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Overview

* Microarray

» RNA-Seq:
Transcriptome assembly

Quantification of transcripts (diff. gene expression)

» Single-cell RNA-Seq



The evolution of transcriptomics

il
1995 P. Brown, et. al. 2002 Affymetrix, whole genome 2008 many groups, mRNA-seq:
Gene expression profiling expression profiling using tiling direct sequencing of mRNAs using
using spotted cDNA microarray: array: identifying and profiling next generation sequencing

expression levels of known genes novel genes and splicing variants techniques (NGS)

RNA-seq is still a technology under active development
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ATCACAGTGECACTCCATARATTTTTCT
CGAAGGACCAGCAGAAACGAGACTNNN
GGACAGRAGTCCCCAGCGGGCTGARGGEE
ATGARACATTARAGTCAAACAATATGAR
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Mature Reviews | Genetics

How RNA-seq works

Sample preparation

Next generation sequencing (NGS)

Data analysis:

v'Mapping reads
v'Visualization (Gbrowser)
v'De novo assembly

v’ Quantification

Figure from Wang et. al, RNA-Seq: a revolutionary tool for transcriptomics, Nat. Rev. Genetics 10, 57-63, 2009).
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Microarray vs. RNA-Seq
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Microarray vs. RNA-Seq

Microarray

RNA Sequencing (RNA-Seq)

RNA sample 1 RNA sample 2

+ convert EINA to cDNA *

tagged-cDNA /A @ o g VTR
SR W TV
Fluorescent tag—

Hybndization to microarray
with known Transcript probes

RINA sample 1 RNA sample 2

+ convert RINA to sequencing library *

MNS A
L LN W, T A Nl Nl cDNA library
R M
Sequencing &
alignment of sequencing reads
::;‘::fn':ﬂ | Gene3 Gene 4
Sample 2
Sample

relative intensity
= known transcript only
expression levels No alternative splicing information
lower cost

High sensitivity 5
T St Sequencing Reads
Novel transcripts sequences identified =
structural vanation & alternative splicing revealed E:xprcSSiDﬂ levels

unlimited sample comparisons




Gene expression heatmap
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Next generation sequencing (NGS) techniques

Sequencing
Chemistry

Amplification
approach

Paired end (PED)
separation

Mb per run
Time per PED run

Read length (update)

Cost per run

Cost per Mb

Pyrosequencing

Emulsion PCR

3 kb

100 Mb
<0.5 day

250-400 bp

$ 8,438 USD
$ 84.39 USD

Polymerase-based
sequence-by-
synthesis

Bridge amplification

200-500 bp

1300 Mb

4 days
35, 75 and 100 bp

$ 8,950 USD
$ 5.97 USD

Ligation-based
sequencing

Emulsion PCR

3 kb

3000 Mb

5 days
35 and 50 bp

$ 17,447 USD
$5.81 USD



Patient Technologies Data Analysis Integration and interpretation

point mutation

Transcription
Factor binding

| I |
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| | | E
. ! ! ! =
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- WGS, WES ! variation : ' =
! : ! . ! o
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| . variation | | o
i ; | i @
| | | | )
! ! Differential ! ! 9
| | . | | >3
i | expression f i 3
- Transcriptomics : : ' Network and : S
. RNA-Seq : Gene fusion - pathway analysis : e
! ! ! =
i g Alternative ! ! S
: : splicing : | %T
. i ; -2
| : RNA editing |' °o«;’r,
i ! Integrative analysis ' 2
i i Methylation
5 Epigenomics [
I ! . |
: Bisulfite-Seq i Histone
i ChIP-Seq ! modification
| |
I |
4

Shyr D, Liu Q. Biol Proced Online. (2013)15,



Transcriptome assembly

RNA-Seq reads
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How to assemble multiple alternative spliced transcripts?

In the presence of AS, conventional assembly may be erroneous, ambiguous, or
truncated.

1]
—fJ -

|

|

Overlapping



Splice graph approach

Replace the problem of finding a list of
CONSensus sequences —

with Graph Reconstruction Problem:

Given an set of expressed sequence, find
a minimal graph (splicing graph) —
representing all transcripts as paths.

b h

Heber, et. al. ISMB 2002



Splicing graphs

ADSL gene
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Splicing graph construction

If a reference genome is used:

Map reads to the reference genome (short read aligner)
Check alignment (splice sites, quality)

Connect consecutive positions

Build splicing graph

transcript 1

splicing graph




Splicing graph construction

If a reference genome sequence is not used:

Break sequences into k-mers (20-mers).

Build graph using k-mers as vertices, connect them iff they occur consecutively
in a sequence [Pevzner et al., 2001].

Example (3-mers):
Sequences: CTCGATGAC, CTCGGAC
Vertices: [CTC, TCG, CGA, GAT, ATG, TGA, GAC, CGG, GGA|

> CGG — GGA
CTC—»TQGﬁifiigi; GAT — ATG — f&lﬁl\t#&;>

v

splicing graph

CTCGﬁ/AT—\—P‘GAC

collapsed splicing graph




Splicing graph and splicing
variants

An edge in the splicing graph, called a block, represents a maximal sequence of adjacent exons or
exon fragments that always appear together in a given set of splicing variants. Therefore, variants
can be represented by sequence of blocks, e.g. {ABCD, C, AD}.

Vertices s and f are included into graph, and are linked to the 5’ and 3’ of each variant,

respectively. Each splicing variant corresponds to a directed path that goes from s to t. But note
that some paths in the splicing graph do not correspond to real variants, e.g. {ABC, CD}.

Larcroix, et. al. WABI, 2009



Splicing graph construction

If a reference genome sequence is not used:

Break sequences into k-mers (20-mers).

Build graph using k-mers as vertices, connect them iff they occur consecutively
in a sequence [Pevzner et al., 2001].

Example (3-mers):
Sequences: CTCGATGAC, CTCGGAC
Vertices: [CTC, TCG, CGA, GAT, ATG, TGA, GAC, CGG, GGA|

> CGG — GGA
CTC—»TQGﬁifiigi; GAT — ATG — f&lﬁl\t#&;>

v

splicing graph

CTCGﬁ/AT—\—P‘GAC

collapsed splicing graph




Transcript quantification

RPKM Example

Gene A 600 bases Gene B 1100 bases Gene C 1400 bases

RPKM =12/(0.6%6) =3.33 RPKM =24/(1.1*6) =3.64 RPKM =11/(1.4%6) =1.31

samplel e C=24 C=11
N = 6M

Sample 2 el e e T e e e
C=19 C=28 C=16

N =8M
RPKM = 19/(0.6*8)=3.96 RPKM = 28/(1.1*8) =1.94 RPKM =16/(1.4*8) =1.43



Transcript quantification

~y——1 soform +1 [ “~

- % o

Isoform #2 L~ N VN

[ tranﬁc:'iptBAM ] [ genomic BAM ]

featureCounts

Read counts Read counts for
* each gene = each transcript

c e “--.__"
Total gene I‘ength after exon flattening: Skb Relative isoform abundance (#1/42): 25% f75%
Total reads: 32 RPKM for isoform #1 and #2: 2and 6
RPKM for gene: 6.4 (=32/5)

RPKM for gene (=sum of isoforms): 8 (=2+6)



From reads to differential expression
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FASTQ files

Linel: Sequence identifier

Line2: Raw sequence

Line3: meaningless

Line4: quality values for the sequence

@HWI-ST508:210:COEDTACXX:1:1101:1872:1227 1:N:0:
AATTGTGAARACCCAARAGGTGGAGCAGCCATTNT TATACAT TGCAGAAGGENGANNNANCNT TATGARATTTAGCACCTGCCTTCCTGAATGATARATGG
+

@CCFFEFFHHHHHJJJJIJJICGHEIITIJIJIJJJ#1BFHIJIJIIIIIIIIII$#—; ###—#-#—-57?BFFFFEEEEEECCDDDDDDDDDDCCDDDDDDCCEED
@HWI-ST508:210:CO0EDTACYX:1:1101:1895:1233 1:N:0:
TGACATAAGCTTGCATTTGAAAAGCACCTCCGAAAGCTTCCCAGCCTCARAAGNCANNATCGNCTTCTGATGCAGTTAGGCACCACAAGAGCTTCCCCACAR
+
CCCFFFFFHHHHGIJJJJJIIJJIJIIIHIIJIIIIIIIIIIIIITIIIIITIIGHITH# . ; ##——; CH#F-5SHCEFFFFFEEECCEEDDDDDDDDDBEDDDDDDDDDDDDE
@HWI-ST508:210:CO0EDTACYX:1:1101:1761:1235 1:N:0:
GCTCTACTARAAAATATARAMATTGGCCAGGCGCAGTGACACATGCCTGTAGTCCCNGCTATTCGGGAGGCTGACACACAAGRAATCARTCACTTGAACCCAG
+

CCCFFFFFHGHHHJJJJJJIIJIIJIIIIJIJIEIIIJFHGITIIIJIIJIIJIJHIJIIJ#—; FGGIJIJHHFFDDEEDDCCDDDDCCDDDDDDCDDDDDDDDDDD
@HWI-ST508:210:CO0EDTACYX:1:1101:1971:1236 1:N:0:
CAGGATCGAAAGAGGTCTGGECCAGGTGCTEGEETGCAGTEGGCTCACACCTGTAATCCCAGCACTTTGGEAGGCCEGAGGTGEECEGEATCACGAAGTCAGGAGTT
+
CCCFFFFFHGHHGJHIJIIJJJJI3CFGIJJISDFHJDEHGIJIJIJIIJIIJIIGCIJIIJIJIJEFIJHFFFFDDDE/ ?BREEGBD<3972CDEBS+: QCDCR#4#
@HWI-ST508:210:CO0EDTACXX:1:1101:1830:1239 1:N:0:
TATTGATTCTTTTTTTTTTTTTTTTTTTTTTTTTTTTCCTGGGGTCCTGCTTTGGGGETCTCGGGGTCCCARAATTGCTGGTTTTACACCTCCCCCCCCCCG
J’_
?@EDD?DEFBEEFDHEHIGEDAGFH>C? ?BEEBCBCE##### ####### 44 #### #4453 # #4333 ##R#FF53 34 FH1HH53H 3 HFF1H11 11558
@HWI-ST508:210:COEDTACXX¥:1:1101:1999:1240 1:N:0:
ARAAGAGTGAGAGAAGCAAGGCTTGTCTGAAGAGAGCAAAACTTAGAATCAACATTGGTTGAGCATCTCCTATGAGCTAATATTAATTAGCACTTTACATGEC
+
QEEDDAZ?FHEHHEGEHIHCGIGGHEFCGIEHGAEGGIIEGIIIIGHIGEHEGHIGIGEFHEHIEAHCGHHFEEH ; ERDEREDCDEEECDDCCCCCRRCCCDCC
@HWI-ST508:210:CO0EDTACXX:1:1101:1806:1245 1:N:0:

ACATGCTAATATATGTACTGATATGGAACAATCTT TAAGATGTATTATTACATGGAATAAACCAACCAGACCACARAACAGATGTTTTTGCTTTTGCTARR
J’_
CCCFFFFFHHHHGJJHJJJIIJIJIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIGIIIIIIIIIJEIIIGIHHHGFFFEFFEDDDDDDDDDDEDD




Sequencing QC

Information we need to check

Basic information( total reads, sequence length, etc.)
Per base sequence quality

Overrepresented sequences

GC content

Duplication level

Etc.



FastQC

@ rastQc ===

Eile Help

bad_sequence.bxt | good_seguence_short. tat

@ Basic Statistics ) . )
Quality scores across all bases (Ilumina =v1.3 encoding)

) a4
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http://www.bioinformatics.babraham.ac.uk/projects/fastqc/



Per base sequence quality

-~ N

<

Quality scores across all bases (llumina 1.5 encoding) 4

2
30

28
£h
24
22
20
15
16
14
12
10

R S = I = ]

1234567859510 12 14 18§ 18 200 22 24 268 28 300 32 34 36 38 4
Fosition in read {bp)

-

[T11

3

g

7

9

11

13 15 17 19 21

23 % 27 29 0 3#™ ¥ ¥ OB




100

50

80

70

&0

50

40

30

20

10

<

Duplication

Sequence Duplication Level »= 12.07%

%Duplicate relative to unique

4 5 3

Sequence Duplication Level

900

800

700

600

500

400

300

200

100

Sequence Duplication Level » = 92.41%

%Duplicate relative 10 unigue

1 2 3 4 5 3 7 8 ] 104
Sequence Duplication Level



Overrepresented Sequences

Overrepresented sequences

Sequence Percentage Possible Source

LTCAGTCACTTCCAGCGGTCGTATGCCGTCTTCT 2667239 7. 236020826756234 No Hit

-1

Adapter
TATCCCCGCCTGTCACGCGGGA03193 1.907695950407944  No Hit
ETEGETEETETEET.{ETTGGATHET 352107  0.9552329133566171 No Hit
IGTCAGTCACTTCCAGCGGTCGTATGCCGTCTICTG 351690 0. 9541016318857297  No Hit
::TCCTCTCCTACTTGGH;A::T24?300 0.6722579100380558 No Hit -
CATCATATGGTGACCTCCCGREIGTCAGTCACTTCC 192614 0. 5225435233416872  No Hit lﬂ lé\]
CATCAATATGGTGACCTCCCGSGIGICAGTCACTIC>192513 0. 5222695199158848  No Hit _,/

CATCAATATGGTGACCTCCCGGAAGGIGICAGTCAD) 191604  0.5198034890836628 No Hit

CATCAATATGGTGACCTCCCOCIGICAGICACTTICC 163498 0. 4435545753648186  No Hit

C:lTE:'&T.{TGGTG:&EETCEC@:‘&GTE:‘&ETTEC. 158247  0.43012298169008734 No Hit

T_%TCCCCGCCTCACGCGGGA13134? 0. 3563319600878471  No Hit

AAAAGGIGTCAGTCACTTCCAGCGGTCGTATGCC 127345 0. 34547491345357634 No Hit

CATGAGACTCTTAATCTCAGGIGTCAGTCACTICC®D 109695 0. 29759213656829914 No Hit




From reads to differential expression
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Read mapping

exon mapping exon-exon junction
|"|"] —M\
------ ! \->--
|
| | |
| |
| !
!
| | | |
| | |
| |
| |
l |
IR
Hh 0%

Unlike DNA-Seq, when mapping RNA-Seq reads back to
reference genome, we need to pay attention to exon-exon
junction reads



SAM/BAM format

Two section: header section, alignment section

Each alignment line has 11 mandatory fields. These fields always appear in the same order and must
be present, but their values can be ‘0’ or **’ (depending on the field) if the corresponding information
1s unavailable. The following table gives an overview of the mandatory fields in the SAM format:

Col Field Type Regexp/Range Brief description
1 QNAME String ['-7A-"1{1,255} Query template NAME
2  FLAG Int [0,2%-1] bitwise FLAG
3 RNAME String \*|['-)+-<>-"][1-"]=* Reference sequence NAME
4 POS Int [0,2%-1] 1-based leftmost mapping POSition
5 MAPQ Int [0,2%-1] MAPping Quality
6 CIGAR  String \*|([0-9]+[MIDNSHPX=]1)+ CICAR string
7 RNEXT  String A\*[|=|[1-()+-<>-"1['-"]1* Ref. name of the mate/next segment
8  PNEXT Int [0,2%%-1] Position of the mate /next segment
9 TLEN Int [-2%9+1,2%-1] ohserved Temnlate T.ENoth
10  SEQ String  \*|[A-Za-z=.]+ Bit  Description
11 QUAL String [1-"1+ Ox1 template having multiple segments in sequencing
0x2 each segment properly aligned according to the aligner
Ox4 segment unmapped
0x8 next segment in the template unmapped
0x10 SEQ being reverse complemented
. 0x20 SEQ of the next segment in the template being reversed
http-//sa mtOOIS-SOU rceforge-net 0x40 the first segment in the template
/SAM 1 df 0x80  the last segment in the template
. p 0x100 secondary alignment
0x200 not passing guality controls
0x400 PCR or optical duplicate




One example: SAM file

Read ID Flag pos  MQ

. N Vo

HWI-ST508 0109:6:1106:19590:4489#ATCACG 83 chrl 1&530 EEE 81M296N19M 16179  -447 T

CAGTTGCACA( GCCAGCAGAGGGGTTTTGTGCCACTTCTGGATGCTAGGGTTAGACTGGGAGATACAGCAGTGAAGCTGAAGGAGACGCGCTGCT FHFHHF
#@D.BDGEGGG GDBEEQEFF?FECBADEEBEEECE@DC?DCBUEEEQEBEEE ?B<="FFEFFFF?FFD8 FFEDGFDFFGGGGGDGBG NM:i:2 XS:A:- N

H:i:1

HWI—STEDB_DIDQ:?:IIDE'5833:?1661#ATFAFﬂ 93 rhrl lFﬂ34 355 7?M29FN23M 1F1G4 -446 T
G ( FRETAETEE

X5:A:- N

H:i:l-
HWI-ST508 0109:8:2103:19403:137111#ATCACG 83 chrl 16234 255 100M 16155 -179 T

TGCACACACG SCAGAGGGGTTTTGTGCCACT TCTGGATGCTAGGGTTACACTGGGAGACACAGCAGTGAAGCTGAAATGARAAATGTGTTGCTG FHEFHEEE
#1:AABFGB; GGGGGGEDBACCCDES > ?<@>DE<?D?FCBFEERDEFDFFFC>@>CDDADD>FDFFCECEEDGGFGEGCEGGGGGGCEGEE NM:i:0 NH:i:1
HWI-ST508 0109:7:1204:3497:194785#ATCACG 163 chrl 16237 255 100M = 16357 220 C
ACACACGAGCCAGCAGAGGGGTTTTETGCCACTTCTGEATGCTAGGGT TAGAC T GGGAGAT ACAGCAGT GAAGCTGAAATGARAAATGTGTTGCTGTAG DD@D=DEEE
EQGGEEGGFDF<GDECEEEEEG=FFGFBFBFHHGHDEGGFREEERD>>=R : DF=QFEGDGRD/DDDRDD=CBFFGFDCR/>BCDCH#H NM:i:2 NH:i:1
HWI-ST508 0109:6:1104:12243:437884ATCACG 355 chrl 16241 3 100M = 16337 196 C
ACGAGCCAGCAGAGGCGTTTTGTGCCACT TCTGGATGCTAGGGTTACACTGGGAGATACAGCAGT GAAGCTGARATGAAAAATGTGTTGCTGTAGTTTG HHHHFHHHH
HCHHHHHHHHGHGHEHFHCHHHHHHHHHHHHHHEFEHHHEHHHHHAFE ?FCFFFFHEHDFFEEFEEGEGFGHHH ?GDCFGGHHHEE ? FCGGC NM:i:2 NH:1:2 C
C:Z:chrlb CP:1:102514823 HI:1:0

83= 1+2+16+64
read paired; read mapped in proper pair; read reverse strand; first in pair




Expression quantification

* Count data
— Summarized mapped reads to CDS, gene or exon level

ol

- n )




Count-based methods (R packages)

. DESeq -- based on negative binomial distribution

. edgeR -- use an overdispersed Poisson model

1
2
3. baySeq -- use an empirical Bayes approach
4. TSPM -- use a two-stage poisson model

Anders and Hubes Gesome Biolegy 2000, 118608

hmpagencensiislogy om0 10 1NS10E Gen::}me Bi I

METHOD Open Access

Differential expression analysis for sequence
count data

Simon Anders, Wolfgang Huber

Hardcastle and Kelly BMC Bloleformanics 2000, 11:422

hittpivwwes biomedoentraloomd 147 1-21051 10422
BMC
Bioinformatics

RESEARCH ARTICLE Open Access

baySeq: Empirical Bayesian methods for
identifying differential expression in sequence
count data

Tharmas | Hardeastke”, Krystyna A Kelly

APPLICATIONS NOTE  ‘oio oot

Gane exprassion

edgeR: a Bioconductor package for differential expression

analysis of digital gene expression data

Mark D. Robinson™2-* 1, Davis J. McCarthw®1 and Gordon K. Smyth?

I'_ﬂ&"ﬂﬁ‘ Progrem, Garan Institute of Medcal Ressarch, 384 Victorle Strest, Derdinghurat, NSW 2010 and
*Bloinformatics Division, The Walter and Elizs Hall Institute of Medicel Reseanch, 18 Royel Parede, Perodlie,
Victoria 3052, Ausirelia

Renehed on Manch 28, 3006; sised on Coiober 15, 2006, accepted on Ocisber 23, 2003

*-—~~og Aocass publicaton Mavember 11, 2009

Statistical Applications in Genetics
and Molecular Biology

wliwrre 10, famee 1 2011 Article 26

A Two-Stage Poisson Model for Testing
RMNA-Seq Data

aul L. Auer, Fred Huichinson Cancer Research Cenier
Rebecca W. Doerge, Purdue University



RPKM/FPKM-based methods

* Cufflinks & Cuffdiff

* Other differential analysis methods for microarray
data

— t-test, limma etc.



Chlamydomonas reinhardtii Gene Co-expression Network
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Single-cell RNA-Seq


http://viridiplantae.ibvf.csic.es/ChlamyNet/index.html

Single Cell RNA Sequencing Workflow

RT& Second-strand
Synthesis

- @ - S -

Solid Tissue Dissociation Single Cell Isolation RNA

g‘ . IVT ’ OR
Py Amplified w}, K o '
Cell Types‘ B e s A

Identiﬁﬂation

I

RT PCR
Elusterlng "h\-
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AGTOCATGOCCATONG M #ﬂ'
AATOGGACTTOAGECT
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Single-cell Sequencing Sequencing Library Amplified cDNA
Expression Profiles



scRNA-seq analysis

Reads QC

v

Alignment

l

Mapping QC




Single Cells in Study

Moore’s law In single cell transcriptomics

Manual

Multiplexing

Integrated Fluidic

Liquid Handling

Nanodroplets Picowells
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Schematic overview of the drop-seq method

Drop-seq single cell analysis
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UMI sequencing protocol
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Potential Errors in UMIs
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tSNE plots
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Heatmap of the expression matrix
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Identified marker genes
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