsf:erl) for Adir = (_)

() representing the genome sequence the fragment is aligned to.

genpos(A, x) = {

Therefore; in this overlap resolution model P, function does not depend on how the
updated fragments are formed, but only on the cut position ¢ and the overlap length. Since
the overlap length is set given F; and Fj 1, the problem to solve for this model is to select
the optimal ¢ split position that minimizes P,, thus Ps(genpos(F;, q— F'.ts), genpos(Fj+1,q+
1— Fiy1.ts)).

It is important to note here that, if the fragment pair is very closely located in the
genome, there might be a change of transition type when overlap resolution is applied. For
instance, the original fragment pair might have a backward transition (which has a penalty
determined by Hj function), whereas the updated fragment pair can have a regular forward
transition (which has a penalty determined by H, function). On the other hand, it is
clear that an overlap procedure cannot convert an inverted transition into a regular forward
transition or vice versa. Furthermore, it is also not possible to alter a fusion transition
through overlap resolution into a non-fusion transition.

As described above, the only way an overlap resolution can convert a transition type is
from a backward genomic transition into a forward one. Such cases can only occur when
considering an overlap between two fragments in the same direction, hence the overlap res-
olution position will not affect the distance between the updated fragment pair. Due to the
fact that this distance is constant with respect to the cut position, it requires only constant
number of operations to check whether the transition type is altered. If so, the resulting
penalty for the constant genomic distance can also be calculated in constant number of
operations without affecting the run-time complexity of the overall algorithm.

Apart from genomic transition type concerns, it can be observed that; if F;.dir =
Fi1q.dir V Fy.gen # F;y1.gen, the distance is not affected by the split position and any
arbitrary split position ¢ within the interval [F;1q.ts — 1, Fj.te] will yield the same score.
To be consistent with the splitting scheme throughout the fragment chaining, the overlap
split is chosen as the earliest possible index in the transcript, ¢ = F;41.ts — 1. However; if
F;.dir # F;yq.dir A\ F;.gen = F;11.gen, the split position will affect the size of the genome
gap.
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For the second case above, it might seem that the gap penalty function h needs to be
calculated at many split positions. However; for any arbitrary gap penalty function that is
non-decreasing with respect to the gap distance, there are only three potential cut positions
to be considered. If the overlap suffix of F; in the genome comes strictly after the overlap
prefix of F;11, q should be selected as the position in the transcript that corresponds to the

30 Reversely, if it comes strictly before, ¢ should be

lowest position value in the genome
selected as the position in the transcript that corresponds to the highest position value in
the genome3!. Finally, if these two regions in the genome are overlapping, we can select ¢ to
be the position that makes the ending of F meet with the beginning of F; ; in the genome.
Such an overlap split selection guarantees the genomic gap distance between Fj and Fj

to be 0 or 1, minimizing Py(Fj, F, ;). Calculation of ¢ value is performed as follows:

{ LFi~gs+(Fi+1~t5;Fi~t3)+Fi+l~95J fOT' FZdZT _ (+)
q —
|

Fi.gs—(Fip1.ts—F;.t Fi1. .
i-95—(Fiya 52 its)+ i QSJ for Fi.dZT:(—)

Since P, calculation can be done in constant time as described above for each fragment
pair32) the complexity bound will be again O(K?) if the solution described in the previous
subsection is used, with the omission of splice signal scores and definition of the new P
penalty function.

Extension for splice signal scores will be investigated later as a limitation of this problem
definition. However, the exclusion of Js score function from this problem formulation is
mainly due to the requirement of scanning the positions within each overlap region (that is

of size O(N)), significantly increasing the run-time complexity of this solution method.

Minimal mismatch penalty model for the resolution of overlapping fragments

In this overlap resolution scheme, updated Fj, Fj, ; fragments are considered to have scores
based on their length and the number mismatches retained in each fragment. With the

updated scores of F, and F/ 11, overlapping penalty function, P, is defined as:

P,(F;, Fiy1) = Ps(genpos(F;,q — F.ts), genpos(Fiy1,q + 1 — Fiy1.ts))

/ !
+(Fi.score — Fj.score) 4 (Fiy1.score — Fj_.score)

30This position is Fi1.ts — 1 for Fy.dir = (+), and F;.te for F;.dir = (—).
31This position is F;.te for F;.dir = (+), and Fj11.ts — 1 for Fy.dir = (=).

32FEven when we consider overlapping fragments, there are O(K?) valid fragment pairs.
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genpos function as defined earlier and ¢ being the overlap split position.

The scores of the updated fragments F and F 1 are calculated as in the following, given

F!.score = F;.score — Cppaten * (Fite — Fir1.ts + 1) + Crismaten * mis(Fy, Fip1.ts — 1,q)

F}, .score = Fiq.score — Cpgien * (Fite — Fip1.ts + 1) + Crismaten * mis(Fiy1, ¢ + 1, Fj.te)

i
mis(F,a,b) is defined as the number of mismatch positions p € F" that have a value
within the interval from a to b, a < p < b.

With the score functions defined as above, the optimal cut position ¢ is the value that
minimizes both the genomic distance and the summation of the number of mismatches
retained within the updated fragments Fy, F} ;.

We can minimize the overlap penalty function applying the following solution steps:

e Merge the mismatch lists F;"™ and F/'l" in a new list L, in the increasing order of

transcript positions, and note the fragment origin of each mismatch.

m

o Assign r; « 0 and rjp1 « [F/T'|, which respectively indicate the number of mis-

matches retained in F; and F;yq for ¢ = Fi4q1.ts — 1

e Evaluate scoredif f = (F;.score—Fj.score)+ (Fiy1.score —F{_.score) for the current

q = Fjy1.ts — 1 value and save as Lg.score
e For each mismatch position j in L:

— If the mismatch is obtained from Fj, increase r; by one,; if it is obtained from

Fiy1, decrease r;11 by one.

— Evaluate scoredif f = (Fj.score — Fj.score) 4+ (Fiy1.score — Fj.score) for the

current ¢ = L; value and save as L;.score.
e Note that the scoredif f value for each q € [L;j, Lj11 — 1] is the same33.

e For each same score interval calculate the lowest Py(Fj, Fj, ;) value similar to the
previous solution®* (by choosing the smallest possible ¢ value if Fj.dir = Fy,1.dir V
Fi.gen # Fi1.gen and evaluating the three possible ¢ values described in the previous

method if F;.dir # F;y1.dir A\ Fj.gen = F;11.gen).

33for the last interval, assume that Lipj41 = Fi.te

34 Also considering the potential change of transition type during the overlap resolution.
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e Among the lowest P positions in each interval, return the optimal split position that

yields the lowest P, value3’.

Run-time complexity of this solution depends on the number of mismatches in the frag-
ment pair. Since we have a constant number mismatches in each fragment, we can calculate
P, in constant time for each fragment pair. Thus, the run-time complexity bound of the

overall chaining solution is again within O(K?).

Limitations of the overlap resolution scheme

Even though the extension of the chaining formulation to the overlapping fragments do
not change the complexity of the original disjoint chaining algorithm, there are certain
limitations of this new model.

Firstly, the definition given above prevents a fragment in the chain to be contained
within another. This property might cause the exclusion of the chaining of fragments, in
which a low quality extension of the first fragment covers the second fragment entirely that
has a relatively higher quality (or vice versa). However, we assume that the fragment error
rate constraints for the maximal fragment set construction step will prevent such low quality
extensions from occurring. Inclusion of such cases within the model would abolish the uni-
directional monotonous increasing property, which we base our algorithm on, in order obtain
a O(K?) solution. A naive solution method for the extended case will be O(K2N*) run-
time complexity, constructing all distinct sub-fragments and applying the non-overlapping
chaining algorithm described in the previous subsection.

Another chain formation that is not addressed in the formulation given above is the case
in which three or more fragments are overlapping on the same position in the transcript.
Given that, F;, F;11, Fjyo are three adjacent fragments lying on a fragment chain and F;
and Fj4o also overlap at some transcript position. Since the intermediate fragment is not
allowed to be contained in any of the adjacent fragments, F;;; should cover point where F;
and Fj; o meet in the transcript and thus should contain separate overlaps with both F; and
F; 1o, outside of their common overlap region. Below we investigate the conditions in which
such a chain formation might occur.

If all three fragments are on a wild-type transcript (facing the same direction and have

an ordered alignment in the genome) and the overlap resolution is performed regardless of

35The summation of P, and scoredif f values.
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the number of mismatches in the overlapping region according to the first formulation given
above, such a formation cannot occur due to the fact that the chaining score directly from
F; to Fiio is higher than through F;i;, assuming that H, distance penalty function is a
convex gap cost function that return a positive value that increases with gap distance. This
is also the case with transcripts that contain rearrangements if Hp is a convex gap cost
function with the properties mentioned above.

H,, and H; were already assumed to be proper gap cost functions at the beginning of
the formulation. There is actually no strict rule defined for the relative values between H,,,
Hy and H;, but in a proper P; function definition H; is assumed to be more costly than
both H,, and H for any gap distance. If it were not for this property, two fragments could
be chained through a fragment facing the other direction in order to increase their chaining
score (decrease their fragment transition penalty). But with such a property given, it will
always be more costly to chain through an inverted fragment, in comparison to chaining
directly from F; to Fjio.

With the cases analysed above, it is clear that with proper assumptions upon gap cost
functions and their relative magnitude, in the first (simpler) overlap resolution scheme there
will not be more than two fragments chained together that overlaps at a single position in
the transcript. Below we investigate the same situation with the second overlap resolution
scheme that takes mismatches also into account.

Within the overlap resolution scheme with mismatches, three adjacent fragments Fj,
F;11, and Fji9 in a fragment chain can actually overlap at a common position in the tran-
script, even as a wild-type transcript alignment. A fragment formation like this could occur
when the intermediate fragment shows similarity to both of the genomic flanking sequences
of F; and F; 1 but represents a higher similarity alignment (with less number of mismatches)
than the extending regions of its adjacent fragments, so that the gap penalty cost of adding
the intermediate fragment is dominated by the benefit of removing the mismatches in the
overlapping region of F; and Fjio.

Even with a multiple overlap formation as described above; the updated fragments
cannot contain contradicting indices if the overlap split position ¢ from F;, F;; overlap
resolution comes earlier in the transcript, than the split position r from Fj, F;1o overlap
resolution; since this leaves a positive length fragment for the updated intermediate fragment
F/_|. The g,r relation that satisfies this property is ¢+ 1 < r. Below we investigate whether

an overlap resolution case in which ¢ + 1 > r might occur.
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In a wild-type transcript, in which all fragments have the same direction and are ordered
in the genome; a selected ¢ position indicates that in any interval [j, q] (Fiy1.ts < j <4q), F;
contains less mismatches than Fj;1 (or equal), since otherwise we could shift ¢ to an earlier
position in the transcript to further minimize P,(F;, Fiy1). Similarly r position selection
indicates that within any interval [¢ + 1,j] ( ¢ + 1 < j < Fji1.te), Fi1o contains less
mismatches than Fj 1 (or equal), since otherwise we could shift r to a later position in the
transcript in order to minimize P,(Fji1, Fj12). From these constraints upon mismatches
within the overlap interval, we can infer that within the interval [r,q| (¢ > r), both F; and
F 19 have less mismatches than Fjy;, therefore any cut position within the interval [r —1, ¢]
from F; to Fjy2 would reduce (or not increase) the number of mismatches in comparison
to the summation of mismatches in the transitions from F; to F;;1 and from F;;1 to Fjio.
Combined with the effect of convex gap penalty H, in this situation, it is clear that the
split positions ¢ + 1 > r always have a better or same scoring alternative split selection
¢ +1 < 7'. For the reasons described earlier, this condition similarly applies to transcripts
with rearrangements if Hj is convex, and also to transcripts with inversions if H; is selected
to be more costly than both H,, and H} gap cost functions. Hence, within the assumed gap
cost model, the updated fragments will not be problematic if a pairwise overlap resolution
is applied to Fj, F;4+1 pair and Fji1, F; o separately, instead of a joint overlap analysis of
F;,Fi11, and Fj49 all together.

In the formulation given above for the overlapping fragment chaining problem, splice
signal score function Jg is not included within the penalty function P. Due to the fact
that each fragment’s location in the genome is independent from the other fragments in the
chain; there are O(min(K N, M + L)) positions in the genome®® that needs to be checked for
splice signal existence for the entire fragment set, Fse;. However, since there is no particular
way of determining the ideal cut position for each fragment pair without evaluating the
combined splice signal score for each cut position, O(N) operations need to be performed
per transition penalty calculation. Therefore the overall run-time complexity for such an
algorithm solving fragment chaining with splice signals is O(K2N).

In the following section we describe the set of methods and design preferences that
are adopted in our high-throughput transcriptome to genome alignment tool sensitive to

structural alterations in the transcript. Handling of splice junctions and fragment overlaps

36K N,M, and L representing the size of Fse;, T, G/G’ and S/S’ respectively.
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in our aligner is described in detail in Step 2 and Step & subsections.

2.3 Efficient Whole Genome Search of Novel Transcriptional

Structural Alterations

In the previous sections, we set up a theoretical framework for the transcriptome to genome
alignment problem with structural alterations via base-to-base alignment and fragment
chaining approaches. However, there are still other challenges to be considered when per-
forming such an alignment in a high-throughput fashion from a large list of transcrip-
tomic sequences (assemblies or long reads) to a whole genome sequence in the order of 10°
bases. In this section we describe the detailed computational aspects of our transcriptome
to whole genome alignment software, Dissect (DIScovery of Structural Event Containing
Transcripts), in terms of the approaches adopted to tackle these challenges.

The first challenge for such a method would be to reduce the search space within whole
genome to the putative gene/gene pair that the wild-type or abnormal transcript is located.
Therefore the initial problem to be addressed in a whole genome aligner is to efficiently
locate the genomic region(s) that the given transcript is likely to be located.

In this study, we propose a general approach for tackling this challenge, based on ex-
tracting sample anchors from the transcript, mapping to the whole genome, and detecting
regions that these anchors are densely distributed. This method does not assume a fixed
length region size, but tries to infer the location and the length of the region together
according to an optimization score. This method is described in the subsection Step 1.

Another challenge is to efficiently construct a comprehensive list of alignment fragments
between the given transcript and the genomic region within given length and mismatch
constraints. In the subsection Step 2, we describe the fragment generation method we
have used in Dissect and further describe how these fragments are chained together in our
fragment chaining method using the algorithms described in section 2.2.

Furthermore; after obtaining the best scoring fragment chain, due to the loss of resolu-
tion caused by mismatch and length constraints of the alignment fragments, there can be
unwanted divergence in the exon boundaries from the optimal base to base alignment. In
this final post-processing step we try to resolve small scale misalignments and divergence
from an optimal alignment. In the subsection Step & we describe these post-refinement

methods in detail.
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And in the final subsection, we describe the implementation details of our aligner that are
not mentioned in Steps 1-3, mostly regarding disk and memory use optimizations throughout

these steps and design considerations for functionality.

2.3.1 Step 1: Genomic region inference from anchor mappings

Genome region inference step of Dissect starts with sampling anchors from the transcribed
sequence. Many of the commonly used methods in the literature of transcript to whole
genome alignment employ some form anchor based genome region inference[21][46][41][2].
Even though they adopt the approach of sampling anchor sequences from the transcript and
try to map them to the genome in order to infer the genomic subregion to perform the align-
ment, they have key differences in how to infer putative genes from anchor mappings. For
instance, GMAP employs a method for finding the entire span of the transcript by sampling
anchors from the beginning and end of the transcript, mapping them to the genome within
a maximum region length threshold. However, in our problem with structural alterations,
such an approach will cause rearrangements to be missed due to the long translocated se-
quences within the transcript that might be aligned to a location outside of this region.
Alternatively, BLAT infers a genomic region by initially splitting the genome into constant
size bins and measuring the density of anchor mappings in each bin that are sampled from
the transcript sequence. After these measurements, they employ a heuristic method that
identifies bins or combination of bins as valid regions based on several mapping density and
gap distance constraints. However, this heuristic region inference method is aimed for lo-
cating the local alignment regions of the transcript and is not a global scale region inference
for transcripts with structural alterations such as fusions, inversions and rearrangements.
Even though the bin merging heuristic can be applied to infer homologous regions in our
problem (other than fusion cases that should be located as two separate regions), diagonal
gap constraints considered within the region inference heuristic will cause rearrangements
or inversions to be missed or split into different local alignments.

To describe our version of the homologous region inference approach, we initially define
a comprehensive model for singular/fusion regions and give a general scoring scheme with
multiple parameters that can be optimized by users for specific structural variation studies.
Afterwards; we describe our formulation and solution method for finding the optimal loca-
tion and length of the genomic region, given a sample of anchors from the transcript with

their multiple mapping locations in the genome.
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An anchor is a substring of constant length L 4, of the transcribed sequence T' of length
N. Given a set of anchor mappings Spap = {m1,me,...,mg} of size K, each mapping m;
consists of the following set of information: starting position of the anchor in the transcript,

3

beginning position of the mapping in the genome3”, a positive score of the individual anchor

mapping corresponding to the similarity of the anchor sequence in the transcript to its

38 and if the genome sequence is composed of multiple

aligned counterpart in the genome
chromosome sequences, the chromosome identifier the anchor is mapped to. These values
are denoted in their respective order as: m; = (m;.t, m;.g, m;.score, m;.chr)

In a whole genome alignment setting, we have smaller disjoint anchor mapping sets

S%mp, o ﬁgﬁr contained within Sy, that correspond to the set of mappings for

Sy
each individual chromosome sequence even though the anchors themselves might be shared
in multiple mappings across several chromosomes.

We define an inferred genomic region, R; = (R;.b, Rj.e, Rj.chr), as a pair of positions in
the genome that represents the beginning and ending positions of the region and the chro-
mosome sequence that the region belongs to. Even though the number of potential regions
to be considered appears to be in O(N?), most of these regions’ scores are overshadowed by
more compact regions that border on anchor mapping boundaries. Therefore, we restrict
the definition of valid regions R,, to only have R,.b indices that coincide with the beginning
position of a mapping (m,.g for some p); and similarly we restrict R,.e indices to coincide
with the ending position of a mapping (m,.g + L4 — 1 for some ). With such a definition
of a valid region, the number of regions in the entire genome is constrained by O(K?).

The genomic region inference problem aims to find the highest scoring region within the
set of valid regions, according to the following parametric region scoring scheme:
Score(R;) = O X M (Simap, B;)

L(R;) + Cp,

L(RJ) = Rj.e — ij + 1

3TThis corresponds to the aligned position of the first base of the anchor if the alignment direction is
forward, or aligned position of the last base of the anchor if the alignment direction is reverse.

38Note that, the length of these anchors and mappings are not included due to the fact that all of the
anchors sampled from the transcript are of the same length and the mapping scheme does not allow indels
within the anchor alignment.
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N
M (Spmap, Rj) = Z max  (m;.score)
k=1 ™i € Smap
mi.t =k

mi<1Rj

m; <R; <= m;.chr = Rj.chr N\Rj.b <m;.gAm;j.g+La—1<Rje

In the definitions above, Cy, and C, > 1 are normalization parameters given by the
user to adjust the relative importance of the number of mappings within the region with
respect to its length. Cp > 0 is a length normalization parameter that prevents the bias for
very short but densely populated regions that can otherwise dominate the score of sparser
and larger regions that cover more anchor samples.

M (Siap, Rj) is a score function correlated to the number of anchor samples taken from
the transcript, which have a mapping onto the genome within the boundaries of the region
R;. However; instead of returning the number of these anchor samples, it returns the
summation of the scores for the best scoring mapping of each anchor sample?”.

Below, we describe our anchor sample selection, mapping and genomic region inference
methods used in our alignment software, Dissect.

Initially we sample a number of equally distanced anchors of length L (a user defined
constant value), such that the first sample starts from the beginning of the transcript and
the last sample taken ends at the last base of the transcript. Which value to select as L4 is
a problem of sensitivity over speed. As L4 gets larger, less hits will be obtained from the
mapping; thus less time will be spent for the downstream genomic region inference method.
On the other hand, continuity of more anchor samples will be disrupted by exon-exon
junctions, rendering the anchor sample unable to map to the genome as a single sequence.
The number of sampled anchors can be determined in two separate schemes: (1) a user
defined constant number of anchors are extracted from each transcript sequence or (2) a
separate anchor is sampled from every constant number of bases. Thus, in the second scheme
the number of anchor samples is correlated to the length of the transcript sequence, N. One

of the main practical differences in these two schemes is that; in short sequences, the first

39Note that the outer summation iterates from 1 to N as the position in the transcript, yet only the positions
that an anchor is sampled from will return proper score values. In order to prevent any inconsistencies, we
can assume that a zero-score dummy mapping is created for the positions in the transcript that do not have
an anchor sampled from them.
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sampling scheme may create redundant samples per exon. This is the same problem that
is caused for longer transcript sequences when using the second scheme, in which longer
exons are sampled from many places. The second scheme is also a safer method for long
transcript sequences that contain relatively short exons that are involved in rearrangements
outside of the main span of the transcript; or similarly fusion instances, in which one side is
significantly shorter than the other. However, this additional safety comes with significant
run-time cost in the genomic region inference method, which is described later in the section.
For the sake of simplicity, in the remainder of this section we assume that the first anchor
sampling scheme is used.

The construction of the set S;,qp in Dissect is performed using a cache-oblivious short
read mapper, mrsFAST [15]. mrsFAST employs a cache-oblivious seed matching algorithm
for the optimization of cache usage during read mapping and finds all of the mappings of
a given read within a constant number of mismatches but no indels. In Dissect, we allow
this constant error rate per sampled anchor also to be a user defined parameter within
certain bounds that will ensure a run-time and memory efficient mapping by mrsFAST.
After each anchor is mapped to the genome within a constant error threshold, their score
and position in the genome are determined by the mapping results and the set Sp,qp is
constructed together with its chromosomal subsets.

For the genomic region inference step in Dissect, we solve two different problem types:
(1) inference of a single highest scoring region and (2) inference of two separate regions
and a transcript cut position that will give the highest double region inference score. We
define the double region score to be the summation of scores taken from the first and second
region with the constraint that; the first region score is only calculated over the anchor
samples taken from upstream of the transcript cut position and the second region score is
only calculated upon the samples taken from downstream. Below we describe the solution
method for these two problems that are used in Dissect and analyse their complexities. We
describe the further details of parameter selection and the score comparison between single
and double region results in Implementation part of this section.

As mentioned above, there are O(K?) possible regions in the genome that represent an
interval between two mappings (including the mappings themselves) that both lie on the
same genomic sequence (chromosome). A simple method to solve the single region inference
problem would be to calculate the score of each one of these regions in linear time, yielding

a O(K?) solution. We can reduce this complexity to O(K?) by visiting the regions in a
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particular order and dynamically reusing the calculated scores from the previous regions.
For following algorithm description, we assume that we are given a sorted list of sampled
anchors from the transcript Ai,..., Ac,. The given list of anchors is sorted based on their
beginning positions in the transcript, A;.b, and thus their ending positions, A;.e, as well.
We define the set of mappings for an anchor sample, S(A;) = {my € Spap : Mmi.t = A;.b}.

We also denote the index of the anchor sample of a mapping my as a(my)

e Initialize best scoring region, BestRegion, as an empty interval in the genome and

the best region score, BestScore, as 0.

e For all chromosome sequences k, from 1 to #chr.

— Sort the mappings in S’,pr and obtain the sorted list (mi,ma, ... ,m|55mp|)
— For each ps = m;.g, ¢ from 1 to \S,’imp|, representing the beginning position of a
region:

x Initialize CurrentScore < 0, representing the current score of the visited
genomic regions that start at ps.

* Initialize a best anchor table B (of size C4). This table holds the information
of whether for each anchor A;, there is a mapping m, € S(A;) such that
it is contained within the currently considered region, R, (my < R;). In
addition, the table cell B, holds the max(m,.score) information for all such
my. Initially all of the cells in the table are set to 0, representing the absence
of any mappings.

* For each py = mj.g+ L4, j from i to \Sfmp\, representing the ending position
of a region:

- If mj.score > Ba(m,), update B,y and add the difference between
the new and old values of B, (,;) to CurrentScore. This current longer
region contains a mapping that is superior to the mappings of the same
anchor within the previous region.

- If CurrentScore > BestScore, update BestScore and assign Best Region

as an interval in chromosome k that starts at ps; and ends at p;.

e Return BestRegion and BestScore.
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In the algorithm above, the values in the best anchor table and CurrentScore are reused
for larger regions that contain the previous smaller regions that start at the same position,
ps. If we assume that, the number of chromosomes and number of sampled anchors are
constant values; there are two nested loops that iterate through all the mappings which yield
a run-time complexity of O(K?) for the algorithm above. However, if we assume the anchors
to be sampled as in the second sampling scheme described earlier (C'4 depending on the
length of T'), the number of anchor samples would be O(N). Since we create a best anchor
table for each mapping, the complexity would increase to O(K (K + N)) or alternatively to
O(K?log(min(N, K))) if we do not initialize a static anchor table but maintain a balanced
binary tree for only the anchor sample that has mappings within the region.

For the second problem (double region inference), there are O(K*) possible region pairs
in the genome that represent a containment of anchor mappings in the genome for a partic-
ular fusion cut in the transcript. A naive method that calculates the score for each region
pair and each anchor cut position can solve this problem in O(K?®) time for a constant
size anchor sample list. If the number of sampled anchors are dependent on the length of
the transcript as in the second anchor sampling scheme, the complexity will be O(NK?)
considering a linear number of possible transcript cut positions. However; since the overall
optimization score is based on the summation of two independent region scores, we can
apply the following method to reduce the complexity to O(K?) for the first anchor sampling
scheme and to O(NK?) for the second?.

e Best double region score, Dgcore < O.
e Foreachi e [1,C4 —1]

— P Ajeand Sy, = | S(A) and S, = | S(4)

1<k<i i<k<Ca
— Dy ope < score obtained by solving the single region inference problem for S ...
— D{.pre < score obtained by solving the single region inference problem for S, ..

— If Dscore < Dypore + D

score score

“ONote that in these complexity calculations, we assume N and K to be independent variables due to the
fact that there is no direct dependency relation in between; whereas if we assume a constant value for the
number of mappings per anchor sample, a change in the number of samples would also affect the number
of mappings. In practice, it would be reasonable to assume that the number of mappings and number of
samples are linearly correlated. Therefore for relatively long transcript sequences, switching from the first
anchor sampling scheme to the second is likely to cause a slowdown in the order of O(N3) for this problem.
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* Replace Dgeore, and set Dr_eg and D;;g as the region intervals returned from

the single region inference calls.

e Return the best double region pair as D,,, and D/ .

In the algorithm above; there is a loop over the indices of anchors and in each iteration,
the algorithm makes two single region inference calls that are solved within O(K?) time,
yielding a total run-time complexity of O(C4K?). If Cy4 is a constant value as in the first
anchor sampling scheme, the run-time complexity will be O(K?), whereas in the second
sampling scheme in which C4 = ©(N), the complexity will be O(NK?).

Even though, in the two algorithms described above the outputs contain only a single
region or a single region pair; in order to allow lower scoring alternatives to be considered
for the alignment, Dissect returns a constant number of different region/region pair results
determined by a user determined parameter. Since the size of this resulting list is constant,
an additional constant number of comparisons and updates upon the list do not affect the
overall complexity of the algorithms described above. Further details of constructing these
result lists are described in the Implementation subsection.

After the inference of a single region or a pair of regions using the algorithms described
above, Dissect employs its homology search and fragment chaining methods upon these as

described in the next subsection.

2.3.2 Step 2: Homology search and fragment chaining

The second step of Dissect, consists of two separate problems: (1) searching for homologous
fragments between the transcript and the inferred genomic region in order to construct a
fragment set and (2) finding the optimal fragment chaining within this given fragment set.

In order to find homologous regions between the transcript and the inferred genomic
sub-region, we developed a modified version of mrsFAST aligner, mrsFAST-HS, which sam-
ples short constant size seeds from every few bases in the transcript and maps them to the
genomic region using the cache-oblivious mapping method of mrsFAST. The implementa-
tion details of this extension and parameter selections are described in the Implementation
subsection. However, the main difference between mrsFAST-HS and the original mrsFAST
is the unbounded seed extension step, in which the seed mappings are extended towards

both sides as long as the number of mismatches intercepted are lower than a constant
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threshold (and some other error rate constraints are satisfied, which are described in the
Implementation subsection).

In short, given a transcript sequence T and a genomic sequence G; the fragment set Figey
returned from mrsFAST-HS contains a comprehensive set of alignment fragments of different
sizes and similarity scores between 1" and G, in both forward and reverse directions. In the
case of a region pair, (G; and G, instead of a single region, the same mapping is applied to
both of these sequences, returning separate fragment sets F.L, and F2, respectively.

After the fragment sets are obtained, we employ the overlapping fragment chaining
algorithm based on the problem solutions described in subsection 2.2.2. If there is only a
single genomic region, fragment chaining is applied to only that region, whereas in the case
of two fusion regions, the chaining is applied considering the possibility of chaining from a
fragment in FL, to F2, but not the other way around.

In subsection 2.2.2 that defines separate formulations for the overlapping chaining prob-
lem; we addressed concerns upon overlaps between fragments and mismatch resolution
schemes for determining the optimal split position within the interval. In Dissect, due to the
heavy cost of evaluating optimal overlap split position for each transition (even though this
cost does not affect the complexity of the algorithm); we only consider overlap resolution
based on overlapping interval length without considering the optimal split position with
respect to mismatches. However, a more advanced overlap resolution scheme is applied in
Step 3 as a post-processing step for the best scoring fragment chain.

The result of this step is a chain of fragments that represents the tentative exon structure
of the transcript with potential structural alterations. In the next step, we describe Dis-
sect’s post-processing methods for alleviating small-scale misalignments that may be caused
because of the minimum length and error rate thresholds in the fragment set construction

step.

2.3.3 Step 3: Post-processing of fragment chains

In the post-processing step, Dissect applies modifications to some of the fragment pairs
(adjacent fragments in the chain) in the final fragment chain that might potentially contain
some form of minor misalignment. In order to fix these, Dissect employs several different
procedures that can handle cases such as: (1) fragments overlapping in the transcript or (2)
having short gaps in between, as well as handling situations such as (3) very short overlaps

of two adjacent fragments in the genome and (4) fragments that are separated by an indel



CHAPTER 2. METHODS 99

or a mismatch in their alignment.

Among the cases noted above, case (4) covers the instances of fragment pairs that are
separated by one mismatching base in the transcript and in the genome. Or an alternative
situation is that, the fragments are adjacent in the transcript but contain a single base gap in
between in the genome or vice versa. Such situations can occur due to the error threshold of
mrsFAST-HS described in the previous section and its inability to extend over indels. Even
though the resulting fragment chain is not wrong in the case of indels (each fragment was
initially assumed to represent homologous sequences that contain few mismatches and no
indels); it is preferable to report these pair of fragments as a single fragment that contain an
indel or a mismatch. The merging operation can be performed in constant time, allowing
us to fix all such instances in a linear scan of each fragment pair.

Moreover, the case (3) noted above includes the fragment pairs in the list that are
adjacent in the transcript, yet have a very short overlap in the genome not longer than
several base pairs*'. In a structural variation study, such short cases would usually be
uninteresting due to the fact that they do not represent statistically significant aberrations
from a wild-type transcript alignment. We encounter such instances frequently in cases that
there is a single or a couple base pair insertion to the transcript sequence which at the same
time shows similarity to the adjacent bases in the transcript. Removal procedure of such
short overlaps is straightforward and performed as a linear scan of the fragment pairs in the
chain. The finalized fragment pair becomes adjacent in the genome but contains a gap of
the same length in the transcript, not implying any structural alterations.

Even though the cases described above does not require detailed computational meth-
ods, handling cases (1) and (2) will require some algorithmic perspective. These cases are

described in detail below.

Refining overlapping fragments :

Case (1) mentioned above covers the fragment pairs that are disjoint in the genome but are
overlapping in the transcript. Such cases can occur due to the appearance of an overlapping
sequence twice in the genome, one as the trailing sequence of the first fragment in the
genome and the other as the leading sequence of the second fragment. Such a fragment

formation might indicate a duplication in the given genomic sequence, yet Dissect is aimed

41'We allow this threshold to be user defined within a realistic range of values.
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to find structural alterations on the transcript side, and such duplications on the genome
side are not reported. Instead, Dissect employs an optimal junction finding procedure upon
such overlapping fragment pairs as follows:

Given two overlapping fragments Fj, F5, the length of their overlapping sequence is
Lo = Fi.ts + Fy.len — Fy.ts. Dissect assumes that the optimal resolution of this fragment
pair is another fragment pair F], F} such that; F} is contained within Fj as a prefix fragment

and F} as a suffix fragment of Fy, and the following transition scoring function is optimized*?:

TScore(Fy, Fy) = F|.score + Fj.score + FJs(Fy, F3)

FJg function definition is similar to the S; function defined in subsection 2.1.2, which
returns Cys/2 if there is a canonical splice beginning signal after the ending of F| in the
genome (taking the direction of the fragment into account), and Cjs/2 if there is a canonical
splice ending signal prior to the beginning of Fj in the genome, or Cj; if both conditions
are satisfied.

According to the fragment score defininition given in (2.11), we can determine the scores
of F| and F} as:

F| = Fy.score — Cp, * (Fy.len — F{.len) + Cpyy x #mismatches in Fy[(F].len + 1)..(Fy.len)]

Fj = Fy.score — Cp, * (Fy.len — Fy.len) + Cpym * #mismatches in Fy[l..(Fy.len — Fy.len)]

C, representing the Cpaten and Chyyy, representing the Chpismaten Used in the previous sec-
tions.

It is clear from these equalities that; if we would like to maximize Fj.score+ F}.score, we
should search for the cut position that maximizes the number mismatches in the discarded
regions from both sequences. Or we can alternatively describe as the cut position that
minimizes the number of mismatches retained by Fj and F within the overlapping region.
Therefore, in order to find the optimum cut position from the fragment score perspective, it
is enough to calculate the number of mismatches retained on both sides. However; in order
to maximize T'Score(F}, Fy), we should also take F'.J, into account. Since even in the most
general splice signal scoring scheme, calculating F'Js for a pair of fragments will be done

in constant time, we can perform a linear scan over all cut positions across the overlapping

42A valid F{, Fj pair satisfies all of the following equalities: Fy.ts + Fj.len = Fi.ts, F{.ts = F\.ts,
F{.len < Fy.ts, Fi.ts + Fi.len = Fy.ts + Fy.len, and Fi.ts > Fy.ts.
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region and calculate F'J; for each pair on the go. A simple method for counting number
of mismatches for each cut position while holding two counters for number of intercepted

mismatches on both sides would be as follows:

BestCutScore «— —oo and BestCutPosition «— ()

Number of retained mismatches of Fj] before the cut within the overlap interval,

mm(=) — 0

Count the number of mismatches in F» within the overlap interval and assign to
mm(t) | which represents the retained number of mismatches in F} after the cut within

the overlap interval.

For each cut position, ¢ from 0 to Lo:

— If i = 0, calculate the T'Score(Fy, F}) with the current mm(~) an mm(t) values
and calculate F'J for F| = Fi[l1..(Fy.len—F,)] and Fj = F5. Store BestCutScore
and update BestCutPosition as 0.

—Ifi>0
s« If Fy[Fy.len + i] corresponds to a mismatch, then increase mm(~) by one.
% If Fy[i] corresponds to a mismatch, then decrease mm(*) by one.
« Calculate T'Score(Fy, F3) for F| = Fy[1..(Fy.len — F, +i)] and F = F5[(i +
1)..(Fy.len)], and the retained number of mismatches in F| and F} within
the overlap region (mm(~) and mm() respectively)

x If the new score at the current cut position is higher than BestCutScore,

replace it with the new best score and update BestCutPosition as i.

e Return F| = Fy[1..(Fy.len— F,+ BestCut Position)| and Fj = Fy[(BestCutPosition+

1)..(Fy.len)] as the optimal overlap resolution.

The solution method described above iterates over a loop of size Lo for each fragment
pair, which is bounded by O(N). However; when an overlapping fragment pair is resolved,
all consequent resolutions are performed over the updated fragments from the earlier overlap
resolutions. For this reason, number of transcript positions iterated are bounded by O(N)
for the entire fragment chain (in contrast to a single fragment pair), yielding an overlap

resolution complexity of O(NV) for the entire chain.
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Refining gap boundaries :

A more advanced post-processing step in Dissect is for the case (2) mentioned above, which
covers the fragment pairs that are apart from each other in the transcript sequence by a
relatively short gap. Such a gap may be caused by a novel insertion in the transcript or
alternatively it may be caused by an insufficient extension of the adjacent blocks (due to
the possible existence of indels and/or frequent mismatches within the gap interval). A
mismatch based scan across the region as in case (1), would not help in this particular case
due to the possibility of intercepting indels.

For these cases, Dissect employs a gap refinement post-processing step based on a joint
two sided pairwise alignment method extending neighbouring fragments towards the center
of the gap region. This method used in Dissect is an adapted version of the “sandwich
dynamic programming” described in [46]. The mathematical definition of the problem is as
follows:

We are given a gap interval in the transcript, I = T'[py..p] located between a fragment
pair F; and F5. The trailing flanking sequence of F} in the genome is denoted as R; and
the leading flanking sequence of fragment F5 in the genome is denoted as Ro. The length of
these flanking sequences will be described shortly, but currently assume that they are long
enough to fully align I5 to them.

Given I, we would like to find py, ps, £1, ¢2 values with given constraints that p, — 1 <
p1 < p2 <pe+1, 01 >0, and o > 0; that maximizes the summation of Needleman-Wunsch
global pairwise alignment [36] scores of T'[py..p1] to the prefix of R; of length ¢; and T'[pa..pe]
to the suffix of Ry of length /.

The alignment score function for global pairwise alignment problem is not re-defined
here; but for the problem solution given below, it would suffice to note that match scores,
mismatch and indel penalties are all constant values that are symmetric on the transcript
and the genome sides. In the solution below, we denote these constants respectively as Cy,,
Crm and Cjy,.

This problem formulation covers the cases in which there is no extension from the F} side
(p1 = pp— 1) and also the case in which there is no extension from the F» side (p1 = pe+1).
Therefore, different from the overlap resolution method described earlier, the gap resolution
scheme allows the preservation of novel insertions in the transcript when there is no proper

extension from either side or when the extensions do not meet within the gap region.
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For our version of this two-sided extension alignment scheme, we create two alignment
score matrices My and Ms; one for aligning I with Ry and the other for aligning I with Ro
in the reverse direction. The dimensions of both of these matrices are (Lg + 1) x (Kg + 1),
with an additional 0 row and column in M; and an additional (Lg+1)" row and (Kg+1)%
column in My for alignment initialization purposes.

K¢ value above, is defined as the maximum sequence length that I can be aligned with
a non-negative alignment score. This length can be calculated as Lg + Lc%i’:f(;j We also
denote K as the prefix of Ry of length K¢ and Ky as the suffix of Ry of length K.

Each cell M [z, y] represents the alignment of z'* base of I with y*" base of K7, simi-
larly M [z, y] represents the alignment of 2" base of I with the y** base of K. However,
the score value representations are different between the two matrices: M|z, y].score indi-
cates score of the best scoring alignment of Ig[l..x] with Kj[l..y], whereas Ms[z,y|.score
represents the score of the best scoring alignment of Ig[x..Lg| with Kaly..Kg].

The gap-refinement algorithm employed in Dissect is as follows:

For each column j, from 1 to Kg: Mi[0, j] < (—Cip x j) and M[j,0] < (—=Ciy, * j).

Apply global pairwise alignment dynamic programming algorithm for filling in the
values of each M;[i, j].score and Mi[i, j].parent using C,, Cpm and Cj, for match,

mismatch and indels respectively.

For each column j, from 1 to Kqg: Ms[(Lg + 1),(Kg + 1 — j)] « (=Cip * j) and
M[(Lg +1=j), (Kg +1)] < (=Cin * j).

Apply global pairwise alignment dynamic programming algorithm in the reverse di-
rection for filling in the cell values of M. The algorithm should be applied for each
row ¢, from Lg to 1 and within each row for each column j, from Kg to 1. When
determining the best score of Mj[i, j], the match/mismatch transition score is calcu-
lated from Ms[i+ 1,7 + 1] and indel transition scores are calculated from Ms[i + 1, j]
and M[i, j + 1].

e At this step, in order to make an easier comparison between the two tables; we create
arrays M Ry and M Ry that represent the maximum cells in the rows of both arrays.
M Ry[i] (for i from 0 to L) represents the maximum scoring cell in the i row of Mj,
and similarly M Ryli] (for ¢ from 1 to Lg + 1) represents the maximum scoring cell in

the it" row of M.
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e Furthermore, we derive two more arrays from M Ry and M Ry, forming BR; and BR».
BR[i] represents the best scoring cell within the interval M R;[0..i] and similarly
BRs[i] represents the best scoring cell within the interval M Rs[i..(Lg + 1)]. A key
point here is to select the cell with the lowest index value 7 in tie situations for BR;

and select the cell with the highest index value 4 for equal scoring cells in BRy*3.

e For obtaining the highest scoring combination of alignments, it would suffice to do
a linear scan of BR; and BRjy together in order to find the index i € [0, Lg] that
maximizes BR1[i] + BRa[i + 1]

e After the optimum ¢ and corresponding M R[q] and M Ry[r| cells are found. The
indices of the cell Mi[z1,y1] that M R;[q] is pointing towards, form p; and I; values,
whereas the indices of the cell Ms[xq, yo] that M Ro[r] is pointing towards, form py = x2

and lo = Kg —y2 + 1.

According to the returned pq, l1, p2, and lo values, Dissect updates the fragments F}
and Fy adjacent to the gap region.

The final post-processing step in Dissect is the identification of different types of struc-
tural alterations existing in the finalized fragment chain. Since the methods used for this
classification step are fairly straightforward, they are described in the following Implemen-

tation subsection together with description of structural alteration labels.

2.3.4 Implementation of Dissect

Earlier in this section, we described the three algorithmic steps that Dissect employs for
an efficient whole genome alignment of a given transcript set that might contain structural
variants. All of these stages described are implemented as decoupled modules in Dissect
that can be run individually, and each stage generates an output that will be used as the
input for the following stages. Since each of these sub-procedures are specialized in solving
their corresponding problems, Dissect has an external main body that employs these runs

and handles the input/output for the other steps*4.

43The reasoning behind this tie breaking scheme is to favor novel insertion cases over extension of blocks
with low similarity. For example, if there is an extension to the center of the gap region with the alignment
score 0, the algorithm will return p1 = 0, po = K¢ + 1 representing an entire novel insertion in the gap region
instead of a very low scoring extension reaching the center of the gap interval.

4Gince Dissect’s main program handles situations other than the algorithmic concerns noted in the previous
section (such as indexing of the genome sequence or pre-sorting anchor mappings), the numbering for the
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For the Dissect program to be executed, the following input files are required: (1) A
genome file in FASTA format as a single file or multiple files for each chromosome. (2) A
set of transcripts in FASTA format to be aligned to the genome. (3) A list of configuration
parameters.

As the first step, Dissect reads the configuration file for identifying the following pa-
rameters (the pipeline stages in which each parameter is used is given in parentheses){and

default values are given in curly brackets}:

e Anchor index size: (Stage 0){12} The seed size to index the input genome for

mapping anchors.

e #Sampled anchors: (Stage 1){20} The number of anchors to be sampled from each

transcript sequence.
e La: (Stagel){24} Length of each anchor in the region inference step.

e Anchor error rate: (Stage 1 and 2){1} Number of substitution errors that can exist
in an anchor alignment to the genome . This number should be less than or equal to
(L a/anchor index size - 1) for ensuring %100 detection of all mappings within this

error rate constraint.

e Max anchor hits: (Stage 2 and 3){150} The maximum number of anchor mapping
hits to be returned from the alignment of a single anchor. The reasoning behind this

limit is described in Stage 2.

e Cn,Cry,C,: (Stage 4){1,3,400000} Normalization parameters for the inferred region
fitness function. These regulate the relative importance of the number of mappings

within the region with respect to the region length.

e Cp: (Stage 4){3} Number of regions that are maintained and returned in the highest

scoring region list.

¢ Region merging distance: (Stage 4){400000} Highest distance threshold for merg-
ing two regions into one. This can either be applied in order to merge two fusion

regions into one or merge two single regions in the high scoring list into one.

stages in Dissect can be different than the steps described in the previous section.
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e Marginal region score ratio: (Stage 4){%90} The ratio of a region to the highest
scoring region, which a region needs to maintain in order to get into or stay in the

highest scoring list.

e Transcript seed size: (Stage 5){7} This is the size of the samples that are taken from

the transcript in order to be mapped to the inferred genomic region and extended.

e Transcript extension constraints (Stage 5){%90,3} These two values represent the
constraints that are enforced on the fragment extension scheme. They indicate the
minimum similarity constraint and maximum consecutive errors constraints respec-

tively.

e Minimum fragment size: (Stage 5){10} This threshold determines the minimum

sized fragment that will be considered within the fragment set construction step.

e Maximum fragment set size: (Stage 6){10000} This is the maximum number of

fragments to be kept in the final fragment set.

e Transcript gap limit: (Stage 6.2){150} This is an extra constraint that is used for
a speed-up by pruning branches that contain longer insertions in the transcript than
this value. This is not a required constraint; if such a limit is not desired, it can be

set as a very large value.

e CL,C2,C{,C}2,Cl,C2,Cy: (Stage 6.2){0, 1, 5, 2, 10, 1, 50} Penalty function param-

eters for wild-type, rearranged/duplicated, inverted and fusion transcripts.

e Marginal alignment score ratio: (Stage 6.5){%50} This value represents a marginal
score boundary similar to Marginal region score ratio, but it is used for eliminating

low scoring fragment chains from the output.

Each of the following stages in Dissect program are employed for all of the transcripts
in the sequence at once (apart from Stages from 6.1 to 6.5, which are always done together
without intermediate files generated in between). Each stage requires processing all tran-
scripts from a certain aspect to produce the input for the next stage. Therefore; these stages
are decoupled and can be employed in pieces instead of a single run, or one stage can be

employed with different parameters without requiring the previous stages to be redone.
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Stage 0: Indexing the genome

This is the step for generating the index file required for mapping anchor samples to the
genome using mrsFAST([15]. Index file generated basically represents a hash-table of k-mers
found in the genome, k being defined by the user parameter anchor index size.

An important difference of Stage 0 from Stages 1-6 is that, this step needs only to be run
once for a given genome file. For each subsequent experiment that uses the same genome
file with the same anchor index size, this step can be skipped. This is very useful due to
the slow nature of the indexing step. One of the options in the user defined configuration

file determines whether to skip Stage 0 or not.

Stage 1: Sampling anchors from transcript

This stage is the step in which Dissect samples the anchors from all transcripts in order
to map them onto the genome as a batch short-read query set. L4 and #sample anchors
are the user defined parameters in this step that determine the anchor sampling length and
density. The first sample is taken from the beginning of the transcript and the last sample
is taken from the end. All of the remaining anchors are sampled with equal distance from
the beginning/end anchors and from each other.

In this stage, we also filter low quality anchors from the printed list. Low quality anchors

are defined as strings that have Hamming distance of less than or equal to anchor error rate,
from poly-A /poly-T strings or strings in the form (C)GCGCGC' ..., (C)ACACAC ..., etc.

Stage 2: Mapping anchors to the genome

In this stage, Dissect maps the sampled anchors to the genome within the user defined
constraints anchor error rate and max anchor hits. The purpose of using these parameters
is mentioned in the configuration list above, however the main reasoning behind using a
maximum threshold for the number of mappings for a single anchor is described below.
Due to the long repetitive regions in the genome, some anchor samples can map to
significantly more places in the genome than others. Incorporating these large number of
mappings in the region inference step will not help accuracy and will slow down the inference
process, therefore mappings by these anchors should not be considered when searching for
the optimal region. However, there is not an accurate way of determining if an anchor will

be mapped to many places in the genome before actually performing the mapping (apart
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from the low quality mappings eliminated in the previous stage). Therefore, Dissect utilizes
this maximum mapping threshold as an identifier that there might be more mappings of the
same anchor if the mapping process is continued . For example, if this value is selected as
101; after all anchors are mapped, any anchor that contains 101 mappings will be removed.
The remaining set of anchors with certainty will contain less than or equal to 100 mappings.

At the end of this stage the anchor mapping output is returned in SAM format [27]. This
file is not ordered based on the order of queried anchors, but based on order of mappings
in the hash table and order of chromosome file names in the genome. Therefore, a sorting

step is required before this file can be used as an input to the region inference stage.

Stage 3: Sorting anchor mappings

Since the total number of the anchor mappings can be large, the following region inference
stage cannot store all mappings in the memory. In addition, the generated file size is
generally too large to seek back and forth in order to obtain all mappings of individual
transcripts.

For this reason, Dissect sorts the anchor mappings in their respective order in the tran-
script dataset. However, since the file size can be very large (e.g. > 15GB for a whole
transcriptome assembly experiment of around 570000 contigs), any O(nlogn) sorting al-
gorithms (such as quicksort[17] or mergesort[25]) will be costly for this step in terms of
run-time or disk/network bandwidth usage for data transfer.

In order to tackle this challenge; Dissect utilizes an iterative version of the counting sort
solution [25], using the fact that it does not need to sort the given inputs according to the
order of anchor samples but only in the order of transcript sequences in the original list.

As a first step, Dissect allocates an adequate space in the memory that can handle X
of the Y mappings. In the following % iterations; in i** iteration, Dissect loads the anchors
corresponding to the transcripts from X ¢ to X % (i + 1) — 1, to their allocated position
in the memory and prints them in their sorted order. This method requires % scans of the
mapping file and linear time to sort each batch of anchor mappings.

Apart from sorting, the anchor elimination step described in the previous stage is actually

performed during the counting sort step while the anchors are loaded to the memory.
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Stage 4: Region inference

Given the anchor mapping for each transcript sequence, the region inference stage aims
to solve the problem of finding the highest scoring C'r regions defined in Step 1 earlier.
However, there are some detailed aspects of the region inference stage that are not described
in the algorithmic solution in Step 1.

One important point is about how the highest scoring region list of constant size Cg is
maintained. At any point, this list contains at most Cr elements, in which all elements have
a region score that is within the marginal score boundary with respect the highest scoring
region. Therefore; if the highest region score within the list is S, then all regions within
the list should also have a score higher than or equal to Marginal region score ratiox Se.

At every step of the region inference algorithm, the current region score is compared to
the highest scoring list in order to check whether the region should be added to the list or
not. As a first step, the current region score is compared to the highest scoring region in
the list; if it is not within the marginal score boundary, it is disregarded. If it is within
the marginal score boundary and there is an empty position in the list, current region is
automatically added to the list. But if it is within the boundary but not higher than any of
the regions within the list and there are no empty spaces in the list, it will be eliminated.
If it is within the boundary and has a higher score than some other regions within the list,
it will replace the lowest scoring region within the list. Finally, if the current region score is
higher than the highest scoring region in the list, then the current region is automatically
added to the list and all of the other regions in the list that are not within the current
region’s marginal score boundary are eliminated; if all are, then the lowest scoring region is
eliminated if there is no empty space.

Since the highest scoring region list maintenance steps described above take at most
O(CR) steps, they can be performed in constant time and can be integrated to the algorithm
described in Step I without affecting the original time complexity.

After C'g, or less number of, highest scoring regions are determined, there are additional
post-processing steps applied to the list of regions.

Firstly, for any double (fusion) region in the list, a merge check is performed. If the
distance between two fused regions inferred are shorter than Region merging distance, they
are merged together with the intermediary region and reported as a single region. Further-

more, if there are regions in the highest scoring list that overlap or are within the Region
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merging distance in the genome, they are merged together as well (two fusion regions are not
merged unless both sides representing the cuts on the same side coincide with each other).
Resulting set is reported as the set of inferred regions. The number of regions reported here
is denoted as Ng, to be referred to in the following stages.

Furthermore, another point that is not mentioned in the algorithm description in Step 1
is the score comparison between fusion regions and single regions. Since a successful single
region inference can be considered as a double region that consists of adjacent fused regions
and the single region will always score higher than the fusion region in this case for C,, > 1;
fusion regions are only searched in the absence of a good quality single region. A good
quality region is defined by a user defined parameter and is not mentioned above due to its
elaborate purpose, and its default value is %87 representing the ratio of number of anchors
that have a mapping within the region, to the total number of anchors that are mapped
for the transcript and not eliminated in the previous stages due to excessive number of
mappings. If a good quality region is not found within the highest scoring single region
list, fusion region search is employed. A good quality region is also defined by the same
score value, but considering both regions. If there is no good quality region for a double
region selection either, no output is reported. If there are, they are reported as the inferred

regions.

Stage 5: Mapping and extending fragments

Mapping and extending fragments are done by the homology search tool mrsFAST-HS
modified from mrsFAST. According to the given parameter transcript seed size, 7y, an index
is created for the inferred genomic region. Afterwards, a seed of size « is sampled from every
(%Vh location in the transcript and mapped onto the genomic region. Instead of reporting
mapping seed outputs directly, mrsFAST-HS applies the following extension and duplicate
removal scheme.

According to minimum similarity constraint and mazximum consecutive error constraint,
the mapped seed is extended to both sides until either the first or second constraint fails.

After a seed is fully extended, it is verified if it has been reported earlier; depending on
this, it is not printed twice in the maximally extended fragments list.

At this stage, Dissect also applies a minimum length threshold to the maximally extended
fragments. If an extended fragment is shorter than minimum fragment size parameter, then

it is not reported.
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The reason that minimum fragment size is not used as transcript seed size is due to
the fact that the inferred genomic region is shorter than the larger sequences mrsFAST is
originally optimized to index (whole genomes). For this reason, we choose a smaller seed size
(index size for mapping) than needed in order to keep the hash table used in the mapping

step smaller.

Stage 6.1: Constructing fragment set

This is a precautionary step in Dissect, which prevents the execution of fragment chaining
procedure for transcripts that have an overwhelmingly large amount of alignment fragments.
This cut-off is determined by the user defined parameter Mazimum fragment set size.

Since this parameter directly affects the memory and run-time cost of the chaining stage,
it should be carefully chosen taking the memory size of the machine and the time to be spent
per transcript sequence into account.

In this stage, Dissect iteratively removes smaller fragments in the maximally extended
fragment list until the total number of fragments in the final fragment set is less than or

equal to Mazimum fragment set size parameter.

Stage 6.2: Fragment chaining

This step employs the chaining algorithm described in Step 1.

One point that is not mentioned earlier is the maximum transcript gap size considered
when applying the chaining method.

Depending on the transcript gap limit parameter given, Dissect only considers chaining
fragments only within this transcript distance limit.

Transition penalties for each fragment pair is calculated according to the C%,C,%,Cg,Cf,
C},C’f ,Cy parameters given. Among these C}. C? represent constant addend and the loga-
rithmic coefficient respectively for wild-type transition pairs (towards downstream and on
the same sequence). Similarly, C’l,C’b2 represent the addend and coefficient for log-scale
transition penalty function of rearranged/duplicated fragments (towards upstream and on
the same sequence). Moreover, C’il, C’i2 represents the same values for the transition penalty
function of inverted fragments (between reverse complemented sequences). Finally C; pa-

rameter determines the constant fusion transition penalty between fused genomic sequences.
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Stage 6.3: Post-refining fragment boundaries

In this stage, Dissect employs its post-processing methods upon the highest scoring chain for
refining potential small-scale misalignments at the transition boundaries of fragment pairs.
These methods were described in detail in Step 3.

One point that is not mentioned earlier is reporting ambiguous transitions for overlap
resolution. As described earlier in Step 3, the overlap resolution scheme with mismatches
is iteratively applied to the fragment pairs in the highest scoring chain. During the overlap
resolution process for a fragment pair; if there are multiple split positions that score equally
well, Dissect selects one of them arbitrarily for the main result and reports the existence
of the other equally scoring split positions in a special data field in the alignment output.
Using this field, one can obtain all possible splits that Dissect might have reported as the
main alignment result. These instances occur frequently when there are no mismatches and

no canonical splice sites within the overlap interval of an overlapping fragment pair.

Stage 6.4: Classifying alignments into events

In this stage, Dissect identifies the structural event labels each alignment result belongs to
in a straight forward manner. A single transcript can be identified as containing different
structural alterations since it can be aligned to N different regions in the genome.

If the alignment contains two fragments belonging to separate fusion sequences, it is
identified as a fusion transcript. Thereafter, a more detailed analysis can be made in order
to verify if either side of the fused sequences contain further structural alterations.

If the alignment contains two fragments that belong to reverse complement sequences
with respect to each other, it is identified as containing an inversion. It can further be
analysed in order to determine if it is an inverted duplication, inverted rearrangement, or
an in-place inversion of an exon or exon group.

If the alignment contains a back-jump between two fragment pairs in the resulting chain,
this is identified as containing either a forward (non-inverted) duplication or a forward
rearrangement. In order to differentiate between these two cases, Dissect checks whether
the back-jump results in some fragments sharing at least several bases together. If it does,
then the alignment is identified as containing a duplication event, otherwise a rearrangement

event.
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If some of the alignments that are identified as duplications have a duplication inter-
val shorter than 5 bases, it is more likely to be a result of an insertion (exhibiting some
homology to the flanking sequences) rather than a very short duplication caused by a ge-
nomic translocation or a novel splicing mechanism. However, since these cases can still be
of interest, they are identified as a separate “ambiguous short insertion/duplication” label.

All of the remaining alignments that do not contain any of the structural events described
above are denoted as “non-event” alignments. Furthermore, any transcript that does not
contain any valid inferred regions or valid alignments is collected under the “no output”
label.

Stage 6.5: Reporting alignment output

In this stage, Dissect employs a final filtering procedure among reported fragment chains
for the same transcript (but for different inferred regions). Given Marginal alignment score
ratio parameter, Dissect removes low scoring chains according to their score ratio to the
highest scoring chain for the transcript. Furthermore, this is the stage Dissect prints the

output for the alignment results.



Chapter 3
Experiments

In this chapter we report the alignment quality and structural event discovery accuracy
results of our transcriptome to genome alignment tool, Dissect. Reported results include
experiments upon simulation datasets derived from RefSeq transcript and Known Gene
gene structure databases, which are subjected to nucleotide level substitution/indel noise
at different frequencies, novel oligonucleotide sequence insertions and structural alterations
at different size distributions; such as exon duplications, inversions, rearrangements and
transcript-transcript fusions.

Apart from simulation, as a demonstration of our aligner’s transcriptional novelty de-
tection performance in real-life transcript databases, we aligned a whole transcriptome set
of assembled 50bp RNA-seq reads sequenced from a human prostate cancer individual, as-
sembled by de novo transcriptome assembler Trans-Abyss [6][37].

Due to the fact that there is no efficient way to accurately determine the positive predic-
tive value of the structural events detected by our algorithm; for the analysis of experimental
results, we consider a wild-type transcriptome to genome aligner, BLAT [21], as a surrogate
for false positive event identification.

Furthermore, since the experiments performed upon real-life datasets also include the
alignments of mis-assembled transcripts, the reported results cannot be assumed as a direct
indication of structural alterations, but should go through the process of validating the
assembled sequence before biological implications can be analysed. Conversely, comparison
of validated results from other studies upon the prostate cancer RNA-seq dataset used, will
indicate the combined accuracy of the assembly and alignment together. Since such validated

datasets are not abundant, they will not serve as a large scale accuracy test; therefore such
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comparisons with validated transcriptional variations are omitted in this chapter.

3.1 Experiments upon Wild-type Transcripts with Novel In-

sertions and Nucleotide-level Alterations

In this set of experiments, we aim to evaluate the performance of Dissect in wild-type
transcript datasets and several variant datasets altered with different types and levels of
noise.

For the first experiment, we used the latest NCBI RefSeq mRNA annotation dataset
for whole mouse transcriptome. We acquired this database from the latest build! in UCSC
Genome Browser FTP server. Assuming that this annotation dataset is composed of wild-
type transcripts that do not contain structural alterations, we evaluated Dissect’s false event
discovery rate by aligning these sequences to the mm9 build mouse reference genome. Since
most of these sequences have very close matches to genes in human genome, we also used
this dataset to evaluate the accuracy of Dissect alignments at a nucleotide-level resolution.

For the second experiment, we modified the original RefSeq sequences by adding nucleotide-
level substitution/indel errors. These are performed uniformly at random for each base in
a transcript and applied at different density levels in order to measure the increase in false
event detection rate as the sequences diverge more from the original transcripts.

For the last experiment in this section, we used the latest RefSeq mRNA annotation
dataset for whole human transcriptome. We acquired this database also from its most
recent build in the UCSC Genome Browser FTP server?. The aim of this experiment is to
evaluate Dissect’s false event discovery rate in the existence of short-to-medium size novel
insertions.

In order to simulate a realistic sample of novel human genome insertions, we sampled
substrings of different sizes from the set of insertion sequences from a novel insertion char-
acterization study by Kidd et al. [22], and inserted them to the transcript sequences at

random exon breakpoints>.

las of the week of July, 18th.
2This dataset is also acquired on same week as the mouse build.

3We restrict the novel insertion simulations only to exon breakpoints due to the fact that, in a large
set of transcripts containing mid-exon insertions, there frequently are cases in which the insertion displays
a local similarity to the flanking sequences that would result in over extension of the maximal fragments
of the adjacent exons. Fragment chaining algorithm of these over-extended fragments will result in short
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Alignment results without noise

For the RefSeq mouse mRNA dataset; as a pre-processing step, we removed any sequences
that contain base values that are different from A,C,G,T (such as n,y,w,r). We further
removed any leading or trailing exact poly-A /poly-T sites that were longer than 5bp?.

Remaining dataset after the pre-processing step contained 28058 transcript sequences of
an average length of 2848 bases.

We aligned the full set of transcript sequences to the entire mm9 build mouse reference
genome including 35 sequences; chrl to chr19 and chr X/Y, as well as the random sequences®
for 12 of these chromosomes, chrUn_random® and chrM representing mitochondrial DNA.

After aligning the entire set of sequences with the default parameter values as described
in the previous chapter, we obtained the highest scoring alignment for each sequence. Within
these resulting alignments, 27893 (%99.4) of them did not contain any positive structural
alterations. 71 (%0.25) of the sequences were reported as containing a structural event.
Among these 12 are detected as fusion transcription, 25 of them contained at least one
inverted exon (including inverted duplications, inverted rearrangements and in-place inver-
sions), 25 of them were same direction duplications and 9 of them were same direction
rearrangements.

Apart from the 71 reported events, 40 transcripts were identified as containing a short
ambiguous location (2-5bp) that cannot be clearly resolved whether they are short duplica-
tions or short insertions longer than a single nucleotide indel. In a reference transcriptome,
these are more likely to be short insertion cases that show similarity to their flanking se-
quences in the transcript, causing the over-extended maximal fragments detecting a short

duplication when they are chained together.

duplications between the leading and trailing regions of the inserted sequence (increasing the number of
ambiguous insertion/duplication cases). In a large set of insertion simulations, such cases dominate the
number of events and the main focus of this experiments is hindered, which is mainly the identification of
the alignments that discover a false event by the alignment of the inserted sequence to the genome in a way
that alters overall structure of the transcript alignment.

4Removing poly-A /poly-T sites is essential for Dissect, due to the fact that the transcript sequence is
considered to be globally aligned to a local region in the genome. Since Dissect is also sensitive to structural
alterations, a long poly-A /poly-T site at the end can cause structural alterations if there is a corresponding
poly-A /poly-T site within a nearby genomic region.

5These represent the sequences that cannot be placed in a specific position in the corresponding chromo-
some with certainty.

5This represents the sequences that cannot be placed to any of the sequences with certainty.
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The remaining 54 sequences did not produce any alignment results. Among which 7 re-
ported low quality alignments but were discarded by the final low scoring alignment filtering
scheme, and 47 of them could not locate a proper genomic region in the region inference
step that satisfy the quality threshold.

Other than the alignment type detected, we also investigated the number of transcripts
that Dissect was able to align accurately” within a nucleotide-level resolution.

Including the 54 transcripts that Dissect did not report any valid alignments, all sequence
alignments other than 1844 are observed to be accurate at a nucleotide-level resolution.
This corresponds to a %93.8 percentage of accurate nucleotide-level alignments for the
full datasets. However, some of these 1844 alignments may contain gaps due to potential
existence of novel insertions in the transcript, inaccurate removal of poly-A /poly-T sites
from ends and/or absence of a proper region within the used build of reference genome for
the alignment of the transcript sequence. In order to estimate the rate of such alignments,
we used wild-type transcriptome to genome aligner BLAT (version 34x10) to align these
1844 sequences and find out for how many of these sequences there is an accurate® wild-
type alignment that Dissect has missed. Among the 1844 aligned sequences, BLAT was
able to align 690 of them to the genome as an accurate alignment at a nucleotide-level
resolution. Therefore, since there is no clear evidence that the remaining sequences have a
nucleotide-level accurate alignment, we consider the effective nucleotide-level sensitivity of
Dissect for this experiment to be % = %97.4.

In order to analyse the difference of alignment accuracies between BLAT and Dissect,
we also performed the converse alignment experiment. We aligned the 26214 sequences that
Dissect aligned accurately at a nucleotide level, using BLAT. Among 26214 transcripts,
BLAT also aligned 25936 accurately.

With a modern single core processor, aligning the entire dataset of 28058 sequences
took about 70 minutes with Dissect using default parameters, whereas it took more than

400 minutes for BLAT with its default parameters that do not apply additional speed

"Definition of an accurate nucleotide-level alignment here is a fragment chaining that do not contain any
gaps within the transcript sequence including the end regions. Mismatches are allowed within the fragments
as long as they satisfy the original fragment construction constraints.

8The definition of an accurate alignment for BLAT is parallel to the definition for Dissect. We considered
any alignment that contains a gap within the transcript as not an accurate alignment. In order to verify the
accurate property of a BLAT alignment, we checked whether ”Q gap count” (number of exon-exon gap blocks
within the transcript) is 0 and whether ”Q start” /”Q end” (starting and ending positions of the alignment
in the transcript) positions correspond to the transcript end-points.
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optimization upon commonly repeated regions.

Simulation of nucleotide-level substitutions and indels

After applying the pre-processing steps to the 28058 mouse transcript sequences as described
in the previous subsection, we applied a nucleotide-level error addition according to the

following scheme, for a given error density value k.

e For each of the indices t;, from 1 to |Tj|, within all transcript sequences 7T); within the

database:

— With % probability, decide whether to add an error to the current location.
— If error will be added:

* With % probability, substitute the base value of v(¢;), with another character

and continue with the next character in the sequence.

x With i probability, remove t; and continue with the current index in the

updated sequence, in which the remaining sequences are shifted to the left.

x With i probability, insert a random nucleotide to the current index, and

continue with the next character in the sequence.

For this nucleotide-level noise addition experiment set, we used two different density
values, k£ = 500 and k£ = 100.

In the £ = 500 simulation dataset, 27871 (%99.3) sequences out of 28058 were aligned
as wild-type transcripts without any detected structural alterations. For 54 sequences,
a proper alignment was not reported. 95 of the sequences were identified as containing
structural alterations (12 fusions, 26 inversions, 49 duplications, 8 rearrangements). Apart
from these, 38 sequences were identified as containing ambiguous short duplication/insertion
sequences.

In the k£ = 100 simulation dataset, 27732 (%98.8) sequences were aligned as wild-type
transcripts without structural alterations. 57 sequences, did not return any alignments.
232 sequences were identified as containing structural alterations (13 fusions, 29 inversions,
178 duplications, 12 rearrangements). Lastly, 37 sequences were identified as containing
ambiguous short duplication/insertion sequences.

As it can ben seen from the rate of false event detection and distribution of different event

types; the detected number of false events is correlated to the density of nucleotide-level
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noise, even though a large majority of the sequences stay within their wild-type alignment
form. One noticable difference between the three experiments k = oo, kK = 500 and k& = 100

is increase in the number of detected false duplications.

Simulations upon short-to-medium size novel sequence insertions in human tran-

scriptome

The aim of this experiment is to evaluate the event detection specificity of dissect due
to novel sequence insertion to wild-type transcripts. For this experiment we derived the
simulations from RefSeq mRNA annotation dataset for whole human transcriptome.

After the preprocessing step that removes sequences with unwanted characters and poly-
A /poly-T sites, number of sequences in the dataset is 37568 and the average number of bases
per sequence is 3022.

We aligned these sequences with Dissect?, and obtained 33652 sequences that are not
reported as structural alteration containing transcripts and show nucleotide-level accurate
alignment as described above.

Making use of the aligned fragment information reported in the Dissect output; we
identified valid insertion locations in the transcript (apart from transcript end points) that
represent an exon-exon boundary and represent an intron of longer than the inserted se-
quence!?.

We distributed this set of 33652 sequences into four equal sized disjoint subsets. For
the first subset of transcripts, we inserted novel insertion sequences of length 6 to 20 bases,
uniformly distributed within the length interval. For the second subset, we inserted novel
sequences of length 21-35 bases. For the third subset, 36-50 and for the fourth subset, 51-65
base length sequences are inserted.

For obtaining realistic novel insertion sequences, we acquired 2363 characterized novel
insertion sequences published by Kidd et al. [22]. For sampling the insertion sequences, we
randomly located a sequence position among these novel insertion sequences and extracted
the sequence of the required length.

The procedure of simulating novel insertions is described as follows:

9The full dataset alignment took less than 100 minutes.

10This constraint is for reducing contamination by short duplication events due to over-extension of ho-
mologous sequences as mentioned earlier.
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e For each of the four subsets:

— For each transcript sequence within the subset:

x Randomly generate the size of sequence to be inserted according to the in-

sertion length distribution of the subset.

x Randomly select an end point of the transcript or one of the valid insertion

locations identified earlier.

x Extract the sequence from a randomly selected position within the dataset

of 2363 novel insertions, and insert to the selected location in the transcript.

In the resulting alignment of the 33652 modified sequences that contain a novel insertion,
32874 (%97.7) returned a wild-type alignment without any structural alterations. 645 (%2.0)
of the returned alignments contained at least one structural alteration. The insertions also
caused 45 (%0.1) sequences overall to lose their originally inferred regions and resulted in
88 (%0.3) of the sequences to contain short ambiguous duplication/insertion regions.

However, the results shown above represent the overall simulation dataset. If we analyse
each subset separately with respect to insertion length distributions, we can see that the
distribution of events among sets clearly displays a bias upon the number of events detected
in the presence of longer insertions. Details of this phenomenon can be viewed in Table 3.1,
and the distribution of different structural alteration types are given in more detail in Table
3.2.

Insertion length | Total | Wild-type | All events | Amb. dup./ins. | No output
6-20 bases 8413 8367 | 26 (%0.3) 19 1
21-35 bases 8413 8298 | 87 (%1.0) 21 7
36-50 bases 8413 8189 | 186 (%2.2) 22 16
51-65 bases 8413 8020 | 346 (%4.1) 26 21

Table 3.1: Alignment results of Dissect for simulated wild-type transcriptome dataset with
novel insertions. Rows represent the length interval of the novel insertion distributions
(e.g. insertions reported in the first row are uniformly distributed between 6 and 20 bases).
Columns indicate the output labels of Dissect: All events column represents the total number
of transcripts that Dissect has identified a structural alteration, Amb. dup./ins. column
represents the alignments that contain a short ambiguous interval that cannot be verified
with certainty as an insertion or a duplication and No output column indicates the number
of transcript sequences that Dissect did not return a valid alignment for.
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Ins. length | All events | Fusion | Inversion | Forw. Dup. | Forw. Rear.
6-20 bases 26 2 6 16 2
21-35 bases 87 2 20 25 40
36-50 bases 186 0 59 43 84
51-65 bases 346 30 151 52 113
All intervals 645 34 236 136 239
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Table 3.2: Alignment results of Dissect showing the number of structural alterations with re-
spect to insert length distribution intervals and event types as fusion, inversion, forward du-
plication and forward rearrangement. Inversion column represents inverted rearrangements,
inverted duplications, in-place inversions and single-breakpoint inversions altogether.

In Table 3.1 and Table 3.2, we can observe that as the length of the novel insertion
increases, so do the false event detection rate of Dissect. Table 3.1 displays low false event
detection rate for novel insertions shorter than 35 bases. However, we see a clear difference
in false event detection rate of transcript sequences with insertions of length 6-35 bases, and
sequences that contain insertions of length 36-65 bases. This high rate of false positives can
be caused by Dissect’s high sensitivity to structural events when there is strong evidence of
sequence similarity. Since the insertion sequences are obtained from a real novel insertion
study for human genome, in the neighbourhood of the aligned gene loci there might be
sequences homologous to the insertion and these potentially increase the risk of detecting
false positive rearrangements. As such, the correlation between the increase in the number
of false inversions and false forward rearrangements in the results table is expected, due to

the fact that the number of reported inversions also includes the inverted rearrangements.

3.2 Experiments upon Simulated Transcriptional Events

The experiments performed in this section are designed to determine Dissect’s event detec-
tion sensitivity for various event types with various additional characteristics.

Below we describe 13 different simulation experiments upon mouse transcriptome derived
from Known Gene gene structure annotation database.

In order to prepare the wild-type transcriptome dataset that the simulations are going
to be applied upon, we extracted genome annotation files for each chromosome from chrl to

chr19 and chrX/Y. We obtained each wild-type transcript by extracting and concatenating
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exons in each gene in their respective order.

The dataset at this stage contained more than 50,000 transcripts. In order efficiently
analyse a large amount simulation cases, we reduced the dataset to one tenth of its original
size by sampling each tenth sequence for each chromosome. Afterwards, any transcript
sequence that is shorter than 50 is removed due to the fact that they cannot properly
express the structural alteration simulations performed in many cases.

At this stage, the dataset consisted of 5256 sequences. This wild-type transcript dataset
is aligned with Dissect and 5234 transcripts that aligned successfully with no structural
alterations were kept for applying the simulations described below.

The thirteen simulation experiments described below aim to emulate the aberrant for-
mations that can occur in transcripts due to structural alterations. These experiments

are:
1. Forward tandem duplication of the full transcript sequence.
2. Forward tandem duplication of the longest exon in the transcript.
3. Forward tandem duplication of the shortest exon in the transcript
4. In-place inversion of the longest exon in the transcript
5. In-place inversion of the shortest exon in the transcript

6. Folding inversion of the transcript from a position close to mid-point. (Split interval:

%36-%65)

7. Folding inversion of the transcript from a position close to the beginning/end. (Split
interval: %16-%35 or %66-85)

8. Full split rearrangement of transcript. (Rearrangement of the full transcript sequence

from a particular split position)
9. Rearrangement of adjacent exons.
10. Rearrangement of non-adjacent exons.

11. Fusion transcript with a well-balanced split ratio (shorter fused sequence is > %60 the

longer one)
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12. Fusion transcript with a moderately balanced split ratio (short to long sequence ratio
is > %30 but < %60)

13. Fusion transcript with an imbalanced split ratio (short to long sequence ratio is < %30)

The distribution of transcript alignments according to event type labels for different

event simulation experiments are given in Table 3.3.

Tot. | No out. | Non-E. | Amb. | Tot-E. || Fusion | Inv. | F. Dup. | F. Rea.
Exp. 1 || 5234 8 85 2 5139 1 43 5095 0
Exp. 2 || 5234 5 58 2 5169 5 1 5163 0
Exp. 3 || 5234 0 139 3 5092 0 0 5092 0
Exp. 4 || 4788 0 27 0 4761 0 4761 0 0
Exp. 5 || 4788 0 507 0 4281 0 4272 0 9
Exp. 6 | 3188 1 12 0 3175 3 3171 0 1
Exp. 7 || 4654 2 101 0 4551 2 4547 0 2
Exp. 8 || 4788 2 166 6 4614 2 106 2 4504
Exp. 9 | 4788 1 165 6 4616 1 10 2 4603
Exp. 10 || 4316 0 41 2 4273 0 30 6 4237
Exp. 11 || 1312 16 12 0 1284 1279 5 0 0
Exp. 12 || 1558 25 31 0 1502 1500 1 0 1
Exp. 13 || 2363 15 1751 0 597 595 1 0 1

Table 3.3: Number of structural alterations detected by Dissect for the designed simulation
datasets ( Tot. = Total number of transcript sequences, No out. = The number of transcripts
that Dissect did not return any valid alignment for, Non-FE. = Number of transcripts Dissect
returned a wild-type alignment for (with potential insertions), Amb. = Number of transcripts
containing ambiguous short duplication/inversion regions, Tot-E. = Total number of dis-
covered structural event containing transcripts, Inv. = Inversion events including inverted
duplications, inverted rearrangements, in-place inversions, and single-breakpoint inversions,
F. Dup. = Forward duplication events, F. Rea. = Forward rearrangement events.)

3.3 Searching Structural Alterations in Prostate Cancer Tran-

scriptome Assemblies

For this experiment we obtained 50bp RN A-seq reads of a human prostate cancer individual.
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These reads were assembled using short-read transcriptome assembler Trans-Abyss [6]
version 1.2.0 that is based upon de novo short read assembly tool, Abyss [40] version 1.2.5.

For the assembly runs, we used two different k-mer sizes, 26 and 49''. Furthermore, for
two separate contigs to be merged (regulated by n parameter), we required 10 pair mappings
between the contigs.

We aligned this transcriptome assembly dataset to whole genome using Dissect with the
default parameters described in the end of the previous chapter, and obtained the following
alignment type distributions.

Among a total number of 576,381 assembly contigs given input to our aligner: For
167,218 transcripts Dissect did not return a valid output. For 391,504 contigs, Dissect
identified no structural alterations, with the exception of potential insertions to the contig
sequence. In 4279 contigs, Dissect detected an ambiguous short insertion/duplication region.
Finally for 13380 contigs, Dissect discovered a structural alteration.

Among the 13380 detected structural event containing contigs, 946 were identified as
fusions, 1381 were identified as duplications, 513 were identified as rearrangements and
10540 were inversion events including inverted duplications, inverted rearrangements and
in-place inversions.

In order to check the number of false positive events detected in this result, we again
used BLAT alignments as a surrogate in order to determine whether there is a high scoring
alignment.

Among 13380 transcripts BLAT returned a valid output for 13241. Considering the
remaining 139 contigs as having 0 score value, we report the distribution of BLAT alignment
similarity scores for event detected transcripts in Table 3.4, similarity score being calculated
as the ratio of number of matching nucleotides to the overall length of the contig.

Among the 1576 contigs in the [%95, %100] interval, 1088 of them contained at least one
gap that is longer than an indel and for 602 of them total size of the gaps in the transcript

was larger than or equal to 10.

Hk-mer size parameter determines the size of the overlap required between two reads in order to connect
them within a contiguous sequence.
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Sim. interval | [%0,%50] | [%50,%65] | [%65,%80[ | [%80,%90[ | [%90,%95[ | [%95,%100]
# contigs 418 7682 2204 920 580 1576

Table 3.4: Similarity score distribution of BLAT alignments for assembly contigs that Dissect

detected a structural alteration.

Each column in the first row indicates the percentage

similarity distribution of the alignment and the second row represents the number of contigs

that fall into the corresponding interval.




Chapter 4

Summary and Conclusion

In this thesis, we introduced two novel frameworks for the problem of aligning transcribed
sequences to the genome in order to discover structural alterations such as duplications,
inversions, rearrangements and fusions within the transcript. For both frameworks, the
structural alterations are considered as copies of substrings from the genome forming the
transcript sequence, allowing a problem formulation that can be solved in polynomial time.

The first framework we defined is based on nucleotide-level alignment model that involves
transitions from each position pair (t;, g;) alignment between the transcript and the genome
to any position pair (;,g;) with the only condition that ¢; > ¢; forming a monotonously
increasing set of indices on the transcript side of the alignment. However, this rule is not
the same case for the genome side and positions throughout the alignment are not required
to be monotonously increasing or decreasing. For this reason, instead of a regular 2-row
alignment matrix we define the alignment formulation as a function from the positions in the
transcript to the positions in the genome with an additional a gap character. We defined the
best alignment as the optimal function definition that maximizes a certain alignment score
model and we proposed solution methods for this problem definition. Our best algorithms
for this formulation was O(N Mlog(M)) for convex genomic gap penalties and O(M N) for
simple convex functions (including log-scale) that satisfy a certain zero-calculation property,
M N representing the size of the transcript and genome sequences respectively.

The second framework we defined is a low-sensitivity problem formulation that allows a
faster alignment in a whole genome alignment setting. Given a set of homologous fragments
between the transcript and the genome (defined as intervals in the transcript corresponding

to an interval in the genome with a particular direction and similarity score), we described
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our problem as finding a chain of fragments that maximizes a certain fragment chain score
model with the constraint that within the fragment chain the transcript start positions are
monotonously increasing. Since this problem can be reduced to the first problem, it can
also be solved in polynomial time and we describe O(K?) solutions for two versions of this
problem (disjoint and overlapping fragment chaining), K being the number of fragments in
the given fragment set.

Furthermore, in this thesis we presented an efficient transcriptome to whole genome
alignment tool, Dissect, which is formed as a pipeline of the following steps; reducing the
solution space from the whole genome to a smaller putative gene region, constructing a
comprehensive set of homologous fragments between the transcript and the genomic region,
applying a fragment chaining algorithm that is sensitive to structural alterations and finally
refining potential small-scale misalignments that could have been caused by length and
similarity constraints of the fragment construction step.

We evaluated the accuracy and efficiency of our aligner upon simulation datasets and
assembled RNA-seq reads of a human prostate cancer individual.

We split the simulation tests into two separate directions: (1) estimating false event de-
tection rate of Dissect in wild-type transcripts with simulated noise and novel insertions and
(2) evaluating event detection sensitivity of Dissect in event simulation datasets constructed
from gene structure annotation.

We estimated the false detection rate of Dissect to be very low, less than %1.2 up to
a substitution/indel noise frequency of 1/100 bases. We also estimated the nucleotide-
level alignment accuracy of Dissect, using BLAT wild-type alignments as a surrogate and
estimated this accuracy to be %97.4 in a wild-type transcriptome dataset with no noise
addition.

Furthermore, in novel insertion simulations we observed the false event detection rate
to be less than %2.2 up to novel insertions of size 50 bases. However, for novel insertions
of sizes longer than 51 bases, we detected a higher error rate up to %4.1 of the overall
transcript sequences (mostly due to rearrangements).

In the second simulation dataset, we evaluated event detection sensitivity of Dissect to
be over %94 for all the experiments performed apart from short in-place inversions and
fusion transcripts with an imbalanced ratio of the fused sequences.

In the final experiment, we reported event detection results of Dissect in an assembly

dataset. Even though there is no comprehensive event annotation for this dataset, we
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estimated that for more than %88 of the reported events, corresponding transcripts do not
have a global high-quality alignment of the transcript when aligned with a wild-type spliced
aligner.

In the remainder of this section, we discuss some potential improvements to this study

from theoretical, biological analysis and software engineering standpoints.

4.1 Future Works

In this thesis study the best algorithms given for nucleotide level alignment algorithms are
within the run-time complexity of O(N Mlog(M)), N,M representing transcript and genome
sequence lengths respectively. The algorithm for the wild-type transcript alignment with
convex functions is known to be reduced from O(N Mlog(M)) complexity to O(NMa(M)),
« representing very slowly growing inverse Ackermann function, using the matrix searching
method introduced by [23]. However, as also noted in [10], this method has a high constant
in comparison to the WTTA-2 algorithm due to the heavy cost of matrix searching meth-
ods. This cancels the advantage gained by the reduction from O(M) to a(M) for genomic
purposes, especially when considering mouse/human genomes of size 2.5-3Gb!. Therefore
for practical purposes, the use of the lower complexity solution is not encouraged. For this
reason, we did not investigate the possibility of improving our “alignment with structural
alterations” solution in TGASA-2, using the matrix searching method in [23]. However; for
theoretical purposes, it might be worthwhile to investigate this problem as a future study.

Furthermore; in this thesis study, the solution given to the chaining problem does not
consider dynamic programming sparsification techniques in order to reduce chaining solution
complexity. The version of the chaining problem with no structural alterations, no overlaps
and perfect fragments is known to have a lower complexity solution for several transition
penalty functions slightly different than described in our formulation[8][10][24].

There are further improvements upon the affine (linear) gap penalty version of the
chaining problem, useful for genome-to-genome alignment purposes in which a gap penalty
is described in an affine gap penalty setting. In this case, for an overlapping fragment def-
inition that is slightly different than the one described in our formulations, a workaround

has been proposed by [39] that sparse solution methods can be applied upon. Moreover,

1Gigabases.
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in [7] a genome-to-genome alignment fragment chaining method is proposed involving ge-
nomic structural variations such as inversions, duplications and translocations, extending
the sparse chaining solution given in [9] for linear gap penalties.

As of this thesis study, we are not certain whether sparse solution methods can be applied
to our chaining formulation; which involves structural alterations, overlapping fragments
and an advanced genomic gap penalty scheme that involves a convex gap penalty function
combined with splice signal scores as well as an additional penalty based on mismatch
resolution of overlapping fragments. However; as a future study, it might be worthwhile
to investigate the potential ways to extend this in order to gain speed and provide an
improved theoretical framework for transcriptome-to-genome fragment chaining problem
involving transcriptional structural alterations.

Another possible improvement to the fragment chaining formulation and the corre-
sponding implementation would be to extend the currently given fragment definition to
maximal fragments involving mismatches and indels within similarity and minimum length
constraints. There two challenges that need to be addressed before attempting this new
problem: (1) a homology searching tool is needed that can find maximally extended frag-
ments containing mismatches and indels within certain error rate constraints and (2) the
overlap resolution scheme should be changed in order to allow resolution of two fragments
that contain mismatches and indels. Adding this functionality will increase nucleotide-level
accuracy of the aligner, due to the fact that the majority of small-scale misalignments are
caused by inadequate/improper extension of maximal fragments that are not allowed to
contain indels.

There are several other improvements that can be made to this study from a down-
stream analysis standpoint. A joint analysis can be made for gene structure annotation
and transcripts that contain structural alterations identified by Dissect, in order to evaluate
biological significance of detected events and prioritize events that are more likely to be
authentic. Furthermore, for the experiments with assembled RNA-seq reads, it is possi-
ble to further estimate the authenticity of the detected events by evaluating the score of
the assembled contigs with the analysis of the original reads that are used to construct
the contigs. A parallel study to ours, [44] (unpublished) addresses this aspect of identifying
transcriptional novel events, which can be integrated to Dissect in order to obtain alignment
results prioritized with respect to the biological relevance of identified events and RNA-seq

read support analysis of assembled transcript sequences.
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Also from a software engineering perspective, Dissect can be further improved in terms of
usability, accessibility and visualization. In this thesis study, the main focus was on develop-
ing an efficient alignment tool that follows the guidelines given by the alignment frameworks
described. However, contribution of an alignment tool to the transcriptomics research com-
munity is also correlated to accessibility of the software. Upgrading this software to a
server-client architecture requires a lot of modifications on both Dissect and mrsFAST_HS
implementations, but setting up a server that already has the genome and mrsFAST index
loaded in the memory will allow client processes make instantaneous queries to the server
returning a single transcript alignment with structural alterations. In the current version
each transcript query takes around 10-200 milliseconds on average with a modern processor.
However, it will also take around 10 minutes of loading time per input dataset, regardless
of the number of transcripts in the input. Within a server-client framework, this overhead
time can be minimized allowing faster access of users for small number of queries. Similarly
an associated visualization tool for Dissect will improve the user experience by real-time
visualization of the transcript alignments containing structural alterations. This addition
will improve manual evaluation of biological relevance of the structural variations to the

applied study.
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