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May 2000 Cold Spring Harbor
Symposia on Genome sequencing

* So far, 165 bets have been placed by scientists
in more than 50 countries. The mean
prediction is 61,170 genes, with the lowest
guess at 27,462 and the highest at 153,478
(www.genomebiology.com)

* Familiar people who have already placed bets include James
Watson, Eric Lander, and Francis Collins. "[Craig] Venter was at
the 2000 meeting, but he flew off to get the King Faisal
International Prize for Science in Saudi Arabia, so he didn't
bet," Stewart said. "He's due to show up here in June. I'm sure
he can spare $20."



http://www.genomebiology.com/

EST assembling projects:
TIGR (US) vs STACK (SA)

John Quackenbush vs Winston Hide



Ymcno reHoB?

* Gene Index analysis of the e
estimates approximately(120,000 genes

* Feng Liang?, Ingeborg Holti, Geo Perteal,
Svetlana Karamycheva?, Steven L. Salzbergi &

John kenbushi
*(Nature Genetics)25, 239 - 240 (2000)



http://www.nature.com/ng/journal/v25/n2/full/ng0600_239.html
http://www.nature.com/ng/journal/v25/n2/full/ng0600_239.html
http://www.nature.com/ng/journal/v25/n2/full/ng0600_239.html
http://www.nature.com/ng/journal/v25/n2/full/ng0600_239.html
http://www.nature.com/ng/journal/v25/n2/full/ng0600_239.html
http://www.nature.com/ng/journal/v25/n2/full/ng0600_239.html
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HoBble ¢paKTbl 0 reHOMaX

60% TpaHCKpubupyemon GpyHKLNOHANBHOM
PHK B reHome yenoseka— 6enoK —
HeKoaupylouwian

NCKNOYNTENIbHO HACbILWLEHHbIN
aNbTEePHATUBHbIN CNAAUCUHT

MUPHK — HOBbIN perynatop akcnpeccumn
PerynatopHble pyHKLUNUN MHTPOHOB
JdNUreHeTnKa



Gene number

C. elegans Drosopﬁiia melanogaster' Arabidopsis thaliana
~ ~14,100 ~

Homo Sapiens Mouse Rice (Oryza sativa)
~24,000 ~24,000 ~50,000




[[MnoTe3a «0AMH reH — oAuUH NPOAYKT
npukKasana «aosnro XXuTb»

* bonee 99% MynNbLTUOK3OHHbLIX FEHOB
4yenoBeKa rnponsBoadaT bornee 1 npoAaykra

* iccnepgoBaHue npoteoma (2011) c
NOMOLLILK BbICOKOpa3peLuarLlero metoaa
nokasano, 4to Ha 1000 reHoB (noKycoB)
npounssogmtcs 3000 6enkoBbIX BapWaHTOB,
C Y4ETOM NOCTTPAHCKPUMLNOHHOW
Moaundukawunu,

arnsTePHaATUBHOIO cnfanucuHra n NpPoTeosin3a.



OCHOBHble TeMbl AOK/1a43

9BONOLUMA 3K30H — MHTPOHHOM CTPYKTYPbI.

ANbTEPHATUBHbIN CNJTAUNCUHT — PEXUM
3BOJIIOLLIMM FEHOMA

Cnnancocoma — CNOXKHbIM MHOTFOCTYNEHYaTbIN
KacKaa, pubOHYKNeonpoOTENHOB

deHoMeEH CNNANCUHIA HA NpUMepax.

XpPOMaTUH U aNbTepHaTUBHbIN CNAAUCUHT.



IBONOUNA 3K30H — MHTPOHHOW
CTPYKTYpPbI reHa

 Pazamep 3K30HOB (MHTPOHOB)
* Ycno s3K30HOB (MHTPOHOB)

* [Mo3nuUKMA MHTPOHOB (3K30HOB)



Genome size increases exponentially, but not
number of genes

10° gy ‘ I I I I 110°
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M. gen. H. infl. E.coli S.cer. C.ele. D. mel. H sap.

Drosophila — 14,000 GRS’ 16,000
Nematodes — 19,000 Pufferfish — 31,000

Mouse — 30,000 Human — 26,000 + ~12,000 RNA



Comparedto -
worm and fly,
human has
shorter exons

and longer
introns on the o e e e e Ko
extremes of =

— Human
e W ATTTY
—Fly

150 nt — drosophila
125 nt — Ciona intes.
119 nt - human

Percentage of exons
[ — ] L . th o =

B Human
B Worm

H Fly

the g
distribution %’

<100 bp 101 bp-2 kb 2 kb-5kb 5-30 kb =30 kb
Intron length



ObpaTHaa KoppbenAauma ANHbl 3K30Ha U YMCNa reHOB
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[Tapaanrma MHTPOHOB MBa A0
HaCToALLEero BpemeHu

* Nature 1978 W. Gilbert “Why
genes in pieces?”



D YKAapPUOTUYECKUX cyneprpynn: FLAN IAE,
EXCAVATES, RHIZARIA, CHROMALVEOLATES,

UNTKONTS
Naegleria gruberi
(@ ¢ { ®
Land plants 4133 P A
Heterolobosea
Green algae Kinetoplastids EXCAVATES
1709
Jakobids
w\
PLANTAE by
arabasalids
Oxymonads Eask 5
eukaryotic
Red algae Diplomonads common
Apicomplexa ancestor
Glaucophytes 3..?04 RHIZARIA
Dinoflagellates Cercomonads
_____ Heteromitids
Ciliates 3284 prosporidia
CHROMALVEOLATES Foraminifera
- — Acantharia
17 ] 3489
. Microsporidia
Diatoms
Raphidophytes Dikarya
Fungi
Thraustochytrids Chytrids
OPISTHOKONTS
Oomycetes Q
Metazoa | |
2842 L UNIKONTS
Haptophytes
Cryptomonads
AMOEBOZOA
Dictyostelids
1 nhncaa

NMpenok umen
4133 NHTpOHa




«[lMapagoKc» 3BONOLUNU KONNYECTBA
MHTPOHOB B reHOMAaX 3yKapunoT

Apicomplexa,
dinoflagellates, ciliates
(three lineages that form the
alveolate branch),
heterokonts, haptophytes,
and cryptomonads (three
lineages comprising the

chromist branch).
NMoTepss MHTPOHOB

UHTPOH —
ooraTtbin
npenok

NMpnobpeteHne MHTPOHOB

UHTPOH — UHTPOH —
dorartble 0eaHble reHOMblI:
reHOMbl: rpnosbl,

BbiCclUne OAHOKIIeTOYHbIe
3yKapuoThl




CnnanCUHr

* [lpouecc PopMnUPOBAHUA CTPYKTYPbI 3penoun
MPHK nytem Bbipe3aHna cermeHToB PHK.



OCHOBHbIe TUNbl an bT€PHATUBHOTIO

CN/1aNUCUHTa
exon skipping (38.4%)

intron retention (2.8%)

-
- - -
l' - - -




Rnaccnyeckmne npmmepsl
a/IbTEPHATUBHOIO CMAANCUHTA

a KCNMAT pre-mRNA

b Dscam pre-mRNA
Exon 4 Exon 6 Exon 9 Exon 17
I 1 ] | | 1 i

i

’ | ) uB i i
5 N b hmn Sl ity ' '}
i i

€ mod(mdg4) gene

Common exons Variable exons
5 a’—‘-—-\‘—! - IR
\

Variable exons




X N Branch Polypyrimidine i
5'splice site point tract 3'splice site

Metazoan

Yeast Exon

INTRON

5SS BP 3'SS
pre-mRNA [ icu A=AG Q Prp43-ATP

& s mRNP
Snuli1i4-GTP

ut -
[ﬁ__ s =& @ J | & Brr2-ATP
Prp5-AT%@ \-._// / Prp22-ATP

Sub2/UAPS56-ATP
Post-

' // spliceos|omal
&@ — complex
Prespliceosome 04 —
(complex A) uUe6 U4 \\
U4/U6.US
Prp28-ATP . \ 2nd ste Prp22-ATP
P tri-snBRNP ‘} P Prp16-ATP

ue

Catalytic step 1
spliceosome

1st y (complex C)
U2 Prp2-ATP

Activated spliceosome
(complex B*)

spliceosome ]
(complex B) Brr2-ATP

Snu114-GTP




JBONIIOUMNOHHbIE aCMeKTbl
CNNaNCUHTa

CyLuecTByeT BO BCeX OpraHM3max, HO pa3BUT B
MHOTOKNETOUYHbIX

CBA3aH C TKaHecneunPmnYHOCTbIO, B YAaCTHOCTM
C HEUPOreHe3oM.

9BONIOLMA HE KOJIMYECTBOM (reHHble
AYNINKaLMKM), HO KauecTtBom (Bapuaumm
TPAHCKPUNTOB).

b dEeKT anbTepHATUBHOIO TPAHCKPUNTA
pPa3nnyaeTca no KNeToYHOU N0Kanmn3aumnu
(MembpaHHbI, PpacTBOPUMbIN), PYHKLNM



PeXXnum s3ponroumun MHTPOHOB -
CNJIANCUHTA

* Nonsense mediated decay — wnMpoKo
MCNONb3yembl cnocob perynaumm
KCNpeccumn



Relative frequency of alternative splicing
(AS) types in five species.

100% m Other
80% |
60% I I I I I = gxitﬁglly exclusive
“H ¥ Alternative 5'
20% splice sites
0% . . | ~ FAlernative 3

splice sites
@ AN g ogas\e . u\\ﬁ’ ap\e“'s = Intron retention
gV i 6 O el us ™ o
OO (e e 1€ W -
P2 e 0‘0509 ® Exon skipping




CnaaucCUHr: npeporaTmBea
3yKapuoT? HeTt

e [eH CBF5 (guckepuH B H.S.)B reHOMax apxeu

COAEepPXUT UHTPOHDbI: Aeropyrum pernix,
Sulfolobus solfataricus, S. tokodaii, and S.

acidocaldarirus
* TPHK reHbl B npoKapuoTax

I CnnancuHr katannamnpyeTcsi C NOMOLLBbHO
6enkos n (UJ11) U maPHK



CnnancuHr(MHTPOHDI) — 3TO:

NUCTOYHUK pa3HOO0bpa3ua 6enkos (2-200 pas)

UCTOUYHUK perynauum sKkcnpeccum, B T.u.
CTaamMo — n TKaHecneunpuniHoOM

UCTOYHUK KO-perynauum reHOB C NOMOLLbIO
MHTPOHHbIX MUPHK

BO3MOXHOCTb peryaimpoBaTb XpOMaTUHOBYIO
ctpyKtypy AAHK panioHoB reHOB



CnaanCuHr — aTto

* UcTOuHUK annenb-cneyndumyecKoro
nonmmopdmnsma

* UCTOYHUK MMMYHHOM Bapuauuu (B
D.melanogaster)

* AKTuBauua mPHK tenomepasbi

* TpaHCNATOP KU3HEHHO BaXKHOW
MHPOPMaLLMN, coaepHKaLLLENCA B
MHTPOHAaX



Mcnonb3oBaHUe reHHo-
MHXXEHEePHbIX KOHCTPYKLMI
cnNJ1IauCUHra Ang

° BaMELLIIEHMFI MYTAHTHDbIX annenev Ha annenb
ANKOTO TUMMA

e ®OpMMPOBAHMNA TPAHCTEHHbIX KOHCTPYKLNM
(TpaHCc — cniancmHr, PopMUPOBAHUA XUMED)

 OcHoBa AnAa 63 nateHTOB B 06/1aCTU
BNOTEXHONOMMN Ha OCHOBE 3H3MMATUYECKUX
KOHCTPYKUWM B nocneaHue 2 roaa.



TpyAHOCTN N3YyYeHUA:

* Cnnamcocoma — puHbOHYKIEONPOTEUH,

BKAtOYatoLWwmm B ceba 5 maPHK n bonee 150
benkos

* Ype3Bbl4alHO C/NOXKHAA M MHOITOCTYNEHYaTas
KMHETUKA KaTanmsa

* BblpOXAEHHOCTb CUTHANOB CAaUTOB
CNJIAUCUHTa



PaKTopbl, BANAIOLLME HA CMAAUCUHT (KaK
aNbTEPHATUBHbIN, TAaK N KOHCTUTYTUBHbIN)

BropuuHaa ctpyKtypa mPHKB5 n 3’
PavoOHaX UHTPOHA;

* OANH U3 BapUaHTOB a/IbTEPHATUBHOIO
CNJIAaNCMHIa — KaCcCeTHbIU: coegmnHeHune
«AOKEPHOro» 3K30Ha C TOJIbKO OAHUM
3K30HOM U3 KacceTbl («akuenTop») nytem
doOpPMMNPOBAHNA BTOPUYHON CTPYKTYPbI



Cantbl cBA3bIBaHMA PAKTOPOB: IHXaHCEPbI U
cauneHcepbl (MHTPOHHDbIEe ISE (ISS) n 3K30HHbIE

(ESE (ESS))
f- III l)—n"l”l'wwﬂlﬁ _H GUHFLGUL E N E——

Splice-site strength
wﬂ"‘ﬁ’H‘I’HG 3's5
fAG GURAGLJ 5's8

Exon/intron architecture

B A variable exon length

(NN variable intron length

Pre-mRBNA synthesis

A

Binding sites for exonic splicing regulators
B Exonic Splicing Enhancer (ESE)

BN Exonic Splicing Silencer (ESS)

Binding sites for intronic splicing regulators

B Intronic Splicing Enhancer (ISE)

B ntronic Splicing Silencer (ISS)

Local secondary structures

¥



CnNAanCUHT — KPUTNUYECKUMN
npouecc: myTauma, HapyLialoLan
CauUT CNNaUCUHIa BeaeT K
pa3BUTUIO 3aboneBaHus

Survival Motor Neuron gene:
NPONycK / 9K30Ha BefeT K

Spinal Muscular Atrophy; nponyck
9K30Ha onpepgensercd MmyTaumeu
C->U



JHXaHCepbl U cCanneHcepobl
aNbTEPHATUBHOIO
CNNAUCUHTIA



daKTOopbl perynsaummn, N3BeCTHble Ha TEKYLLUW
MOMEHT, Ha Npumepe 3K30Ha / reHa SMN

)

Exon 7 Inhibitory secondary structures

)

3 splice site '\ o' splice site
Position 6 C to U SMNZ2 switch

1%
/‘5‘\”?*\ e

|—— wmmmmSiencing elements

€— msswEnhancing element




RNA Maps of Three Splicing
Regulators

e

7 a

(A) Nova RNA map

(B) Fox2 RNA map.

" (C) PTB RNA map.




U1 snRNP

U2AF

SF1 U4/U6-US
U2 snRNP ATP Tri-snRNP

H M ES A>»B—~>=C

/ SF1 U1 snRNP

U4 snRNP =17
Pre-mRNA m-I:-NA
G
Intron lariat
B PTB, hnRNP L
-
Nova PTB
l ll hnRNP A1
| Exon1 |GU A—(Y)-AG| Exon2 |
5' Splice site Branch-pomtT 3' Splice site

Py tract



AN RNA map predaicting Nova-
dependent splicing regulation
(Nature 2006)

* Nova binding sites (YCAY clusters)

AREEANIZINNA
- ISS Eg-s-: IS! gE -

Nova Intronic/Exonic Splicing Silencer

l Nova Intronic Splicing Enhancer



Nonneuronal cell
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Neural Precursor Cells Neurons

REST

7/((.

B
v
v
RESI ‘
Ve

O su-

Repression of Expression of
Neurogenesis genes Neurogenesis genes




ESC, iPSC

Differentiated cells

OXP1

==

Pluripotency genes
e.g. OCT4, NANOG

e |-
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Differentiation genes




TPHK — onocpeaoBaHHbIU CNAAUCUHT —
nepcnekTnBa reHHOU UHXKEeHEePUn

- —




Camo-cnancupyrowmeca MHTPOoHbI (Tonbko PHK)
HHA







YepTbl cNNanCUHIa UHTPOHOB
rpynnoi |

* YyactBytoT 5 manbix aaepHbix (ma) PHK:
Ul, U2, U4, U5, U6

* [Ipe-MmPHK Tak)Xe npuHMMmaeT aKTUBHOE
y4acTue B CNJIAUCUHTE

* BTopuyHasa cTpyKtypa (aynnekcbl) (ma) PHK
CYLLECTBYIOT Ha BCEX CTaAMAX



[Tpmepbl CNAAaUCUHTa,
MEeToAbl aHaNM3a CNIANCUHTa
pecypcbl aHa/M3a



Cxema n3yyeHmA CUrHaoB
CNJIANCUHIa B KOHKPETHOM FreHe Ha
naHean myTaunum MUHUreHa

' N
Bioinformatic analysis for

mutations in splicing requlatory

elements using computational tools J
\

!

[ Minigene construction [

|

S
Co-overexpress splicing regulatory factors |
and minigene to determine the effect

of mutations on pre-mRNA splicing
\. S

7
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Example for a
minigene
analysis.




[Tpobnembl aHaIM3a C NOMOLLbIO
MUHUTEHA

* IHTPOHHbIE 3HXaHCepPbl
* JlaneKne sHXaHcepbl
* BTOpuYHaA CTPYKTypPa MHTPOHOB

* [1TNHHbIE NHTPOHDI



Databases to explore alt splicing

Reference

Species

Additional

Integration with

Database Description . URL
sequence |covered|analysis tool | other resources
Database of human tissue http://biocinfo.mbi.
ASAP specific alt splicing events |[ESTs Human Microarray ucla.edu/ASAP/
Database of manually Human (Intron http://www.ebi.ac.
ASD curated alt events Genomic [|and analysis, Ensemble uk/asd/
http://alterna.cbrc.j
Database of elementary Human, Genbank p/index.php?sp=m
ASTRA splicing events Genomic |mouse, database mitsearch
Gene http://genome.ewh
ECgene Database that combined |Genomic |Human |[structure Genbank, a.ac.kr/ECgene/
Database of genome-wide http://www.hinvita
H-DBAS [screen of alt events Genomic [Human | Motif HUGO gene tional.jp/h-dbas/
Human Ensemble and  |http://hollywood.m
Hollywood| Database built upon Genomic [and Tool for genbank it.edu/Login.php
Oligonucleoti http://maase.geno
MAASE Manually annotated Genomic |Human,|des mics.purdue.edu/
Putative http://ymbc.ym.ed
PALS db  |A collection of all isoforms|mRNA Human, |alternative [Unigene, HUGO |u.tw/palsdb/



http://bioinfo.mbi.ucla.edu/ASAP/
http://bioinfo.mbi.ucla.edu/ASAP/
http://www.ebi.ac.uk/asd/
http://www.ebi.ac.uk/asd/
http://alterna.cbrc.jp/index.php?sp=mm
http://alterna.cbrc.jp/index.php?sp=mm
http://alterna.cbrc.jp/index.php?sp=mm
http://genome.ewha.ac.kr/ECgene/
http://genome.ewha.ac.kr/ECgene/
http://www.hinvitational.jp/h-dbas/
http://www.hinvitational.jp/h-dbas/
http://www.hinvitational.jp/h-dbas/
http://www.hinvitational.jp/h-dbas/
http://hollywood.mit.edu/Login.php
http://hollywood.mit.edu/Login.php
http://maase.genomics.purdue.edu/
http://maase.genomics.purdue.edu/
http://ymbc.ym.edu.tw/palsdb/
http://ymbc.ym.edu.tw/palsdb/

Therapeutic Approaches that Use
or Target RNAs

A Antisense oligonucleotides (AOs)

SR protein 2 . ESE (SR)n-peptide
) O ) o
CY /S o
SMN2 T(ESS) SMNA7

SMN

B snRNAs as vehicles for antisense RNA

snBNP
) antisense
Sm core

Deletion 7 _
Dystrophin in gene daystr ophin
o7 iadomd o1 mfilE] — | 47 =dbo o1 o
Partially
STOP ' STOP functional
generates frameshift dystrophin

C RNA interference (RNAI)

s SIRNA
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IAnUreHeTn4YeCcKmne CoCcToaHuA
XPOMAaTUHA U CNAANCUHT



( a) pre-mRNA pre-mRNA
nucleosome

RNAPII

(b) pre-mRNA

nucleosome



Nucleosomes may be linked with exon—
intron architecture and splicing

A Pre-mRNA Pre-mRNA
Nucleosome

N A‘-’

B
Pre-mRNA ! Pre-mRNA !
Nucleosome Nucleosome
C Pre-mRNA
Cap
57 SS 3, SS

Exon.
Pre-mRNA /1@ - @

Exon

8

Exon

Nucleosome Nucleosome
D Pre-mRNA
Pre-mRNA A
Pre-mRNA G " @
/"'/’
RNAPII [
B
Exon Exon

(

Nucleosome Nucleosome Nucleosome



MHTerpanbHaa moaenb perynaumm
(anbTepHATUBHOTIO) CNJIAUCUHIA Ha YPOBHE

XPOMaATUHA
Nucleosome positioning @
Transcription factors and
chromatin remodelers l RNA _p°' I
G 7 _,  elongation rate

= — Splicing factor
' ‘___\____—- recruitment by

@) RNA Pol Il CTD
\

< RNA motifs
/ D Splicing factor

abundance and
modifications

Chromatin-adaptor ___——»
complex

RNA secondary
structure

RNA







Predicting pre-mRNA fate — splicing
code.

Pre-mRNA
b
Splicing RNA
microarray features
a Protein 1 Protein 2 profiling
mRNA 1 mRNA 2 e e e e e e S TSl e e e e e e e e L
" == ' v
‘ .
S Alter'nfmve L’ 2 CNS Embryonic tissue/
N . splicing - - stem cells
~ ~
- ([ — e—— . ——
EXOn |otron Pre-mRNA
(= - e - { ) r'—r—r—: s
( 1 )| e
[ == =1
(e A v e
S )

Tissue-specific alternative splicing predictions



[lpon3BoAUTENbHOCTb KOAA
CNN1IaNCUHTra

* Koa KoppeKTHO npeackasbliBaeT BKAOYEHME
3K30Ha B TKaHecneundpuiHbIN TPAHCKPUNT B
82.4% npoueHTOoB CAy4aax npu
MCNOJIb30BaHUUM AAaHHbLIX MUKPO3ppes, N B

93.3% cny4asax npu ncnosib30BaHMM AAHHbIX
RT-PCR

 MeTtog cnocobeH OTANUYNTb aIbTEPHATUBHbIN
3K30H OT KOHCTUTYTUBHOIO B 60% (owmnbKa |
pona 40%) npun ownbke Il poga 1%.
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Unexpectedly frequent feature pairs were identified

and used to generate feature interaction networks for
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Features (Barash et al., 2009)

The alternative splicing analysis makes the additional important point that inclusion or
exclusion of exons relies on multiple RNA feature elements 2. On average, 12 tissue-specific
RNA features were necessary to define exon inclusion or exclusion in central nervous system
tissues and 19 RNA features define embryo-specific alternative splicing. While certain tissue-
specific exons share a subset of the same RNA feature elements, the final set of RNA features
that make up an exon's identity is likely to be unique for each exon. From now on, it should
be the expectation that alternative splicing is modulated by multiple RNA features. This
expectation is fully supported when evaluating one of the biochemically most analyzed
alternative splicing events, the inclusion of the Survival of Motor Neuron (SMN) exon 7, a
gene associated with Spinal Muscular Atrophy 12, Several splicing enhancers and silencers,
either intronic or exonic have been identified through mutational analyses in addition to RNA
secondary structure elements (Figure 1A), suggesting that even the splicing of constitutive
exons, such as SMN exon 7 in its normal context, is mediated by multiple splicing RNA
elements. For alternatively spliced exons it can be expected that additional RNA features
participate to ensure regulated exon selection. It should also be anticipated that tissue-
specific alternative splicing is under the control of splicing networks that consist of unique
RNA feature elements. The identity of these splicing networks varies between tissues, thus
promoting tissue-specific alternative splicing.
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