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Two puzzling observations

About of ourgenomecodedor protein.Whatis remaining for? Justjunk”?

Roughlyhalf of our genomeconsistof transposablelements

Thoughtto be "sel sh genes; no function,apartfrom promotingown existence.
Restcouldbeold, unrecognizabl@ Es,or just DNA taggingalong.

Soyes?

But:
Comparisonof mouseand humangenomeresultedin estimatethat  of our
genomads underpurifying selectionj.e. is functional

Thedistribution of the Alu transposablelementseemsn contradictionwith its
mechanisnof transpositionSelectionpressureunction?
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1. Mutations

Evolutionis resultof two opposingforces:

Mutation, “proposing”changed¢o DNA, and

Selection eitheror notacceptinghoseproposals

Non-functionalDNA is (by de nition) not underary selectionpressure.
Givesopportunityto studyprocesof mutationby itself.



Mutations - microscopic view

To see mutations, comparehomologousnon-functionalDNA from e.qg.
humanandmouse.Hereis a318bp example:

BLASTZ reciprocalbesthits from humanmouseyatdatabasat UCSC;see

On non-functionaDNA, of nucleotidesareidentical

Many smalldeletionshave occurred(notinsertionst turnsout)



Mutations - nucleotide substitutions

Substitution processusually modelled by rate matrix. — Entries denote
probability perunit of time of particularsubstitutions.
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Currentsubstitutionratefor humansabout  higherthanfor mice.



Mutations - small indels

Secondmportantclassof mutations:indels

In alignmentsjnsertionsanddeletionscannotbe distinguishedandaretogethereferredto asindels
However deletionsin factoutnumbelinsertionsby afactor . Naturevol 420,5 Dec. 2002

Mostindelsareshort(  aresingle-nucleotidéndels,  are 3 nucleotides.)
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Averagendel lengthin human-mousalignments:
Indelscloselyfollow Poissordistribution. Meandistance nucleotides.
Indel rate Indelspersiteperyeat, nucleotidesersiteperyear.

Indel ratesameorderof magnitudeassubstitutiorrate
(Very differentin codingregions,whereindelsaremoreoftendeleterioughansubstitutions.)

(Numbersestimatedn local alignmentsthisignoreslargeindels(morethan nucleotides))



Mutations - somewhat larger scale

This picture shows reciprocal best hits (homologousregions) betweena
600kb stretchin thehumanandmousegenomes.

Hits predominantiylinearly distributed: consered synthery.

At thisscale Jongindelsoccur

Theselongindelsareoftencausedy transposablelements



2. Transposable elements

Transposableslementsare piecesof geneticinformation that someha
manageo multiply themselesandmove aroundin thegenome.

History: First suspectedn 1940 from work by BarbareMcClintock on
genomicinstability in maize. EXxistenceof transposableslementswas
provenexperimentallyin 1970s SherecevedNobelprizein 1983

Four classe®f transposablelementdive in ourgenome:

DNA transposons

LINEs (longintersperseduclearelements)retroposons
SINEs(shortintersperseauclearelements)non-autonomougetroposons
Retrovirusesandretrovirus-like LTR (long terminalrepeatyetrotransposons



Transposable elements in human genome

LINEs

SINEs

Retrovirus-like
elements

DNA
transposon
fossils

Classes of interspersed repeat in the human genome

Length

Autonomous = DRF] ORF2 (pol) AAA 6-8 kb
AB

Non-autonomous HE—AAA 100-300 bp
Autonomous - gag pol fenv) |- 6-11kb
Non-autonomous -[ga—gj- 1.5-3 kb
Autonomous | 2 UHMEROTIEY 4 2-3 kb
Non-autonomous o T4 80-3,000 bp

Copy Fraction of
number genome
850,000 21%

1,500,000 13%

8%

} 450,000
} 300,000

3%

LINEs andSINEswere rst distiguishedy theirlength. Turnedoutto have different
“lifestyle' andarenow distinguishedy that.

DNA trangposonsandretrarangposonscodefor transposaséor relatedintegrase.
Insertdouble-strande®NA into hostgenome.

LINE retrgoosonsand retrovirus-like retraransposongodefor reversetranscrip-
tase GothroughintermediateRNA phase.

From: Nature,Feh 2001



Transposable elements in human genome
In ourgenome:

OneLINE element(LINE1) is particularlyabundantandactve

OneSINE element(Alu) is particularlyabundantandactive

DNA transposonbave beenactie, but notactive now.

Repeatclass Fraction of genome(%) | Copy number

LINEs 20.99 850,000
LINE1 (17.39)

SINEs 13.64 1,500,000
Alu (10.74)

LTRsS 8.55 450,000

DNA elements 3.03 300,000

Unclassi ed 0.15

Total transposableelements 46.36

From: Naturevol 420,5 Dec. 2002




Activity of transposable elements

Activity variesgreatlyperorganism:

Humans: Rather quiet, 50 actve LINEs, no or very few actve DNA
transposong)o LTRsthroughto beactve.
Mice: 3000actie LINEs, mary active DNA transposongnary actve LTRs.

Maize: Genomesizedoubledin last 3 Myr becaus®f transposomsertions.
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From: Naturevol 420,5 Dec. 2002

In fruit y , mostTEshave few mutationg(relative to concensus ancestor)young.
In humanDNA, therearerelatvely few youngtransposablelements.



Human transposable elements - activity over time
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Frequenyg of variousTESs,againstproportionof substitutiongrom consensusequence
( age).Right-handside: SameJargerbins.

Key: blueishSINE; yellowish LINE; greenishLTR, red,DNA transposon.

Activity Alu pealedat divergence 40 Myr, thendropped.
Activity DNA transposonandLTR retrotransposorstarteddiminishingearlier

(Dropoff at high-sequence-dersity bins (partly?) dueto dif®culty detectinghighly divergedrepeats.)
Naturevol 420,5 Dec. 2002



Evolution of transposable elements

Transposablelementsxistin all living organisms
All eukaryotedrave LINE elementsmostrecentcommonancestor 600 Myr old.

EukaryoticDNA transposonmostrelatedto prokaryotictransposons

Reversetranscriptasef LINE elementsaremostrelatedto reversetranscriptasef
prokaryoticgroup-Il introns(mobileelements).

LTR elementsusetwo-stepmechanism(both reversetranscriptionand DNA inte-
gration).No prokaryoticelementknown with similar mechamism.

This suggest$ollowing evolutionaryhistory:

Prakaryotic transposable elements
Transposons Group Il introns

LG ol
Eukaryote

LIMEs
Transposons  LTR retrotranipasons  (non LTR retrotranspossns)

Euk i e el .
Hkaryetic transposauie elements From: NatureEngyclopediaof the HumanGenomgEHG), T 617



Evolution of transposable elements: LINES

Becausef high copy numberspld transposablelementsanbereconstructed.
Resultfor LINE elementspverlast60 Myr ( upto human-moussplit):

Generallyatary giventimein last60 Myr, oneLINE family is dominant.

From:EHG,L 746



Evolution of transposable elements: LTRs

LTRs are relatedto retroviruses Difference: retroviruseshave functional erv gene
(ervelopeprotein,protectionandbinding/infectingcell), which LTRslack.

Chickenandegg: Did LTRsevolve from retroviruses,or vice versa?Retrotransposons
probablyevolvedbackandforth.

Phylogery basednreversetranscriptase.
RetrovirusesMMTV, MLV are similar to
current retrotransposonsHIV, HRS and
HTLV arenot.

HIV : hum.immunodef.virus
HSRV: hum. spumairus

HTLV: hum. T-cell leukemiav.
MMTV : mousemammarytumoryv.
MLV : mouseMoloney leukemiav.

From: EHG, T 623;EHG,R 60



DNA transposons: mechanism

Transposonmove by a cut-and-pastenechanism.

From: Albertset al.,

TheCell

Multiply whenexcisingthemselesduring mitosis,whenDNA repairmechanismsgan
recover removed portionfrom newly duplicatedstrand.

Work in trans i.e. genegetstranslatedthentransposasioksfor “itself” in genome.
Recognisegself by bp stretch sooftenbindsto inactive transposon.
Result:mutationsaccumulate¢opying becomegessef cient.



LINE elements: mechanism

LINESs have
theirown (pol 1) promotors
two ORFscodingfor protein,
3' bindingsitefor ORF2protein,
poly-A tail

Act in cis, i.e. proteinscodedby LINE
bind to own mMRNA.

After translationand binding to own
MRNA, the LINE element:

Getstransportedackinto nucleus; From: EHGR 53
CleareshostDNA, preferentiallyat ,

Transcribesa DNA copy from RNA directly into genome.New copy is anked
bya — bptamgetsiteduplicationfrom cleared-and-repairedostDNA.



LINE elements: more mechanism

LINESs containweaktranscriptiorterminationsignal translatiorby pol Il maycontinue
until poly-A signal( ) foundin hostgenome.

(Evolutionarybene cial, otherwiseinsertioninto a geneleads
to prematureendof translation probablydeleterious)

Result:LINEs may copy muchmorethanLINE elementhemseles(5' extension)

Reversetranscriptions inef cient andmaynotcomplete.

Result: IncompleteLINE elementq3' truncation) or DNA duplicationswithout ary
apparent.INE contrikution.

LINEs alsowork in trans

Result: Throughto be responsibldor processeghseudogenedy reversetranscribing
MRNA thathasits intronsalreadyremoved.

Result:Existenceof SINEs

AFA Smit, Curr Opin GenDev 19999 657-663



SINE elements

SINEsarea pasticheof

tRNA or othersmallRNA gene contrilbuting (pol Ill) promotor
LINE 3' end contrikuting bindingsitefor LINE ORF2

Small(80-300bp) andsuccessfulNeedscorrespondind.INE to live:

tRNA promotorensuresSINEsareef ciently transcribed.

ORF2bindingsitemakesSINE RNA competewith LINE RNA. Makesthe LINE
proteinscopy SINEsinstead.

Examples:

human/primatédlu (282bp), androdentB1 SINESderive from the 7SL signal-
recognitionparticle(SRP)RNA, andusesLINE1 machinery

MIR2 (Mammalian-widenterspersedepeat)mostsimilar to 50 bp of reptilian
LINE-lik e element.

AFA Smit, Curr Opin GenDev 19966 743-748



LINE/SINE genomic distribution

SinceAlu andLINE1 usesamemachineryoneexpectssamedistribution overgenome.
LINEL is foundmoreoftenin A+T rich regions Thisis reasonable:

Tamgetsite preferencdor may explain bias
SelectionpressureA+T rich regionsaregene-poariessdeleterious.

But: Alu (andmouseB1) accumulaten G+Crich regiond

Left: Alu, LINE1 (andothertransposablelts)distribution asfunctionof C+G content.
Right: C+G histogramandgenedensityper C+G contentbin.

FromNaturevol 420,5 Dec.2002



LINE distribution in genome, over time

YoungLINE1s have clearpreferencdor A+T rich DNA.
OlderLINE1sshav a atter distribution asfunctionof G+C content.

FromNatureFeb2001



SINE distribution in genome, over time

YoungAlus alsohave preferencdor A+T rich DNA, but lesspronounced.
OlderAlus very clearlyaccumulaten G+Crich (andgene-rich)DNA.

The differentdistributions of Alu and LINE1 in the genomesuggestghat selection
pressuranay beinvolved. Biological function?

NatureFeb2001;AFA Smit Curr Opin GenDev 19999 657663



Transposable elements: Effect on genome

High copy numberof transposabl@lementsprovide mary opportunitiesfor unequal
homologougecombination

Whenthis happensvithin achromosomeleadsto deletionsor inversions

EHGT 622;NatureFeh 2001
Direct evidence:

Existenceof solo-LTRS resultof recombinatiorbetweertwo LTRs anking one
(or two) LTR-retrotransposon(s). excTe22

of Alus have no anking target-siterepeats. cw schmidNucAcids Res199826(20)4541



Transposable elements: Effect on genome

Whenunequahomologousecombinatioroccursbetweerchromosomes;hromosome
rearrangementsccur

From: Albertsetal., TheCell,

afterNaturevol 420,5 Dec. 2002

(Right: mousechromosomes.Left: humanchromosomesgoloredaccordingto which
mousechromosomeegion correspondo)



Transposable elements: Effect on genome

LINE elementsnayduplicatepartsof genome May changegenomeby:

Moving promotorsandenhancerto existinggeneschangingexpressiorpatterns
Moving exonsinto existing genesaddingnew proteindomains

Latteris calledexon shufing or domainaccretion majormodeof proteinevolution:

Moranetal., Sciencel999vol 2831530-1534NatureFeh 2001

(Y=yeastV=vertebrate\W=worm, F=y, H=human.)
Domainsareadded(indicatedby *) mostlyateitherendof protein.



Transposable elements: Looking into the past

Becauseof their high copy numbey the ancestorof transposableslementscan be
recovered.

Ancestral Unknown
N . . . transposon ancestor
Useful to measure forward' evolution, insteadof @
‘forward+backvard' in the usual caseof comparing ~
two descendargequencessivesadirectionto time: o ®

descendants

- Indel process Smalldeletionsmorefrequentthansmallinsertions.
- Root placement abouttwice asmary substitutionsoccurredon mouselineage
comparedo humanlineage sincehuman-moussplit.
Knowledgeof ancestorgives methodfor measuringransposoractivity over time
(seebefore).

Age of mary individual TEs canbe estimatedandso givesaway to seeif mutation
processhangedvertime.



3. CpG methylation

Relative frequencie®f variousdinucleotidesn humanDNA:

(Thisis for noncodingDNA on humanchromosome1; qualitatvely sameresultholdsfor
codingDNA, andon otherchromosomes)

Clearly, thereisade ciency of  pairs by aboutafactor5.

Notation: To distinguishfrom C-G pairingbasestheseCG pairsalongthesequencare
denotedby , wherep = phosphateonnecting and nucleotides.



CpG methylation

Explanation:

Accidentaldeaminatiorof cytosineresultsin uracil, recognizedandrepaired.
Cytosinein pairsareoften methylated

Deaminationof methyl-cytosineresultsin thymine, illegal pairing of two legal

nucleotides. Unclearwhether or pairing is wrong, sometimesncorrectly
repaired.

Result: EHGD 120

Rateof mutationincreasedfactor10-20)

ratealsoincreasedsamefactor),dueto proceson reversestrand
(Processs strand-symmetridjecause  is apalindrome identicalto its reversecomplement)

In neutrallyevolving DNA.: of mutationsoccuron S



CpG islands

Humangenome:

— C+Gcontentrangedrom 0.34-0.55average0.42),

— Expected frequeng about

— Actual frequeng aboutfactor lowerthanexpected| 1%)
Specialregions(* CpGislands)

— HigherC+Gcontent( 0.65),

— Actual frequeny aboutasexpected %).
— 1000bplong. Constituteaboutl1% of genome.

Explanation: islandsare unmethylated thr oughoutdevelopment. No mutation
pressueon s, alsoleadingto higher levels.

islandsarefoundin promotorregion of all houselkeepinggenesandin abouthalf
of the geneswith tissue-speci cexpressiorpattern.

Suggestshatmethylationis relatedto geneexpression



CpG islands - examples

Someexamplesof islands:

Verticallines: dinucleotidegrey boxes:exons,arrov: translationstartsite.

EHGC 956



Function of CpG methylation

Methylation of DNA suppressesanscription Thisis usedin variousways:

Geneticimprinting
Of about mousegenes either paternalor maternalgeneis methylated and not
expressed.

X silencing
Femaleshave two X chromosomes;to correct for double dosage,one X is
methylated.

Protectionagainsttransposons?
Most transposongsre mettylated and not expressed.However in somegroupsof
organismsmethylation andamountof transposons genomeseemunrelated.

EHG C 960; Simmenetal., Sciencel999vol 2831164;Walshetal., NatGen1998vol 20116

Generegulation/ cell specialization?
Thereseemdo beno concensusvhethemettylationis involvedin this.

Yes: Regev etal., Mol Biol Evol 15(7)880,1998;EHG D 115;No: EHG C 959



Methylation and gene silencing - mechanism

Proposednechanisnfor genesilencingby methylation:

Methyl- binding protein(MeCP2)bindsto DNA

Formscomple« with histonede-acetylasé€HDAC1,2)

Acetyl groupsgetremovedfrom histonetails

De-acetylatedhistonedorm tighterchromatinstructure preventingtranscription

Summary:Methylation  changan chromatinpacking suppressiownf transcription

EHGD 114,EHG C 958



Methylation and gene silencing - pictures

Albertsetal., TheCell, 208-230



How does methylation pattern come about?

Normally, methylation patternsarecopiedwhencell divides
Spermandegg cellshave (almost)normalmetlylation patterns
After fertilization:

— Parentalgenomas (almost)demetlylatedwithin 4 hours

— Maternalgenomemoreslowly (passvely?) demetlylated
— From120-cellstage DNA is slowly re-metlylateduntil birth

Suggesteanechanisnfor formationof methylation pattern:

Methylation startsat speci c tamgetsites
(Seepicture,DNMT = DNA metlyltransferase)

Spreadslowly, over mary cell divisions.
|s actively stoppedat promotorregions.

In mice,the SINE B1 is methylationtarget

EHGD 135



Methylation and C+G content variation?

Overall C+G contentvariessig-
nicantly ingenomg - )

C+Gcontentin islandsis onaverage
Could C+G contentvariationberesultof variationof mettylation levels?

C+G variationpositively correlatedo:

— Genedensity
— Transposomensity

Alus have high C+G content(63%)
Alus occupy 10% of genomepn average

CouldC+G contentvariationbedirectresultof Alu accumulationn gene-richDNA?



4. Ongoing effects

Thetwo mechanismsliscussedbeforecontinueto have aneffect on ourgenome.
In particular they causedisease

Diseasesausedy transposablelement{TES):

0.1%of humandiseaseas causedy Alu insertions

0.1%o0f humandiseaseas causedy L1 insertions

0.3%causedy unequahomologousecombinatiorof TEs
Currentlyl1 caseof humanL1 disease-causingsertionknown.

Mostinsertionsoccurredoeforefertilization or earlyin embryogenesis.
Onecancercausingnsertionwaspresenin cancettissue,notin healtly tissue.

See for list of diseases
causedy retrotransposoimsertions.

KazazianCurr Opin GenDev 19988 343



Ongoing effects - transposable elements

In mice, transposablelementsaremuchmoreactive: 10% of spontaneousutations
causinga noticableeffect aredueto transposablelements.

Naturevol 420,5 dec2002



Ongoing effects - CpG methylation

About of disease-causingutationsoccurin dinucleotides.

Somenumbers: EHG C 950

42% of aacid-changingnutationsan F8 gene(hemophiliaA) are  -related.
30% of asetof 1248single-nucleotidg@olymorphismsare  -related.
Mutationrates(persite,pergenerationin humans):

— and ;
— Othermutationg(eitherat sitesor not):



CpG-related mutations and disease

Eleven genetic disorders and proportion of spontaneousamino-acid-changing
mutationsrelatedto methylated  dinucleotides.

-relatedmutationsareresponsibldor of geneticdisorders.

EHGC 952



Ongoing effects - CpG methylation

Arginineandglycine mutatemoreoftenthanotheraminoacids.

Explanation:Codonsfor Arg are:
Explanatiorfor hypermutabilityof Gly lessclear EHG C 952



5. Is Alu functional?

Ourgenome: 1M copiesof Alu, occupying 10%

Doesnotneedto imply function. Abundancanaybedueto successfutopying stratey
(truly sel sh genes.

But, Alu is often clearly deleteriouggenerallymutagenicandinvolved in speci®cdiseases)SO a
symbioticrole would helpto explainalundance.

Distribution of Alu in genomeis puzzling (morein gene-richregionswith high G+C content,in
contrasto L1) andsuggestpositive selectionpressure biologicalfunction.

More information:

AFA Smit, Interspersedepeatsand other mementosof transposabl@lementan mammaliangenomesCurr
Opin GenDev 1999,9:657+663.

W.M. Chu et al., PotentialAlu function: regulation of the actiity of double-strandedRNA-activatedkinase
PKR,Mol. Cell. Biol., Jan.1998,58+68.

C.W. Schmid,DoesSINE evolution precludeAlu function?,Nuc. Acids Res.199826(20),4541+4550.



Alu function

Cell stress

Cell stress(heat,viral infection, toxins) rapidly increasesamountof Alu RNA
transcripts

Alu RNAs bind andinhibit anenzyme(PKR, proteinkinase)
This (afteradditionalsteps)ncreasegroteintranslation

Cell stresancreaseSINE transcriptionn insectsaswell.

AFA Smit, Curr Opin GenDev 19999:657

Rolein CpGmetlylation/ nucleotideorganisation?

Obsenations:

MouseB1 SINE is targetfor methylationin embryoniccells
Speci c typeof youngAlu is undermethlatedin humansperm

Do Alus directmetlylation andtherebyDNA packing,C+G andCpG content?

EHGD 135;EHGD 114;EHG C 956



6. Amount of DNA under selection

Align human/mousgenomeslf no selectionwe expectto seecertainaveragenumber
of mutationan awindow. Summarizehis by conserationscore

= fractionof identicalsitesin largewindow ( depend®nlocal  content)
= fractionof identicalsitesin window of size

If mutationsare independentand identically distributed, then  has (approximately)
normaldistribution with mean andstandardieviation .

Hypothesis: Ancestralrepeatsare neutrally
evolving, andrepresentate of n.e.DNA.

Left: Distributionof , on 165Mb of ances-
tral repeatswindow sizes and

Indeedbell-shapedbut larger standarddevi-
ation thannormaldistribution: for
; for

Naturevol. 420,5 dec.2002,520-562



Amount of DNA under selection

Now we know distribution of for DNA notunderselection
Distribution of onall DNA givesusproportionof DNA underselection
Naturevol. 420,5 dec.2002,520-562
Compute for windows covering entire (alignable, 40%) genome(blue).

(It hasabulgeatlarge DNA underpurifying selection.)
Subtractshapeof distribution of neutrallyevolving DNA (red).
Whatremainss the proportionunderselection(grey).

Thisis  of totalgenome Codingregions= : What is remaining ?



“Genomic dark matter”

|s therea substantiahmountof conseredDNA with unknovn functionin ourgenome?
Theanswerseemdo beYes:

By directcomparisorof humanchromosome&1 DNA against13 othermammals:
(mousemonkey, lemur, porcupineyabbit,pig, cat,bat,shrev, armadillo,elephantwallaby, platypus)

220 “Consened Non-Genic” (CNG) sequence®f unknovn function were
found.

TheseCNGsaresigni cantly moreconseredthanprotein-codingONA.
By extrapolationCNGscover to % of ourgenome.



Dermitzakisetal., Mol Biol. Evol. 19,1114(2002);Dermitzakisetal., Sciencevol 3021033,(7 nov 2003)



Example of CNG sequence



Is  of genome really under selection? Some thoughts

Are ancientrepeatsepresentate for neutrallyevolving DNA?

Facts:

1. Few mainclassedqe.g. Alu/B1 andL1) accountfor large proportionof ancient
repeats.

2. Alus (especiallyyoungAlus) have high C+G and content: more S
thanin humanDNA, and of allgenomic  sarein Alus.

3. LINEs havelow C+G content.

(1:) Nucleotidedistribution (andthereforesubstitutionrate) of ancientrepeats
(in the past!) maydiffer from neutralDNA,

(1+2+3:) Mutationratefor Alus is higherthanaverage Mutationrateon LINEs
Is lower thanon Alus. This may explain obsenred lack of mutationalindepen-
dence( ), sincetype of repeats clearlynotindependenalongsequence.

(1+2:) High mutationrate on Alus suggestghat estimatedaveragenumberof

consered sitesfor neutrally evolving DNA ( ) is underestimate This would

malke conserationscore onentiregenomecomeout high, andmake genome
look moreconseredthanit is.



Conclusions

Transposablelementsor “sel sh genes” areprobablyresponsibldor over
of ourgenome.

Not all arepurelysel sh though:Alu maybeasymbiont
Probablyinvolvedin cell stressandDNA methylation/ chromatinstructure

Methylation of dinucleotidesaccountsfor mary mutations. Incorporating
nearest-neighbowaffectswill be substantialmprovementfor DNA substitution
models.

Somevherebetween and of ourgenomads evolutionaryconsered, up
to evenhighly consered,andhasunknovn function
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