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Two puzzling observations

About � �

�

�

of ourgenomecodesfor protein.Whatis remaining

��

�

�

�

for? Just“junk” ?

Roughlyhalf of ourgenomeconsistsof transposableelements.
Thoughtto be`sel�sh genes'; no function,apartfrom promotingown existence.
Restcouldbeold, unrecognizableTEs,or justDNA taggingalong.
Soyes?

But:

� Comparisonof mouseandhumangenomeresultedin estimatethat

�

�

of our
genomeis underpurifying selection,i.e. is functional.

� Thedistribution of theAlu transposableelementseemsin contradictionwith its
mechanismof transposition.Selectionpressure?Function?



Outline of talk

This talk:

1. Overview of neutralevolution (mutation,no selection)

2. Transposableelements, their evolution,andtheireffect onus

3. CpGmethylation: function,andconsequencesfor geneticmutations

4. Ongoingeffects; diseasescausedby TEsandCpGmethylation

5. Parasitesor symbionts:
Are transposableelementsbiologically functional?

6. Theproportionof our genomeunderselection

7. Conclusions



1. Mutations
Evolution is resultof two opposingforces:

� Mutation, “proposing”changesto DNA, and

� Selection, eitheror notacceptingthoseproposals

Non-functionalDNA is (by de�nition) not underany selectionpressure.
Givesopportunityto studyprocessof mutationby itself.



Mutations - microscopic view

To see mutations,comparehomologousnon-functionalDNA from e.g.
humanandmouse.Hereis a 318bpexample:
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BLASTZ reciprocalbesthits from human,mouse,ratdatabaseatUCSC;see�
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� On non-functionalDNA,

! !
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#

$

of nucleotidesareidentical.

� Many smalldeletionshave occurred(not insertionsit turnsout)



Mutations - nucleotide substitutions

Substitutionprocessusually modelled by rate matrix. Entries denote
probabilityperunit of time of particularsubstitutions.
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Estimatedfrom human-mouseDNA (chromosome21), time unit = human-mousedivergencetime, �
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Myr

� Transitions(�

��

,

� �
� ) about



� morefrequentthantransversions.

� Total averagesubstitutionrate: �

� "

	

�

�

���

� substitutionspersiteperyear

� Currentsubstitutionratefor humansabout

	
� higherthanfor mice.



Mutations - small indels

Secondimportantclassof mutations:indels.

In alignments,insertionsanddeletionscannotbedistinguished,andaretogetherreferredto asindels.
However deletionsin factoutnumberinsertionsby a factor �

�

�

. Naturevol 420,5 Dec.2002

� Most indelsareshort( �

�

�

aresingle-nucleotideindels,

��

�

are

�

3 nucleotides.)

10 20 30 40 50 60 Indel length

1
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log ( frequency )

� Averageindel lengthin human-mousealignments:

�

��

� Indelscloselyfollow Poissondistribution. Meandistance�

	 	 nucleotides.

� Indel rate




�

�
�

�

��


�

� indelspersiteperyear; � �

�
�

�

��


� nucleotidespersiteperyear.

Indel ratesameorderof magnitudeassubstitutionrate.
(Very differentin codingregions,whereindelsaremoreoftendeleteriousthansubstitutions.)

(Numbersestimatedon localalignments; this ignoreslargeindels(morethan �

�� �

nucleotides))



Mutations - somewhat larger scale

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

� Hits predominantlylinearlydistributed:conservedsyntheny.

� At this scale,long indelsoccur.

Theselong indelsareoftencausedby transposableelements.



2. Transposable elements
Transposableelementsare piecesof genetic information that somehow
manageto multiply themselvesandmove aroundin thegenome.

History: First suspectedin 1940 from work by BarbareMcClintock on
genomic instability in maize. Existenceof transposableelementswas
provenexperimentallyin 1970s. ShereceivedNobelprizein 1983.

Four classesof transposableelementslive in our genome:

� DNA transposons

� LINEs (long interspersednuclearelements), retroposons

� SINEs(shortinterspersednuclearelements), non-autonomousretroposons

� Retrovirusesandretrovirus-likeLTR (long terminalrepeat)retrotransposons



Transposable elements in human genome
� LINEs andSINEswere�rst distiguishedby theirlength.Turnedoutto havedifferent

`lifestyle' andarenow distinguishedby that.

� DNA transposonsandretrotransposonscodefor transposase(or relatedintegrase).
Insertdouble-strandedDNA into hostgenome.

� LINE retroposonsandretrovirus-like retrotransposonscodefor reversetranscrip-
tase. Go throughintermediateRNA phase.

From: Nature,Feb. 2001



Transposable elements in human genome
In ourgenome:

� OneLINE element(LINE1) is particularlyabundantandactive

� OneSINEelement(Alu) is particularlyabundantandactive

� DNA transposonshave beenactive,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)
LTRs 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 active LINEs, no or very few active DNA
transposons,noLTRsthroughto beactive.

� Mice: � 3000active LINEs, many activeDNA transposons,many active LTRs.

� Maize:Genomesizedoubledin last � 3 Myr becauseof transposoninsertions.

From: Naturevol 420,5 Dec.2002

In fruit�y , mostTEshave few mutations(relative to concensus= ancestor):young.

In humanDNA, therearerelatively few youngtransposableelements.



Human transposable elements - activity over time

Frequency of variousTEs,againstproportionof substitutionsfrom consensussequence
(� age).Right-handside:Same,largerbins.

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

Activity Alu peakedat

�

�

divergence� 40Myr, thendropped.
Activity DNA transposonsandLTR retrotransposonsstarteddiminishingearlier.

(Dropoff athigh-sequence-diversitybins(partly?)dueto dif®culty detectinghighly divergedrepeats.)
Naturevol 420,5 Dec.2002



Evolution of transposable elements

Transposableelementsexist in all living organisms.

All eukaryoteshave LINE elements; mostrecentcommonancestor

�

600Myr old.

� EukaryoticDNA transposonsmostrelatedto prokaryotictransposons.

� Reversetranscriptaseof LINE elementsaremostrelatedto reversetranscriptaseof
prokaryoticgroup-II introns(mobileelements).

� LTR elementsusetwo-stepmechanism(both reversetranscriptionandDNA inte-
gration).No prokaryoticelementsknown with similarmechamism.

Thissuggestsfollowing evolutionaryhistory:

From: NatureEncyclopediaof theHumanGenome(EHG),T 617



Evolution of transposable elements: LINEs

Becauseof high copy numbers,old transposableelementscanbereconstructed.

Resultfor LINE elements,over last60Myr (� up to human-mousesplit):

Generally, atany giventime in last60Myr, oneLINE family is dominant.

From: EHG,L 746



Evolution of transposable elements: LTRs

LTRs are relatedto retroviruses. Difference: retroviruseshave functional env gene
(envelopeprotein,protectionandbinding/infectingcell), whichLTRslack.

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

Phylogeny basedonreversetranscriptase.
RetrovirusesMMTV, MLV are similar to
current retrotransposons;HIV, HRS and
HTLV arenot.

� HIV: hum. immunodef.virus

� HSRV: hum.spumavirus

� HTLV: hum.T-cell leukemiav.
� MMTV : mousemammarytumorv.

� MLV: mouseMoloney leukemiav.

From: EHG,T 623;EHG,R 60



DNA transposons: mechanism

Transposonsmoveby acut-and-pastemechanism.

From: Alberts et al.,

TheCell

Multiply whenexcisingthemselvesduringmitosis,whenDNA repairmechanismscan
recover removedportionfrom newly duplicatedstrand.

Work in trans, i.e. genegetstranslated,thentransposaselooks for “itself ” in genome.
Recognisesitself by �

��� 
 �

bpstretch,sooftenbindsto inactive transposon.
Result:mutationsaccumulate,copying becomeslessef�cient.



LINE elements: mechanism

LINEs have

� theirown (pol II) promotors,

� two ORFscodingfor protein,

� 3' bindingsitefor ORF2protein,

� poly-A tail

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

After translationandbinding to own
mRNA, theLINE element:

� Getstransportedbackinto nucleus; From: EHGR 53

� CleaveshostDNA, preferentiallyat � �

�
� � � � ;

� Transcribesa DNA copy from RNA directly into genome.New copy is �anked
by a

�

–	

�

bp targetsiteduplicationfrom cleaved-and-repairedhostDNA.



LINE elements: more mechanism

LINEs containweaktranscriptionterminationsignal, translationby pol II maycontinue
until poly-A signal(� � � � ) foundin hostgenome.

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

Result:LINEs maycopy muchmorethanLINE elementthemselves(5' extension).

Reversetranscriptionis inef�cient andmaynot complete.

Result: IncompleteLINE elements(3' truncation), or DNA duplicationswithout any
apparentLINE contribution.

LINEs alsowork in trans.

Result:Throughto be responsiblefor processedpseudogenes, by reversetranscribing
mRNA thathasits intronsalreadyremoved.

Result:Existenceof SINEs.

AFA Smit,CurrOpinGenDev 19999 657–663



SINE elements

SINEsareapasticheof

� tRNA or othersmallRNA gene,contributing (pol III) promotor

� LINE 3' end, contributingbindingsitefor LINE ORF2

Small(80-300bp)andsuccessful.NeedscorrespondingLINE to live:

� tRNA promotorensuresSINEsareef�ciently transcribed.

� ORF2bindingsitemakesSINERNA competewith LINE RNA. MakestheLINE
proteinscopy SINEsinstead.

Examples:

� human/primateAlu (282bp),androdentB1 SINESderive from the7SL signal-
recognitionparticle(SRP)RNA, andusesLINE1 machinery.

� MIR2 (Mammalian-wideinterspersedrepeat)mostsimilar to 50 bp of reptilian
LINE-lik eelement.

AFA Smit,CurrOpinGenDev 19966 743–748



LINE/SINE genomic distribution

SinceAlu andLINE1 usesamemachinery, oneexpectssamedistributionovergenome.
LINE1 is foundmoreoftenin A+T rich regions. This is reasonable:

� Targetsitepreferencefor� � � �

�

� � mayexplainbias

� Selectionpressure:A+T rich regionsaregene-poor, lessdeleterious.

But: Alu (andmouseB1) accumulatein G+Crich regions!

Left: Alu, LINE1 (andothertransposableelts)distributionasfunctionof C+Gcontent.
Right: C+Ghistogram,andgenedensityperC+Gcontentbin.

FromNaturevol 420,5 Dec.2002



LINE distribution in genome, over time

YoungLINE1shaveclearpreferencefor A+T rich DNA.
OlderLINE1sshow a �atter distributionasfunctionof G+Ccontent.

FromNatureFeb2001



SINE distribution in genome, over time

YoungAlus alsohavepreferencefor A+T rich DNA, but lesspronounced.
OlderAlus veryclearlyaccumulatein G+Crich (andgene-rich)DNA.

The different distributions of Alu and LINE1 in the genomesuggeststhat selection
pressuremaybeinvolved.Biological function?
NatureFeb2001;AFA SmitCurrOpinGenDev 19999 657–663



Transposable elements: Effect on genome

High copy numberof transposableelementsprovide many opportunitiesfor unequal
homologousrecombination.

Whenthishappenswithin a chromosome,leadsto deletionsor inversions.

EHGT 622;NatureFeb. 2001

Directevidence:

� Existenceof solo-LTRs, resultof recombinationbetweentwo LTRs�anking one
(or two) LTR-retrotransposon(s). EHG T 622

�

	

�

�

of Alus have no �anking target-siterepeats. CW Schmid,NucAcids Res199826(20)4541



Transposable elements: Effect on genome

Whenunequalhomologousrecombinationoccursbetweenchromosomes,chromosome
rearrangementsoccur.

From: Albertset al.,TheCell,

afterNaturevol 420,5 Dec.2002

(Right: mousechromosomes.Left: humanchromosomes,coloredaccordingto which
mousechromosomeregioncorrespondto)



Transposable elements: Effect on genome

LINE elementsmayduplicatepartsof genome.May changegenomeby:

� Moving promotorsandenhancersto existinggenes,changingexpressionpatterns

� Moving exonsinto existing genes,addingnew proteindomains

Latteris calledexonshuf�ing or domainaccretion, majormodeof proteinevolution:

Moranet al.,Science1999vol 2831530–1534;NatureFeb. 2001

(Y=yeast,V=vertebrate,W=worm,F=�y , H=human.)
Domainsareadded(indicatedby *) mostlyateitherendof protein.



Transposable elements: Looking into the past

Becauseof their high copy number, the ancestorsof transposableelementscan be
recovered.

� Useful to measurè forward' evolution, insteadof
`forward+backward' in the usual caseof comparing
two descendantsequences.Givesa directionto time:

Ancestral Unknown

tim
e

transposon ancestor

descendants

- Indelprocess: Smalldeletionsmorefrequentthansmall insertions.

- Root placement: abouttwice asmany substitutionsoccurredon mouselineage
comparedto humanlineage,sincehuman-mousesplit.

� Knowledgeof ancestorsgivesmethodfor measuringtransposonactivity over time
(seebefore).

� Age of many individual TEscanbeestimated,andsogivesa way to seeif mutation
processchangedover time.



3. CpG methylation
Relative frequenciesof variousdinucleotidesin humanDNA:

� � �

�

�

�

��

�

�

� � � � �
�

�

�

� � � � �
� � � �

�

�

�

� �

(This is for noncodingDNA onhumanchromosome21;qualitatively sameresultholdsfor
codingDNA, andonotherchromosomes)

Clearly, thereis a de�ciency of

��

pairs, by abouta factor5.

Notation:To distinguishfrom C-Gpairingbases,theseCGpairsalongthesequenceare
denotedby

�

�

�

, wherep = phosphateconnecting

�

and

�

nucleotides.



CpG methylation

Explanation:

� Accidentaldeaminationof cytosineresultsin uracil, recognizedandrepaired.

� Cytosinein
�

�

�

pairsareoftenmethylated.

� Deaminationof methyl-cytosineresultsin thymine, illegal pairing of two legal
nucleotides. Unclearwhether � or pairing

�

is wrong, sometimesincorrectly
repaired.

Result: EHGD 120

� Rateof

�

�

� �

�

�

�

mutationincreased(factor10-20)

�

�

�

� � �

�

� ratealsoincreased(samefactor),dueto processon reversestrand.
(Processis strand-symmetric,because

�

�

�

is a palindrome: identicalto its reversecomplement)

In neutrallyevolving DNA: �

�

�

�

of mutationsoccuron �

�

�

�

�

s!



CpG islands
� Humangenome:

– C+Gcontentrangesfrom 0.34–0.55(average0.42),

– Expected
�

�

�

frequency about

�

� 	 �

�

�

� 	 �
�

�

�

�

� �

– Actual
�

�

�

frequency aboutfactor

�

lower thanexpected(� 1%)

� Specialregions(“ CpGislands”)

– HigherC+Gcontent(� 0.65),

– Actual

�

�

�

frequency aboutasexpected(

�

�




	

�

�

�




	

�

�

�

%).

– � 1000bp long. Constituteabout1% of genome.

Explanation:

�

�

�

islandsareunmethylated thr oughoutdevelopment.No mutation
pressure on

�

�

�

s,alsoleading to higher

�
�

�

levels.

�

�

�

islandsarefound in promotorregion of all housekeepinggenes,andin abouthalf
of thegeneswith tissue-speci�cexpressionpattern.

Suggeststhatmethylation is relatedto geneexpression



CpG islands - examples

Someexamplesof

�

�

�

islands:

Verticallines:

�

�

�

dinucleotide;grey boxes:exons,arrow: translationstartsite.

EHG C 956



Function of CpG methylation

Methylationof DNA suppressestranscription. This is usedin variousways:

� Geneticimprinting
Of about�

�

mousegenes,eitherpaternalor maternalgeneis methylatedandnot
expressed.

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

� Protectionagainsttransposons?
Most transposonsaremethylatedandnot expressed.However in somegroupsof
organismsmethylationandamountof transposonsin genomeseemunrelated.
EHG C 960;Simmenetal.,Science1999vol 2831164;Walshet al.,NatGen1998vol 20116

� Generegulation/ cell specialization?
Thereseemsto benoconcensuswhethermethylation is involvedin this.
Yes:Regev et al.,Mol Biol Evol 15(7)880,1998;EHGD 115;No: EHGC 959



Methylation and gene silencing - mechanism

Proposedmechanismfor genesilencingby methylation:

� Methyl-
�

�

�

bindingprotein(MeCP2)bindsto DNA

� Formscomplex with histonede-acetylase(HDAC1,2)

� Acetyl groupsgetremovedfrom histonetails

� De-acetylatedhistonesform tighterchromatinstructure, preventingtranscription

Summary:Methylation

�

changein chromatinpacking

�

suppressionof transcription

EHG D 114;EHGC 958



Methylation and gene silencing - pictures

Albertset al.,TheCell, 208–230



How does methylation pattern come about?
� Normally, methylationpatternsarecopiedwhencell divides

� Spermandeggcellshave (almost)normalmethylationpatterns

� After fertilization:

– Parentalgenomeis (almost)demethylatedwithin 4 hours

– Maternalgenomemoreslowly (passively?)demethylated

– From120-cellstage,DNA is slowly re-methylateduntil birth

Suggestedmechanismfor formationof methylationpattern:

� Methylationstartsat speci�c targetsites
(Seepicture,DNMT = DNA methyltransferase)

� Spreadsslowly, overmany cell divisions.
Is actively stoppedatpromotorregions.

In mice,theSINE B1 is methylation target. EHGD 135



Methylation and C+G content variation?
� Overall C+G contentvariessig-

ni�cantly in genome(

�

�




	 –

�

�

� �

)

� C+Gcontentin

�

�

�

islandsis
�

�

� �

onaverage

CouldC+Gcontentvariationberesultof variationof methylation levels?

� C+Gvariationpositively correlatedto:

– Genedensity
– Transposondensity

� Alus havehighC+Gcontent(63%)

� Alus occupy 10%of genome,onaverage

CouldC+Gcontentvariationbedirectresultof Alu accumulationin gene-richDNA?



4. Ongoing effects
Thetwo mechanismsdiscussedbeforecontinueto haveaneffect onourgenome.
In particular, they causedisease.

Diseasescausedby transposableelements(TEs):

� 0.1%of humandiseaseis causedby Alu insertions

� 0.1%of humandiseaseis causedby L1 insertions

� 0.3%causedby unequalhomologousrecombinationof TEs

Currently11casesof humanL1 disease-causinginsertionknown.
Most insertionsoccurredbeforefertilizationor earlyin embryogenesis.
Onecancer-causinginsertionwaspresentin cancertissue,not in healthy tissue.

See

� � �

��

��

�

�

�

�
� � �

�� �

�

�

�
�

�	




��

�



�� �

�
�

�
�

�
� 


�

�

�
�

�

�

�
� ��

	

� 
 for list of diseases
causedby retrotransposoninsertions.

Kazazian,CurrOpinGenDev 19988 343



Ongoing effects - transposable elements

In mice, transposableelementsaremuchmoreactive: 10%of spontaneousmutations
causinga noticableeffect aredueto transposableelements.

Naturevol 420,5 dec2002



Ongoing effects - CpG methylation

About

 ��� � �

�

of disease-causingmutationsoccurin

�

�

�

dinucleotides.

Somenumbers: EHG C 950

� 42%of aacid-changingmutationsin F8gene(hemophiliaA) are

�

�

�

-related.

� 30%of a setof 1248single-nucleotidepolymorphismsare

�

�

�

-related.

� Mutationrates(persite,pergeneration,in humans):

–

�

�

� �

�

�

�

and

�

�

� � �

�

� : �

�

�

�

�

�

�



�

– Othermutations(eitherat

�

�

�

sitesor not): �

�

�

�

�

�

�




�



CpG-related mutations and disease

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

�

�

�

dinucleotides.

�

�

�

-relatedmutationsareresponsiblefor �

��� � �

�

of geneticdisorders.

EHG C 952



Ongoing effects - CpG methylation

Arginineandglycinemutatemoreoftenthanotheraminoacids.

Explanation:Codonsfor Arg are: �

�

�

�

�

� �

�

�� �

�

�� �

�

��

�

�

�� �

.

Explanationfor hypermutabilityof Gly lessclear. EHG C 952



5. Is Alu functional?
Ourgenome:

�

1M copiesof Alu, occupying

�

10%.

Doesnotneedto imply function.Abundancemaybedueto successfulcopying strategy
(truly sel�sh genes).

But, Alu is often clearlydeleterious(generallymutagenic,andinvolved in speci®cdiseases), so a
symbioticrolewouldhelpto explainabundance.

Distribution of Alu in genomeis puzzling(more in gene-richregionswith high G+C content,in

contrastto L1) andsuggestspositiveselectionpressure

�

biologicalfunction.

More information:

AFA Smit, Interspersedrepeatsandothermementosof transposableelementsin mammaliangenomes,Curr
Opin GenDev 1999,9:657±663.

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

C.W. Schmid,DoesSINE evolutionprecludeAlu function?,Nuc. AcidsRes.199826(20),4541±4550.



Alu function

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

transcripts

� Alu RNAs bindandinhibit anenzyme(PKR,proteinkinase)

� This (afteradditionalsteps)increasesproteintranslation

Cell stressincreasesSINE transcriptionin insectsaswell.

AFA Smit,CurrOpinGenDev 19999:657

Rolein CpGmethylation / nucleotideorganisation?
Observations:

� MouseB1 SINE is targetfor methylation in embryoniccells

� Speci�c typeof youngAlu is undermethylatedin humansperm

Do AlusdirectmethylationandtherebyDNA packing,C+GandCpGcontent?

EHG D 135;EHGD 114;EHG C 956



6. Amount of DNA under selection
Align human/mousegenomes.If noselection,weexpectto seecertainaveragenumber
of mutationsin awindow. Summarizethisby conservationscore:

�

�

= fractionof identicalsitesin largewindow (

�

dependson local

�

�

�

content)

�

�

= fractionof identicalsitesin window

�

of size

�

�

� �

�

�

� �

�

�

�

�

�

�

	

�

�

�

�




�

�

�

�

�

	�

�

If mutationsare independentand identically distributed, then

�

has (approximately)

normaldistributionwith mean

�

andstandarddeviation � .

Hypothesis: Ancestralrepeatsare neutrally
evolving, andrepresentativeof n.e.DNA.

Left: Distribution of

�

, on 165Mb of ances-
tral repeats;window sizes

� �

and �

� �

.

Indeedbell-shaped,but largerstandarddevi-
ation thannormaldistribution:

�

�

� � �

�

for

�

�

� �

;

�

�

� � 	




for
�

�

�

� �

.

Naturevol. 420,5 dec.2002,520–562



Amount of DNA under selection

Now we know distributionof

�

�

�

	

for DNA not underselection.
Distributionof

�

�

�

	

onall DNA givesusproportionof DNA underselection:

Naturevol. 420,5 dec.2002,520–562

� Compute

�

�

�

	

for windows

�

coveringentire(alignable,40%)genome(blue).
(It hasa bulgeat large

�

�

DNA underpurifying selection.)

� Subtractshapeof distributionof neutrallyevolving DNA (red).

� Whatremainsis theproportionunderselection(grey).

This is

�

�

of total genome.Codingregions= � �

�

�

. What is remaining

�

�

�

�

?



“Genomic dark matter”

Is thereasubstantialamountof conservedDNA with unknown functionin ourgenome?
Theanswerseemsto beYes:

By directcomparisonof humanchromosome21DNA against13othermammals:
(mouse,monkey, lemur, porcupine,rabbit,pig, cat,bat,shrew, armadillo,elephant,wallaby, platypus)

� 220 “Conserved Non-Genic” (CNG) sequencesof unknown function were
found.

� TheseCNGsaresigni�cantly moreconservedthanprotein-codingDNA.

� By extrapolation,CNGscover
�

�




to � �

�

% of ourgenome.



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



Example of CNG sequence



Is
�

�

of genome really under selection? Some thoughts

Are ancientrepeatsrepresentative for neutrallyevolving DNA?

Facts:

1. Few mainclasses(e.g. Alu/B1 andL1) accountfor largeproportionof ancient
repeats.

2. Alus (especiallyyoungAlus) have high C+G and

�

�

�

content:

�

� more

�

�

�

s
thanin humanDNA, and


 


�

of all genomic

�

�

�

s arein Alus.

3. LINEs have low C+Gcontent.

� (1:) Nucleotidedistribution (and thereforesubstitutionrate)of ancientrepeats
(in thepast!)maydiffer from neutralDNA,

� (1+2+3:)Mutationratefor Alus is higherthanaverage.Mutationrateon LINEs
is lower thanon Alus. This may explain observed lack of mutationalindepen-
dence(

�

�

� � 	 ), sincetypeof repeatis clearlynot independentalongsequence.

� (1+2:) High mutationrateon Alus suggeststhat estimatedaveragenumberof
conserved sitesfor neutrallyevolving DNA (

�

) is underestimate. This would
make conservationscore

�

on entiregenomecomeout high, andmake genome
look moreconservedthanit is.



Conclusions
� Transposableelements, or “sel�sh genes”,areprobablyresponsiblefor over

� �

�

of ourgenome.

� Not all arepurelysel�sh though:Alu maybea symbiont.
Probablyinvolvedin cell stressandDNA methylation / chromatinstructure.

� Methylation of

�

�

�

dinucleotidesaccountsfor many mutations. Incorporating
nearest-neighboureffectswill besubstantialimprovementfor DNA substitution
models.

� Somewherebetween

�

�




�

and




�

�

�

of ourgenomeis evolutionaryconserved, up
to � �

�

�

evenhighly conserved,andhasunknown function.
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