RNA-Seq Alignment/Assembly
using STAR
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and TopHat if we have time.



The Central Dogma

RNA

* pre-mRNA undergo splicing to remove
the introns and leave only (some) exons

some RNA perform functions on their
own and are not spliced, called ncRNA DNA
(hon-coding RNA)
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How do you solve this?

Split the read into chunks, and align those seperately
ecan be done at random positions or predicted intron boundaries
*the chunks end up being small

Align to the known transcriptome rather than the genome
ecan miss novel transcripts (ones we have not seen before)

Design a new aligner that takes these complications into account

Some combination of the above techniques



Spliced Transcripts Alignment to a Reference
(STAR)

Designed to align non-contiguous sections of a read, directly to the
reference genome

Consists of two major steps:

* Seed searching
* clustering, stitching, and scoring
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Seed Searching

Maximal Mappable Prefix (MMP) for read R, read start location /, and genome G:

*the longest substring Rfi ... (1 + MML - 1)]

e such that there exists some set J = {j1,jo,...,jn} where for all jxeJ
Rfi ... (+MML-1)] = Gfj ... (k+MML-1)]

*where MML is the Maximal Mapping Length
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Seed Searching

Maximal Mappable Prefix (MMP) for read R, read start location /, and genome G:
*the longest substring Rfi ... (1 + MML - 1)]

e such that there exists some set J = {j1,jo,...,jn} where for all jxeJ

R[i ... (+MML-1)] = G ... (k+tMML-1)]
*where MML is the Maximal Mapping Length

The basic algorithm is

e map from the start of the read as far as possible
e restart searching from the next position to the right
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the "splice junctions" are inferred from the alignment



Seed Searching

Maximal Mappable Prefix (MMP) for read R, read start location /, and genome G:
*the longest substring Rfi ... (1 + MML - 1)]
e such that there exists some set J = {j1,jo,...,jn} where for all jxeJ
R[i ... (+MML-1)] = GJj ... (jx+MML-1)]
*where MML is the Maximal Mapping Length

The basic algorithm is
e map from the start of the read as far as possible
e restart searching from the next position to the right

The search is implemented using an uncompressed suffix array(s)
e one for each chromosome



Seed Search

The search is implemented using an
uncompressed suffix array(s)

*one for each chromosome

 MMP mapping comes "free" with
binary search

needs to be performed using both the

read and it's reverse complement

Read
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Seed Search

The method described:
e Easily identifies "multi-mapped” reads since they are together in the SA
* Find mismatches internal to the read
* Overcomes issues with poly-A tails, library adaptors, and low quality
* Has high speed, but large memory footprint compared to compressed SAs
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mismatches A-tail, or adapter,
or poor quality tail




Clustering, stitching, and scoring

A set of the MMPs are selected as "anchors”

"In the current implementation, all the alignments that map less than a
user defined value (typically 20-50) are selected as anchors.” w

* Anchors are those that map to less than 50 locations in the genome

Alignment "windows" are then defined as regions around anchors
all of the MMPs in those windows will be stitched together linearly
*the size of these windows determines the maximum intron size



Clustering, stitching, and scoring

They stitch two MMPs together allowing
*one gap (of multiple bases) in the genome, and W

r, Read sequence

* minimal mismatches. Piece 1] | Piece 2
Genome
A is the difference in the size of the space between 3 o
the MMPs in the genome and the read _—
*this iIs how long the gap is going to be max{ 21 Maich(r, A>_pgap(rj)}

Match counts the number of bases that are better
aligned before the gap minus the count of those A=:(g—g)—(n—r)
that are better placed after

1 R(ri+r)=G(g,+r)&R(ri+r+A)#G(g+ 1+ A)
Match(r',A) =: 4 =1 ifR(ri+7r)=G(g;+7r) & R(ri+r+A)#G(g, +7r + A)

0 otherwise



Clustering, stitching, and scoring

Read sequence
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Mate pairs are initially mapped L N N
independently as long as they are on the | " oenes
same strand

Genomic window 2

If the whole read is not covered in 1 window

*find two (or more) non-overlapping
windows that map to the read

e create a chimeric mapping

Biological sequence X

Biological sequence Y

Chimera formed fromXand Y

A "chimeric sequence" or "chimera" is a
sequence made by combining two (or more
other sequences). For example, this can
happen with mistakes in crossover.



Clustering, stitching, and scoring

The score of each mapped read is:

S(A) = mity —msy —ingy — dly — gpa

7 X

match and mismatch scores affine gaps with different splice junction score based on the
as we saw before scores for the read and the sequences at the end of the junctions:
genome GT/AG, GC/AG, & AT/AC

are normal, all others have higher penalties
(this is the Pgap score from earlier)

For each read, the mapping with the highest score is retained



Speed vs. Space tradeoff of the SA

Table 1. Mapping speed and RAM benchmarks on the experimental

RNA-seq dataset

Aligner Mapping speed: million Peak physical

read pairs/hour RAM, GB

6 threads 12 threads 6 threads 12 threads

STAR 309.2 549.9 27.0 28.4
STAR sparse  227.6 423.1 15.6 16.0
TopHat2 8.0 10.1 4.1 11.3
RUM 5.1 7.6 26.9 53.8
MapSplice 3.0 3.1 3.3 3.3
GSNAP 1.8 2.8 25.9 27.0




True Positive Rate %

Fig. 2. True-positive rate versus false-positive rate (ROC-curve) for simu-
lated RNA-seq data for STAR, TopHat2, GSNAP, RUM and

MapSplice
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Take Aways for STAR

Non-contiguous alignment for RNA-Seq is not a totally solved problem
STAR is specifically designed to take introns into account during alignment

Algorithm Is extendable to longer read lengths since it can ignore poor
quality regions and chimeric reads

Large memory consumption, but fast due to the use of uncompressed SAs



TopHat

Creates an alignment in stages:
find all high quality whole read alignments to the genome
* identifying possible splice locations
e aligning initially unmapped reads to induced sequences

ORIGINAL PAPER " .1 iosciinomatcsibmpt20

Sequence analysis

TopHat: discovering splice junctions with RNA-Seq

Cole Trapnell®*, Lior Pachter? and Steven L. Salzberg’

1Center for Bioinformatics and Computational Biology, University of Maryland, College Park, MD 20742 and
2Department of Mathematics, University of California, Berkeley, CA 94720, USA

Received on October 23, 2008; revised on February 24, 2009; accepted on February 26, 2009

Advance Access publication March 16, 2009

Associate Editor: Ivo Hofacker




Aligning Reads using Bowtie
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Using strict alignment critera, TopHat uses Bowtie to align
reads to the whole genome

Map reads to whole

genome with Bowtie

=

Collect 1nitially
unmappable rleads
The reads which don't map are called "Initially Unmapped”
or IUM reads

*they include multi-mapped reads

elikely don't map because they cross introns
* Will be used later to confirm splice junctions

"Low complexity" reads are discarded
*these are likely highly repetitive



Construct potential exons

Construct the set of mapped sequences
*the "islands"” of sequence that map to the genome
Assemble

* using the assemble functionality of MAQ — e o

covered regions

l

In low coverage regions replace any mismatches with the
original genomic sequence

Append a small amount of the flanking sequence from the

genome to the end of each cluster
*there may be some parts of the end of an exon that are

only covered by spliced reads



Create potential splice locations

Splice junctions usually happen with predictable bases
e consider all possible pairs as potential splice locations
e create a set of new sequences
» store the k-mer surrounding such locations as a seed

for mapping
Generate possible
R — splices between
gt 29 a9 neighboring
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Create potential splice locations

Creating all possible combinations may be too many

*only find regions that are high coverage or at the
ends of the potential exons
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Index IUM reads

For each unmapped read
» extract all unique k-mers from the "high quality” region
*here k~10 v

Build seed table
index from
unmappable reads




Aligh remaining reads

Find all matches between k-mers
*from the [lUM set and
*the newly created potential junction locations

Extend left and right from the k-mer to find an alignment

Will miss alignments with mismatches near splice location
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Map reads to possible
splices via seed-and-
extend



Take Aways from TopHat

Uses existing software to do some of the heavy lifting
Strict parameters on the splice junctions make the algorithm fast

Limited in the splice junction sequence



TopHat2

Aligns reads in stages of increasing time requirements:
*first to the transctiptome (set of all known transcripts),
*then whole reads to the genome,

*then In chunks

Kim et al. Genome Biology 2013, 14:R36 .
http://genomebiology.com/2013/14/4/R36 .kq Genome Blology
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TopHat2: accurate alignment of transcriptomes in
the presence of insertions, deletions and gene
fusions
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(1) Transcriptome alignment (optional) —
= - p— S—  ——, = JL ﬂ
- L = = ) —=a .
I I T %y et i — Read are aligned against transcriptome.
Unma-p-p-e aaaaaaa

ik { I | Transcriptome index

Alignhed using Bowtie

The transcriptome is the set of all
known transcripts

* Missing some novel transcripts

This step identifies some of the spliced
reads before we go into the TopHat(1)
pipeline



Align unmapped reads to
genome il

(2) Genome alignment

: 2 Multi-exon spanning reads 2 .
Readsspanning a single exon are mapped P & Reads are aligned against genome.
are unmapped

- e ]

fr— ——/— s 2. =
Genome index
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Same as the first step of TopHat(1)

B Read
D Exonsfrom annotated transcripts
. Unannotated axons|novel transcripts)

[l Intronorintergenic region



Align chunks of
unmapped reads

Additional step from TopHat(1)

Split read into subsequences

align these subsequences using
Bowtie

(3) Spliced alignment

(3-1) Segmentalignment to genome

Exonsfrom annotated transcripts

Unannotated exons|novel transcripts)

Intron orintergenic region

.

Reads are split into smaller segments
which are then aligned to the genome.
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ldentify potential splice
locations

(3) Spliced alignment

Use these mapped reads to iMit the - pyaemrzmes | wpe—gl | SZocEssietis
number of potential splice locations —
e consider more pairs of ending
2-Mers




Align unaligned chunks

(3) Spliced alignment

Creating a new index of these
ﬂan klng reQiOHS S s R S S

(3-3) Segments aligned to junction ,
flanking sequences RS L E O b o s e 2 : and segments are aligned to them.

o al ig n th e u n al ig n ed C h u n kS Of al I fIankirEseql fIankngqu - Junction flanking in<-ie_x

of the reads to find the location
of the splices




Recreate whole read
alignments

(3) Spliced alignment

Using the flanking mapping or the
original mapping

Stitch together to get the whole read |

| ] -
m a I n (3-4) Segment alighments stitched C T Mapped segments against either genome or flanking
togetherto form whole read alignments sequences are gathered to produce whole read alignments.



Re-map reads

(3) Spliced alignment

This step will help align small overlaps
between the two adjoining exons

e similar to the last step in TopHat(1)

v

(3-5) Re-alignment of reads minimally . . .
R _ Genome mapped reads with alignments extendinga few
overiapping introns — basesinto introns are re-aligned to exonsinstead.
v
S 4
- —

W R

|:] Exonsfrom annotated transcripts

B Unznnotated =xons(novel transcripts)



Take Aways for TopHat2

Built on Bowtie(2), so the actual mapping is very accurate

Annotation allows TopHat2 to better align reads in known transcripts



