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Solexa transcriptome sequencing

» Solexa data analysis and associated software development
» Unbiased expression profiling
» Tandem identification of expressed non-coding RNAs
«  MicroRNA identification and expression analysis

» Advantages over microarrays
- Gene expression arrays don’t capture unannotated transcripts
- Tiling arrays are still expensive for large genomes (e.g. mammals)
«  Small RNAs are too short for stable hybridization
- No fluorescence correction to account for, essentially zero background

» Current disadvantages
» More expensive than standard expression arrays
»  More time consuming than any microarray technology
»  Some data analysis issues
« No strand orientation information - sequencing a double-stranded product

« Computing accurate transcript models, mapping reads to splice junctions

« Contribution of high-abundance RNAs (eg ribosomal) could dilute the remaining
transcript population; sequencing depth is important




Transcriptome sequencing methods

Mmel
- i CATG NN
Method 1: variant of the LongSAGE protocol cATC [17nt tad | (RN
Poly-A RNA selection Adapter A Adapter B
. —>
Double strand cDNA synthesis on beads Seq primer

Nlalll digestion to remove 5' portion of cDNAs

Ligation to 5' adapters containing a Mmel recognition site
Mmel digestion to remove the 3' portion of cDNA

This generates a 17nt tag (not including CATG)

Tags are ligated to a 3' adapter
The construct is PCR-amplified using primers homologous to 5' and 3' adapters

PCR products are purified and quantitated (e.g. with Agilent Bioanalyzer)
Load tag-adapter hybrids into flow cell lanes and sequence

» No concatenation of SAGE tags
» One tag is amplified and sequenced per flow cell cluster

» Read (tag) alignment is performed against a library of virtual tags
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lerminal ssh 160x60

eq.txt

739

458 GTATGCCGTCTTCTGCTTGTAGTATTCCGTTTITTT

463 GTATGCCOTCTTICTGATTGOTATATCTTGTTTITTT

634 AGTACAACTAATTTTTATCGTATTCCGTCTTTTGTT

654 GTATGCCGTCTTCTGCTTGTCGTATCCCGTCTTTTT
AAAGAAACAAAAAAAAATCGTATGCCGTCTTCTTCT
GAATGCCOGTCTTICTGCGTCOTATGCAGTCTTCTTCT
GAATTCCGTTTTTTTTTTCGTATGCCGTCTTCTTCT
GATTTTAATGTTITITCTTCOTATTCCGTCTTCTTTT

AAAAAAAAAAAAAAAAATCOOATGCCGTCTTCTTTT

GTATGCCGTCTTCTGCTTTTAGTATGCCGTCTTETT
GTEITATATTTGTITTITTCOTATTCCGTCTTTITCT
GTATGCCGTCTTCTGCTTGTAGTATGACGTCTTITG
CAAAMATCCTTTATTTTCTTCGTTTITCCTTICT TTTTT

GTATGCCGTCTTCTGCTTGTCGTATGCCGTCTTTTT

GTATGCCGTCTTCTGCTTGTGTTTGCCGTTTTTTTT
GTATGCCGTCTTCTGCTTGTCGAATCACTTCTTTTT
GTATGCCGTCTTCTGCTTGTCGTAAGACGTCTTTTG
GTATGCCGTCTTCTGCTTGTCTAATTCTITTTTTTT
GOTTCTAATAAAGGTTTTCGTATTTCTTCTTTTGLT
AGAAAAAAASAANAAMATCOTATGCCGTCTTCTGET
AACATCAAACTTTTGTTTCGTATGCCGTCTTCTGET
GTATGCCGTCTTCTGCTTGOCGTATCGTCTTCTTET
GTATGCCGTCTTCTGCTTGTAGTATGACGTATTTTT
ATAAAAGGAATCAGAATTTCGTATGCCGTCTTCTGE
GTATGCCGTCTTCTGCTTTTAGAATGCCGTCTTTTT
GTTTCTTACTGAGATTTTCOTATGCCGTCTTCTGLT
ATAATAAAAGCTATTATTCGTATGCCGTCTTTTTTT
GAATTTCOTCTTCTGCTTTCGTATGCTGTTTTTTTT

OO0

AAAAAAACCGAATACTA
AAAAAAACAAGATATAC
AACAAAAGACGGAATAC
AAAAAGACGGCATACGA
AGAAGAAGACGGCATAC
AGAAGAAGACTGCATAC
AGAAGAAGACGGCATAC
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AGAAAAAGACGGAATAC
CAAAAGACGTCATACTA

AAAAAAGAAGGAAAACG
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LA A A A A b LT A
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AGCAGAAGACGGCATAC
AGCAGAAGACGGCATAC
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ALAAATACGTCATACTA
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AR kLA A P AT A
AAAAAAALALLLLATAL

LA LA R AR R A T
AAAAAAAACAGCATACG

EMBL-EBI




Solexa transcriptome sequencing
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Solexa transcriptome sequencing
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discern which transcript isoforms are
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Features of SAGE analysis

Complicated library construction
» Good at gene expression analysis

» Short reads (17nt), therefore low rate of unique alignments
to reference genome

- Reads are mapped to virtual tags instead
» Mostly limited to annotated genes

» Can get some information on novel transcripts (limited)
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MRNA sequencing

» Similar to SAGE analysis in terms of gene expression
» Simpler library construction

» Not limited to 17nt reads
« Utilize full read length for alignment
* Much better genome mapping

» Results are analogous to tiling array profiling
» Reads map to individual transcript components
» Ascertain splice variation as well as gene expression
» Refine existing annotation of exons and UTRs
+ ldentify non-coding RNAs
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ATCACAGTGGGACTCCATAAATTTTTCT
CGAAGGACCAGCAGAAACGAGAGINNNY Short sequence reads
GGACAGAGTCCCCAGCGGGCTGARGGGG
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Reads mapped to the human genome
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Alignment to exon splice junctions
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Sequencing vs. tiling array hybridization
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» Example comparison between Solexa WTSS and tiling array hybridization data
(S. pombe, Bahler lab Sanger)

« Top image = sense strand; bottom image = antisense strand
o Light blue = annotated genes; Dark blue = new non-coding transcript; Green = intron
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Novel Transcribed Regions: Possibilities

» Many areas of active transcription are observed outside
annotated genes

- Rare or low-abundance protein-coding transcripts

_

« Unannotated exons from alternate splice products

— T E—
——— T —

« Previously under-represented 3’ and 5’ UTRs

e W —
L — W —

* Noncoding RNAs
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Splice variation, refinement of existing
exon annotation
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Detection of microRNA precursors
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Protocol variations

» Fragmentation methods
* RNA: nebulization, hydrolysis
» cDNA: sonication, Dnase | treatment

» Depletion of highly abundant transcripts
» e.g. RiboMinus - others?
» Oligo-dT selection for poly(A)+ transcripts vs total RNA
» Coverage issues
* What is the sequencing depth required?
» Strand specificity
- Most RNA sequencing is not strand-specific

» Currently working with Vladimir Benes and Lars Steinmetz
on new protocols for this




Specialized RNA-seq applications

» Small RNA sequencing
* microRNAs
- piRNAs
» endo-siRNAs

» |dentification of RNAs associated with protein complexes
(e.g. Ago2)
* Immunoprecipitation of RNA-bound protein complexes

» Proteinase K digestion, purification of nucleic acids for
sequencing
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The Non-coding RNA

World Animal Protist
scanRNAs

PiRNASs _
MIRNAS  (RNAS

SIRNAS  (RNAs
trasiRNAs

long ncRNAs
SNORNAs

» Growing number of non-coding RNA classes categorized by many different
features (e.g. function, length, secondary structures, expression tissues,
species, etc.)

» For my projects | am focusing on short regulatory non-coding RNAs..
» ..paying particular attention to the microRNA and piwiRNA classes
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piRNA cluster transcripts

¢<3 _B_ microRNAs and
:‘éig‘ uA:’ n [
18§ piwiRNAs

Differences
mMiRNAs are generally shorter (~21-23nt) than piRNAs (~24-30nt)

eavag

MiRNAs are Dicer-dependent

MiRNAs are processed from a dsRNA precursor with a known secondary
structure (piRNAS?)

Expression of piRNAs is thought to be restricted to the germline

» miRNAs bind to Argonaute clade whilst piRNAs to the Piwi clade of the
Argonaute protein family

Similarities
» Both show a 5’Up preference
» Both show a 2’0O-methyl modification at their 3’ end (plant microRNAs only)
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Differences in small RNA sequencing

» Size exclusion of total RNA
» Selected to target particular species
* e.g. 17-23nt for microRNAs, 25-32nt for piRNAs
- 17-32nt can encompass both populations

» Direct ligation of adapters to RNA molecules

» Transcripts are typically shorter than the reads
» Sequence into the adapters
- Reveals strand specificity
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@HWI-EAS225_3BEK7AAXX 16:1:1481:96
+HWI-EAS225_30EKTAA

@HWI-EAS225_30EK7AAKK 161111665 11843

+HWI-EASZ25_3BEKTAAXK 16:1:1665:1843

ARAAARARAAAARAN [AAAAAAAAANNNNN << <ces

@HWI-EASZ25_3BEKT7AAXK 16:1:1545:1366

+HWI-EASZ25_

@HWI-EASZ225_

AHWI-EASZZ25_3BEKTAAXK 16
GTATGCCGTCTTCTOCTTCAAAAAAAAAAAATAATA
+HWI-EASZ225_

AAAAAAAAJAAAA

@HWI-EASZ225_3BEK7AAXX :6:1:47:1634
GAACAGATGGCTTCCCACATGTACAGTCGTATGCCG
+HWI-EASZ225_SBEK7AAXK :6:1:47:1634
@HWI-EASZ225_3BEK7AAXX :6:1:16899:113
GTATGCCGTCTTCTGCTTCAAAAAAAAAAATCTGTT
+HWI-EASZ225_SBEK7AAXK :6:1:1899:113

AHWI-EASZ25_3BEKTAAXK 16:1:1561 1621
|

+HWI-EASZ25_

@HWI-EASZ225_3BEK7AAXX :6:1:1481:96
GTATGCCGTCTTCTGCTTGaaaaaaaaaaaaT TATA
+HWI-EASZ225_3BEK7AAXX :6:1:1481 :96

AHWI-EASZ25_3PEKTAAXK 16:1:1665 :1843

AHWI-EASZ225_3BEK7AAXX :6:1:1548:1368
GLAAATGATGAGCCAGAAGATTCAACAGCNNNNMMNN
+HWI-EASZ225 -
AHWI-EASZ225_3BEK7AAXX :6:1:1278:1293
GTGTTCCTAGGAAAAGTTTTGGCTGTTGTATGNNNM
+HWI-EASZ226_3BEK7AARK :6:1:1278:1293
A[AZAAYAAAAAATAAAEHNNN <3 5 5 3
AHWI-EASZ225_3BEKTAARK :6:1:177:227
GTATGCCGTCTTCTGCTTGaaaaaaaaaaaaTAATA
+HWI-EASZ225_3BEK7AARK 16

AHWI-EASZ25_SHEKTAAXX 16:1:47:1634

@HWI-EASZ225_SBEK7AAXX :6:1:1899:113
GTATGCCGTCTTCTGCTTGaaaaaqaaaaaaTCTGTN
X:6:1:1899:113

@HWI-EASZ25_3BEKT7AAXXK 16:1:1561 :621
GAGGAAAGTAGACTCTCAGAACACAAGNNNNNNNNN
+HWI-EASZ25_SHEKTAAXX 16:1:1561 :1621

ANz 33555537

=128
GTATGCCGTCTTCTGCTTGaaaaaaaaaaaalT TATA
=129
GTTAATGTATCTATGGACTTAAAAATGGCANNNNNN
=136

=131
GTGTTCCTAGGAAAAGTTTTGGCTGTTGTATGNNNMN
=132
GTATGCCGTCTTCTGCTTGaaaaaaaaaaaaTAATA
=133
GAACAGATGGCTTCCCACATGTACAGNNMNMNNNMNNM
=134
GTATGCCGTCTTCTGCTTGaaaaaaaaaaaTCTGTN
=135
GAGGAAAGTAGACTCTCAGAACACAAGNMNNNNNNNM
=136
GOGGAATTTOTGOCAGAGCAAAACTTATANNNNNNN
=137
GAGAGAAGACAGAAATCTAGCAACATCCHNNNNMNNNN
=138
GAGCAGGACAATATGAGAANNMNNNNNNNMNNNMNNNN
=139
GOGATTTGAACTCTGGACCTTCGGAAGANNNNNNNN
=146
GTTGATAAGCAAGAGGACTTCATTCCAGCHNNNMNNNM
=141
GAACAATCGGAAGACAGAGACGATGCANMNNNNMNNM
=142
GOTTGGACTCAAACAGAAGACATTTTTAATGNMNNNN
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Sample KS35 KS45

Reads 3,559,384 5,861,316

Eland placement (total) 2,429,078 (68%) 4,109,776 (70%)
Unique, no mismatch 1,806,384 3,445,856
Unique, 1 mismatch 418,151 440,111
Unique, 2 mismatches 204,543 223,809
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ATGACCG
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19161-18519273
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851 -

8519¢

ACAGTGAAAGCCCTTCAAGGATGCCAATACCCAGTACATCTTTCTTATGCACAGAAAGAACCTTACCTCATAGCTC AGCCGTCACCATTTGAACTTCAAGCAACTTCCAATTTGAACTCAATGGAAGCTTGCTGGT

ACTCAT

GCAGAGTCTCTTACTGGCCTATAGTTTCTAAGTAGAT TAGGCTAGCCATCCGATGAGTCCCAGGAATACACACCTGTTGGCTCACCTTGCAL
=}M3:18
GGTGTT CTCACACTTGCGATGGAGG
=MM9:18 9969
GGTTCCTTTTCACAT

TATGGTTTACTTCA STCTTTCATTCACTAGGTTC

T
TCTTTTTTTCCTTG TATTTCTTTGCCTCTAGTAATACTCTGGATTCTGTG

TTGGTCTTTGTAGATTATCTTCATTCTAATTTTCATTTTTGTTTG
CAATTTACTACAATTTGGCATTTAGTTAGG
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Annotating small RNA-seq libraries

» ldentify expressed transcripts from trace read alignments
to the target genome

» Determine what small RNA components are present

» Screen for well known structural RNAs (e.g. ribosomal
RNA, tRNAs, snoRNAs, etc)

» Align transcripts to current version of miRbase to
identify expressed microRNAs

» Align transcripts to our own piRNA database built
from recently published candidate piRNA sequences

» Set remaining unknown transcript population aside,
examine for potentially novel RNAs
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High-ranking miRbase alignments

KS35 (Spermatocytes) KS45 (Round Spermatids) KS35 (Spermatocytes) KS45 (Round Spermatids)

microRNA Depth |microRNA Depth piRNA Depth |piRNA Depth
mmu-miR-805 1124|mmu-miR-184 5026 17446352.13 1364/17446352.13 1581
mmu-miR-191 472|mmu-miR-28 2799 17446352.12 1322/17446352.12 1419
mmu-miR-298 307|mmu-miR-423-5p 2083 17446352.11 1201/17446352.11 1313
mmu-miR-107 295|mmu-miR-470 494 17446352.1 545|/17446352.1 618
mmu-miR-9Sb 290|mmu-miR-191 462 17446352.14 249|17446352.14 311
mmu-miR-28 255|mmu-miR-10b 411 17446352.78 122|17446352.64 136
mmu-miR-470 247|mmu-miR-34c¢ 342 17446352.93 110/17446352.87 125
mmu-miR-151-3p 245|mmu-miR-182 320 17446352.97 109/17446352.57 122
mmu-miR-423-5p 220|mmu-miR-16 302 17446352.91 108/17446352.54 120
mmu-miR-881 220|mmu-miR-881 272 17446352.67 108/17446352.38 120
mmu-miR-184 195|mmu-miR-195 256 17446352.86 107|17446352.96 119
mmu-let-7d 108|mmu-miR-465¢c-5p 255 17446352.8 105/17446352.7 118
mmu-miR-34c¢ 107|mmu-miR-743b-3p 161 17446352.54 105/17446352.8 117
mmu-miR-103 103|mmu-miR-151-3p 153 17446352.99 105/17446352.86 117
mmu-miR-743b-3p 87|mmu-miR-298 132 17446352.81 104/17446352.78 117
mmu-miR-202-5p 82|mmu-miR-107 130 17446352.82 103/17446352.66 116
mmu-miR-1196 81|mmu-miR-1195 130 17446352.72 99|17446352.89 115

EMBL-EBI




Composition of piRNA Database

Total candidate sequences: 1,524,007

95%, 25nt Number of piRNAs
per publication
(Tot=210,576)

PubmedID 16751777 17446352 16751776 16766680 16778019 16766679 18922463

Aravin 2006 Aravin 2007 Girard Grivna Lau Watanabe Aravin 2008
Total/dataset 3,638 136,417 30,024 40 40,102 355 1,313,431
KS45 GeneCore eland 167 594 1,613 4 2,940 45 12,291
[ KS35_GeneCore_eland 150 1,390 1,815 3 2,768 31 12,286
KS35_Gurdon_eland 0 808 1,613 0 2,940 0 20,077
KS45_Gurdon_eland 159 1,283 1,907 5 2,888 33 23,371

4+ Lau NC, Seto AG, Kim J, Kuramochi-Miyagawa S, Nakano T, et al. (2006) Characterization of the piRNA complex from rat testes. Science 313: 363-
367. PMID 16778019. Data came from Table S4. After sorting the table and taking only the uncharacterized sequences there were 40,102 piRNA
candidates.

+ Girard A, Sachidanandam R, Hannon GJ, Carmell MA (2006) A germline-specific class of small RNAs binds mammalian Piwi proteins. Nature 442: 199-
202. PMID 16751776. Data has been deposited into GenBank. There are 30,024 from this study.

+ Aravin A, Gaidatzis D, Pfeffer S, Lagos-Quintana M, Landgraf P, et al. (2006) A novel class of small RNAs bind to MILI protein in mouse testes. Nature
442: 203-207. PMID 16751777. The piRNA candidate sequences are in an Excel table. It's supposed to be one of the files in the supplementary data,
but is mislabeled on the website as S3 instead of S4. Removing the known sequences left 3,638 piRNA candidates from this study.

+ Watanabe T, Takeda A, Tsukiyama T, Mise K, Okuno T, et al. (2006) Identification and characterization of two novel classes of small RNAs in the
mouse germline: retrotransposon-derived siRNAs in oocytes and germline small RNAs in testes. Genes Dev 20: 1732-1743. PMID 16766679. Data
came from Table S7 (pdf). There are 355 candidate sequences.

+ Grivna ST, Beyret E, Wang Z, Lin H (2006) A novel class of small RNAs in mouse spermatogenic cells. Genes Dev 20: 1709-1714. PMID 16766680.
Data came from Table S| (pdf). The sequences were only 40 of them.

+ Aravin AA, Sachidanandam R, Bourc'his D, Schaefer C, Pezic D, Toth KF, Bestor T, Hannon GJ (2008) A piRNA pathway primed by individual
transposons is linked to de novo DNA methylation in mice. Mol Cell 31: 785-799. PMID: 18922463. Data came from GEO, accession number
GSEI2757. There are 1,313,431 associated sequences.
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Composition of piRNA Database

KS35_GeneCore
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Karyogram (1)

Currently annotated piRNA clusters in mouse genome
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Karyogram (2)

Expressed transcripts within piRNA clusters (all levels)
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Karyogram (3)

Transcript abundance at mid-range levels
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Left of chromosomes:
KS35 (Spermatocytes)
Right of chromosomes:
KS45 (Round Spermatids)

Karyogram (3)

Transcript abundance at high levels
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Left of chromosomes:
KS35 (Spermatocytes)
Right of chromosomes:
KS45 (Round Spermatids)

Karyogram (4)

Transcript abundance at very high levels
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Analysis of novel RNA transcripts

» Transcribed regions fall into several categories
» Correlate well with annotated (coding) gene loci
« Correlate with existing non-coding RNAs
» Novel transcripts

» Novel RNAs

» To further characterize these, we perform RNA secondary structure
prediction on thousands of candidate sequences

- Look for favorable energy conformations

- RNAfold (Vienna package), Mfold (Zucker lab)
» Visualization of putative secondary structures

» RNAplot (Vienna), StructureLab (Shapiro lab)
- Homology across multiple species

35 6/10/09
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Prediction of RNA Secondary Structure
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Prediction of RNA Secondary Structure

Novel microRNA candidates
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hgi? | I

canFaml AT ~TGCAGGT ] GGATGTEAA AGA-GCAATC AT
nns T GTGCAGGT C| GGATACAAT| AGA-ARAACCETG: AT
rn3 TRCTT GTGCCAGTI €] GGA| Tl AGA-ARAACCETT AT
galGal2 TGGTT) TTTGTGTGTG | GGARGARAT] ARAAGTGATARTG: AL

WL CCLLCC, ,  CCCCCC. CCCCCCC,,
|

@0e2)33333.3333.3)..3300)) )0 00t

CTCCTCH Cf TACH
CTCCTCH Cf TEATACA
CTTCTC Cf TEGTACA
CTTCTCE Cf TEGETACA
ATGTGTGAI Cf ACA

€CLCCC, (L LLCCLlClllunrnnnnn 2323.23323333)0.33) 00 cennnnnnnann €CCCCCCunnns €CCLCeeeeece
hg17 IGf Tl A-ACTCT] Tl iGf ARGAGARTCTA| GATT
canFaml IGf Tl A-TTTCT| Tl Gl GAGAGARTCTG GATT
mn3 G| Al G-GTGLT| T iC| GAGAGARTC-G GATT 7|
rn3 G T G-GCACT]| T Gk TAGARAATCTG GATTY
galGal2 ATAGH TT| GTTCTGT] CT| ITCG! GATATARACTT CTCATTCAI

CC| AR
CCH HACA
CCl A-——
TCH H--—
CACCARA GACA

Stable hairpin consensus structures
Stem sequences are highly conserved
Loop sequences are divergent (variable)
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Structural features of piRNAs

» As piRNAs are such a new class of regulatory non-coding
RNA, their secondary structural properties are unknown

» Precursor transcripts are processed by a quasi-random
mechanism

- Weak sequence preference near the 5' U
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Structural features of piRNAs

» Some structures can be identified based on features
typically associated with microRNA hairpins

» It remains to be seen whether these will be characteristic
of piRNAs as well
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Summary

» Wide variety of RNA sequencing applications

» Library construction protocols differ according to the
source material and aims of the experiment

» Open questions about strand specificity, level of coverage
required for comprehensive transcriptome analysis

» Single- versus paired-end RNA sequencing

» As read length increases, sequencing more single-end reads
may be more informative




