Junk DNA - repetitive sequences

Repetitive DNA

Eukaryote and also human DNA contains large poiomoncoding sequences. As for the
coding DNA, the noncoding DNA may be unique or iarmidentical or similar copies. DNA
sequences with high copy numbers are then callsstitee sequences. If the copies of a
sequence motif lie adjacent to each other in alhlocan array, we are speaking about
tandem repeats, the repetitive sequences dispeémsrdjhout the genome as single units
flanked by unique sequence are interspersed repeats

The nature of inter spersed repeats - transposable e ements

Most interspersed repeats originate by a procesamsposition, which is "jumping" of a

DNA segment to another place of the genome. Theressentially two types of transposable
DNA elements, or transposons: DNA transposons atndtransposons. Major classes of
interspersed repeats with capacity of transpos#rendepicted in fig. 1.

DNA transposons

DNA transposons are regarded to be inactive iftlrean genome due to accumulation of
mutations during vertebrate phylogenesis, so wefindronly their ancient remnants or
"fossils". However, the active transposon derivexnfthe human fossil elements can be
engineered with the information gathered from huiaa other vertebrate genomes. One
example is the Sleeping Beauty transposon, whiahpiomising component of next
generation gene therapy, due to its more spedfagration site (than observed e. g. for
retroviruses). How a typical DNA transposon func#i® The core of the transposable element
codes for an enzyme transposase. This enzyme taride ends of the element. The ends of
the transposon are formed by inverted repeats,iwdaa therefore exchange DNA strands
and stabilize the stem-loop structure necessarydosposase action. Transposase then cuts
the transposon out and ligates the resulting freeraosomal DNA ends. [Nearly identical
mechanism is employed during maturation of immualbglin (V-D-J recombination) and
TCR (T-cell receptor) genes for excision of themening sequences. Interestingly, the
enzyme that catalyse this reaction (made from twopopnents RAG1 and RAG2) indeed
probably evolved from a transposase.] The free ¢texrpansposon-transposase binds to a
specific sequence motif elsewhere in the genoraasposase cleaves the host DNA and
ligates the transposon into the new place. Thestrinsposon moves by a cut-and-paste
mechanism and the copy number remains stable.

Retrotransposons

Retrotransposons are most important transposadiieesits in the human genome. First, they
are much more abundant, directly forming at le&8b 4f the human genome (the estimations
vary, but most researchers believe, that it mugte® more, since ancient retrotransposons
that have been inactivated, have diverged by nourtdt the point where they are
unidentifiable).Second, retrotransposons areasttive in the human genome.

For jumping they require cellular RNA polymerask®( Ill) by which they are transcribed
into RNA, while the original DNA copy is maintainatl the same location. The RNA copy is



reverse-transcribed into DNA, and the DNA is insérinto the genome at a new location.
Thus, these elements expand in number by a duplicétopy-and-paste) mechanism. As
described for the L1 retrotransposon, processtaftransposition is prone to various
mistakes, so the new copies of a retrotransposadiae largely inactivated, because of
truncation or point mutation. Because most of thagposon copies are inactive, the further
expansion of the retrotransposon family is govelmgthe few active full-length elements.
However, even if all the active elements were lar during evolution, the genome might be
literarly overrun with the fossil members of thggence family.

Retrotransposons can be further classified as aotons and nonautonomous. Autonomous
retrotransposons are coding for proteins necedsatiieir transposition, although they are
also dependent on host RNA polymerases and DNArrepaymes for successful jumping.
Nonautonomous retrotransposons do not code fopeotgin and must hijack other
transposon’s enzymes to be able of transposition.

L TR retrotransposons - Endogenousretroviruses

Endogenous retroviruses, also called LTR retropassns, resemble proviruses of true
retroviruses in the composition - they contain leexgninal repeats (LTRS), gag, pol, env and
prt genes, but at least one of the proteins nepefmaassembly of infectious viral particles is
mutated or actually missing - env in particularu$tendogenous retroviruses can move only
within cells, otherwise their life cycle is similt infectious retroviruses, e.g. HIV virus.
Although endogenous retroviruses are active in nmagmals, including chimpanzee,
humans currently contain only fossils (mutated imedpable of transposition), which fill
about 8% of the genome. Full-length endogenousvietises are typically 7-9 kb long, but as
in case of L1 (see below), many are truncated,atsibeat the 5° end. Frequently we can find
only standalone LTR, as a result of retroviral itise and subsequent intrachromosomal
recombination between the LTRs or unequal recontibimaf the homologous chromosomes,
leading to deletion of the coding part of the reimas (fig. 5).

Non-L TR retrotransposons
LINE

LINEs (long interspersed nuclear elements), areraarhous retrotransposons. They comprise
about 21% of the human genome. The active elenbehdsig to the most abundant LINE-1 or
L-1 family, which alone comprises 17% of the geno@gthe roughly half milion of L1s in

our genome, close to 10,000 are full-length andiah@0 are still capable of
retrotransposition. Active L1 element is about Gdig and contain two open reading frames,
ORF1 and ORF2. 5"UTR (untranslated region) funstialso as a promoter, 3’"UTR contains
polyA signal. Function of ORFL1 is not clear, ibisly known to bind to L1 mRNA, ORF2
contains reverse transcriptase and endonucleasainlamd is the enzyme responsible for
integration. Life cycle of L1 begins with transdign of L1 DNA by cellular RNA

polymerase Il and standard maturation into mRNAgoole. The L1 mRNA is transported
into cytoplasm and ORF1 translated. Then the taiosl is reinitiated on an internal
ribosomal entry site (IRES) to translate ORF2 (mocécal and ineffective process in
eukaryotes, so only portion of L1 mRNAs get theRE2 protein). Both proteins immediately
bind to the L1 mRNA. This protein-mRNA complex iarisported into nucleus. ORF2 cuts
chromosomal DNA at the target site (target siteotsabsolutely specific like it is true for
restriction endonucleases, but there is some @iefiece for AT rich sequences, cleavage site



are approximately TT/AAAA). The DNA cut is unegyafeating sticky ends). Free 3'OH
group on one side the cleaved DNA molecule is bgeckverse transcriptase of ORF2 to
prime the synthesis of the first cDNA strand (taqg@med reverse transcription). Detailed
mechanism of second cDNA strand synthesis issstilject to discussion, but the process
ends by stable integration of double stranded LIAN a new place in the genome. Because
of staggered DNA break made by transposon endasss|¢he integrated L1 element is
flanked by target site duplication 7-20 bp (fig- Zhe reverse transcriptase is often incapable
to finish first strand synthesis, resulting in Gitcation of the newly formed copy (Fig. 3A).
Reverse transcriptase also lacks proofreading 8 &mdonuclease) activity, often
introducing mutation into the new copy. Interestyndtl MRNA is expressed predominantly
in meiotic and postmeiotic spermatocytes, increatins the L1 potencial for copy expansion
(copies introduced into germ line can be inheritedppposed to somatic transposition
events).

Nonautonomous r etr otransposons - SINE

SINEs short interspersed nuclear elements areafpiess than 500bp long and have no
protein coding potential. The main SINE family iarhans is formed by Alu elements (the
name is derived by their discovery based on agiaionserved Alul restriction sites). The
greater than 1 million Alu elements in the humanayee account for about 11% of its mass.

Alu elements share 282 bp consensus, which isecetat and was presumably derived from
the SRP (signal recognition particle) RNA subuoélied 7SL RNA). SRP is a ribonucleo-
protein complex, that recognizes signal peptidedsito it and translocates the ribosome-
MRNA-nascent peptide complex to endoplasmic retiou[ER) channel, through which the
nascent protein is translocated into the ER lumréntegrated into the membrane. Alus are,
like 7SL RNA gene, transcribed by RNA polymeraseAlu RNA can bind two SRP
proteins (9 and 14). Presumably, Alu can thus bingbosomes and by its polyA tail it can
bind (if the ribosome just happens to translateEINmMRNA) nascent ORF2 protein, and
force ORF2 protein to reverse transcribe and iategis RNA and not the LINE-1 mRNA

(fig. 4).
Function of transposable elements

From the immediate point of view, transposons haveecessary function in the cell - called,
junk DNA"; or "selfish DNA", as transposons proptgan behalf of the cellular resources.

On a wider scale, the motility of the retrotransgme elements can be important for genome
plasticity. Occasional insertion into genes camugisthe gene function and cause an inherited
disease (Fig. 3C). LTR and LINE elements can asmge gene expression, if inserted near a
gene, as LTRs and LINE 5"UTR have strong promattvity in both directions (Fig. 3F).

Because LINE-1 retrotransposon has relatively wedkadenylation signal, it happens that
the RNA polymerase Il reads through it, attachiagKing DNA sequence to L1 mRNA,
which is then retrotranscribed and moved into nesgitpn. So LINE-1 can be a vector for
DNA shuffling. As the retrotransposed copies ofdré often 5’truncated, the mobilized DNA
can move to new position even without any sequehtee L1 vector. This might be
important for shuffling of smaller DNA fragmentsike for exchange of exons among genes
(Fig. 3D).

L1 retrotransposition may lead even to deletiorgsiamersions, as depicted on fig. 3E.



Very rarely, a cellular mRNA is subject to revetisascription and transposition by an
enzyme from L1 or other retrotransposons. In thsedhe gene is duplicated. The new copy
is called processed pseudogene, as it is derioaa firocessed mMRNA lacking introns, and is
usually not functional due to missing promoter (BB). Rarely a processed pseudogene can
adopt a function under selective pressure. A wadvkn example is pyruvate dehydrogenase
gene, subunit Elalpha. This gene (PDHAL) is on ¥mrimsome in eutherian mammals. But
expression of many genes residing on X chromosgmeased during spermatogenesis,
including PDHA1, although it is essential for fuioct of all cells. This lacking function was
apparently rescued by retrotransposition - theobosely related gene PDHAZ2 on
chromosome 4 - and this gene is intronless - &&ypeature of processed pseudogenes..
Highly expressed housekeeping genes have of cbigker probability of retrotransposition.
We thus find many processed pseudogenes for ribalgmoteins, glycolytic enzymes, beta-
actin etc. Processed pseudogenes should not bekemsfor "ordinary" pseudogenes, which
arose by genomic DNA duplications (e.g. pseudogent®e hemoglobin cluster) and retain
therefore the original gene structure (exons, mgy@romoter, ... although with impaired
function). Several genes directly derived from taoteansposon were discovered. The latest
addition is gene Pegl0 (paternally expressed ldBnsed from a LTR retrotransposon of the
Ty3/gypsy family (most similar retrotransposon vi@snd in active form in fugu fish
{Takifugu rubripes}). Peg10 is necessary for plaaeédevelopment in mice, the same would
be probably true for humans. Other examples inchyaeytin genes derived from
endogenous retroviruses of HERV-W family. Theseimgortant in syncytia formation from
trophoblast cells, mechanism of membrane fusioreddesembles retroviral entry to cell.

Even inactive repeat elements increase plasti€itgepgenome by promoting
interchromosomal unequal crossing-over or intracto®omal recombination, leading to
deletions/duplications or inversions (fig. 5).

Last but not least, transposons are speculateavi® $ome real physiological function, since
e.g. their expression is upregulated during stresgonse. But the diverse hypotheses that can
be drawn from this observation are far from beilugidated.

Tandem repeats

Tandem repeats are made of succesive identicaarhyndentical (degenerate) repeat units.
They vary in length of repeat unit as well as ldngjtthe whole repeat much, so every
classification is not satisfying and must be takamm grano salis". The largest repeats, which
tend to be composed from large repeat units atedssitellites. The name satellites comes
from centrifugation of DNA in density gradientsrg$ti during DNA isolation conventional
methods, DNA is subject to shear stress, with teguDNA fragmentation (note that in vivo
one G1 phase chromosome contains 1 DNA molecut®sd fragments can be then
centrifuged in density gradients so the DNA moleswccupy places in the gradient with the
same density as the DNA molecule. Bulk of DNA vidlim one band. But DNA fragments
with significantly different CG/AT content, causedg. by large monotonous repeats will
form minor "satellite” bands. The denomination atietlite DNA was later broadened to
incorporate similarly repetitive sequences thatrenteforming these satellite bands. Satellite
primary repeat units are various, from GGAAT foundatellites 2 and 3 to 171 bp in alpha
satellite. But these primary units are often degatieel, conaining certain irregularities. These
irregularities can be periodical, forming thus setary repeat units. Satellite DNA is
abundand at centromeres and constitutive heterowtne. Although human genome is
considered completely assembled, the centromerenggnd heterochromatin containing



satellite sequences are not included, since theeseing of such regions is from various
reasons challenging (absence of restriction giliffssult sequencing, almost impossible
contig assembly). From the various satellites foahadr near the centromere, a family of
alpha-satellite repeat (with primary unit 171 bpdlmbly form functional core of
centromeres, as they are important for kinetochesembly during cell division (some
kinetochore proteins bind to the alpha-satelliteexitromere, and thus nucleate kinetochore
assembly). The function of other satellites is wown, regarded mostly as junk DNA.

Minisatellites are shorter tandem repeats, in the range of kizhwdre enriched in
subtelomeric regions of chromosomes. They are dfighy polymorphic as to the number of
repeat units in a repeat (many alleles in the i) and can be used as genetic markers -
VNTR, variable number of tandem repeats. VNTRsoéiien too large to be amplified by
PCR and are therefore typically assayed by SouthletnSometimes, certain minisatellites
are hypothesised to have regulatory functions,@saeVNTR in insulin promoter, where
different length of the repeat was associated diffierent types of diabetes. One allele of the
insulin VNTR is shown on fig. 7. Telomeres of hun@momosomes, formed by several
kilobases of the hexamer repeat TTAGGG belongtalsbe minisatellite range of tandem
repeats, although they arise by a specific mechanisy the enzyme telomerase. Telomerase
is composed from a protein subunit with reversedtaptase activity and an RNA subunit
with a sequence complementary to TTAGGG, whicheens a template for the telomere
elongation (telomerase protein subunit is relategverse transcriptase of non-LTR
retrotransposons). However, telomeres can elorgyage by the passive general mechanism
of unequal crossing-over (see fig. 5D), e.g. incearcells.

Maybe it should be noted here once again, thase¢lyj@ence of the human genome comprises
the euchromatic regions, bounded proximally, butimcuding the centromeres and
pericentromeric heterochromatin, and distally bgrteeres, which are also, together with
subtelomeric regions not included.

Microsatellites have repeat units typically 1-5 bp, with repeaglté rarely exceeding
hundreds of repetitions in order. Most common fgraflthese repeats are 2 bp repeats, from
which (CA)n repeats are prevailing. The microsdeslare very common in the genome,
highly polymorphic and are very often used as gemearkers. Examples of such genetic
markers are in chapter covering linkage.

Trinucleotide expansion diseases

If in or near the genes, length of microsatelltas have deep consequences - e.g. in so called
trinucleotide expansion diseases, a group of hgégreous hereditary mendelian syndromes.
The most known example is Huntington chorea, fagalrological illness with adult onset
presenting as dementia and extrapyramidal motiotrabimpairment. In the huntingtin gene,
there is a CAG repeat sequence, coding for a btdtglutamine residues (polyglutamine
tract) in the huntingtin protein. Normally peoplave less than 20 CAG trinucleotides and
consequently glutamines in huntingtin, where ivesras an important domain for protein-
protein interaction. However, if by mutation thismber expands to more than 30 glutamines,
the protein does not function properly, resultingprogressive death of neurons in nucleus
caudatus. In other trinucleotide expansion diseagetonic dystrophy (muscle dystrophy

with muscle weakness paradoxically accompanied mitfeased muscle tone), pathologic
expansion of the trinucleotide CTG takes placéne3” untranslated region of the DMPK
(dystrophia myotonica protein kinase). The mutaRINA itself has therefore the



pathological potential, and probably wreaks havwough sequestration of various
transcription factors. For other examples of "exgiam’ diseases refer to chapter
Nonmendelian Inheritance.

M echanisms of tandem repeat expansion/shrinkage

First mechanism that contributes to polymorphisrtaatiem repeat length is unequal
crossing-over. That is typical in particular foettarger repeats (Fig. 5D). Small
microsatellite repeats often change their lengtimistakes of DNA synthesis, e. g. a
mechanism referred as polymerase slippage (Fig\t&8he front of replication, the DNA
double helix is not yet extremely stable and igesttito substantial thermal fluctuations. If
the polymerase just happens to replicate at theosatellite, the DNA strands might not
(during fluctuations) reassociate exactly, but vetkhift of several repeat units. This
mechanism is enhanced in some kinds of repeatsdhagtabilize transition states by forming
double strand loops, e.g. the CAG/CTG trinucleotide

Links

Repetitive sequences are stored in a cetral daaRapbase (unfortunately, direct use of
RepBase is possible only for academic institutiom://www.girinst.org/

There are also specialized databases, coveringsonhg aspects, like database of human
endogenous retrovirusdsip://herv.img.cas.cz/

RepeatMasker is a computer program performing ifiestion of repetitive sequences using
Repbase and eventually their masking in the segu@ng. to facilitate gene discovery).
http://www.repeatmasker.org/cqgi-bin/WEBRepeatMasker

SRPDB (signal recognition particle database) presisequences and structures related to
functions of SRPhttp://psyche.uthct.edu/SRPDB/SRPDB.html

AluGene is database of Alu elements incorporatedimprotein-coding genes
http://alugene.tau.ac.il/

L1Xplorer is a database dedicated to detectionsaumdbtation of full-length intact L1
elementsttp://I1xplorer.molgen.mpg.de

Links

Fig. 1: Various classes of transposons occurring in the human genome

A: Non-LTR retrotransposons. LINEs (long intersgersepeats) are represented by LINE-1
(L1). 6 kb element contains two open reading frarfiee ORF2 contains endonuclease (en),
reverse transcriptase (rvt) domain as well as geys-rich domain (C-rich). 5" untranslated
region (5"UTR) contains also internal promoterRNA polymerase Il (in a usual gene,
promoter is upstream 5’"UTR). 3" untranslated re8WTR) contains canonical
polyadenylation signal (AATAAA) and a polyA tailh@t is also normally absent from the
ordinary genes, and is only added to mRNA by aatiopolyA polymerase). L1 is flanked by
target site duplication (TSD) that arises during tdwget primed reverse transcription.

B: LTR-retrotransposon - endogenous retrovirus.i@egd is a typical structure of a



retrovirus, or more precisely of a provirus, thenfantegratred into DNA. Endogenous
retroviruses can be distinguished from the infertiones only by the means of point
mutations or deletions in the genes necessaryfectious particle assembly - in most cases
it is the env (envelope) gene. gag (group speaiittyen) is the nucleocapsid protein. pol
(polymerase) has the reverse transcriptase (rtit)itgdor first and second strand DNA
synthesis, RnaseH activity for cleavage of RNAh@ RNA/DNA hybrid after first strand
synthesis and integrase (int) activity (cleavesténget DNA and ligates the retrovirus into

the cleaved site). prt (protease) is indispensfableirus assembly by cleavage protein
precursors translated from retrovirus mRNA (e.@ gad pol are often translated as one large
polyprotein). LTRs (long terminal repeats) are iilsal sequences at the retrovirus ends. Each
LTR is composed from U3 (3" untranslated regionjrdRombination region) and U5 (5
untranslated region). This is derived from theaetus mMRNA structure, which extends only
from upstream R to downstream R. How the full langDNA is derived from this mRNA is
beyond the scope of the chapter. Although the emaimgs retroviruses are reverse transcribed
in cytoplasm, so the mechanisms of integratiome@oty does not require target site
duplications, these are often formed, albeit sindhizn in L1.

C: DNA transposon is represented by the 1,2 kbmeafamily. The synthetic DNA
transposon Sleeping Beauty belongs to this faroily Central transposase region is flanked
by inverted repeats. Upon integration target siglidation is formed from the host DNA.

The target site duplication is leaved in the genasia transposon signature, when the
transposon jumpes to another place.

D: nonautonomous nonLTR retrotransposons belotiget&INE (short interspersed repeat).
The subfamily active in humans is represented typiaal 282 bp Alu element. Alu is a
dimmer composed from two nearly identical mononfiéght and intermediate grey). The left
monomer has a deletion of the dark grey box. Theamer is derived from 7SL RNA gene,
coding for the RNA subunit of SRP (signal recogmitparticle). SRP is a complex
recognising signal peptide of the Sproteins thattaribe transported into endoplasmic
reticulum lumen or membrane. Note that the 7SL geweawn in 50% scale! PolyA region

of Alu is not part of the 7SL gene, but is impottéor success of Alu in retrotransposition.
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Figure 2. Target primed reversetranscription (TPRT)

ORF2 protein cleaves first one DNA strand at tligag(target sequence is rich in A+T and
the sequence is usually similar to consensus TTAA&Bavage occurs between T and A on
the complementary strand). The cleaved strand det®s and binds to polyA tail of L1
MRNA (dashed orange line). Free 3" OH group oDN&A strand primes cDNA first strand
synthesis. Cleavage of the second DNA strand o¢t@ nt downstream of the first cut and
the free 3" OH group generated by this event id tsg@rime the second strand synthesis of
L1 cDNA. The mechanism of second strand synthesi®i completely elucidated. The whole
process ends by formation of a new DNA copy offlanked by duplication of the target site.
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Figure 3. LINE-1 alters genomein various ways

A: Retrotransposition in cis. L1 makes retrotransgasmies of itself. The copies may be
complete, or more often 5" truncated or 5” trund&tgh inversionB: ORF2 protein of L1

can retrotranspose SINE elements (like Alu) or oteiular mRNAS, creating processed
pseudogenes (Retrotransposition in trans). Codingsare represented by brown boxes, 5
and 3" UTR (untranslated regions) are in lightdoicesplicing of exons into mRNA indicated
by broken linesC: Retrotransposon can insert into gene. Insertitmaxon usually leads to
disruption of open reading frame and protein trtinca(asterisk depicts the place of a new
stop codon). But even insertion into an intron bawe deleterious consequences - e.g. exon
skipping or creation of a new exon, which also ofiésrupt the protein. Retrotransposon
insertion is a well documented cause of variougdigde diseases. Most frequently inserted
are Alu elements, followed by LD: 3" transduction. L1 has relatively weak polyadatigh
signal. Therefore RNA polymerase may read throughteanscribe also a segment of
flanking chromosome DNA. This hybrid mRNA is thestrotransposed, resulting in moving
of both L1 (which is however usually partially 5uncated or even completely deleted) and
the flanking DNA. This may be a mechanism of exonfiing between gene&: Insertion of
a retrotransposon is often accompanied by a reggraent - here deletion of the green
segment and inversion of the red segment includimgxon, with subsequent skipping of this



exon during splicingE: L1 promoter can promote transcription not onlytefown element,
but also of the neighboring genes, both upstreahrdamwnstream.
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Figure 4 Alu sequences are hyperparasites

A: Structure of the 7SL RNA gene and Alu elemeett)land secondary structure of the
respective RNA molecules (right). Transcription/&L RNA gene is directed by internal
RNA polymerase IIl promoter (A) and enhancer (EANu gene has composite internal
promoter (A+B). Natural terminator of RNA polymeeadl is tetranucleotide TTTT.
Transcription is interrupted after first three BLYRNA is composed from Alu domain (blue)
and S-domain (yellow). SRP proteins 9 and 14 binthé Alu domain, which serves for the
anchorage to ribosome. Other proteins bind to tdei8ain, includin protein 54, which
collaborates on the signal peptide (red line) radamn. Alu RNA is formed basically by two



Alu domains of 7SL RNA, with an addition of a polg&quence.

B: Alu RNA binds to ribosome. If the ribosome isfdranslating ORF2 of LINE-1 mRNA
(green line), the polyA tail of Alu element competeith the polyA tail of L1 for binding of
nascent ORF2. PolyA binding proteins mediate theraction. If ORF2 binds to Alu, ORF2
will reversely translate and transpose Alu instebdl and thus parasite on L1. If we
consider L1 as a genomic parasite, Alu is a hypegii - i. e. parasite’s parasite. Other
cellular mRNAs (blue line) can compete with therhRNA for ORF2 binding too, albeit

with much lower efficiency (it is estimated, thedrih 3000 L1 retrotranspositions, 300 would
be hijacked by Alu elements and only cca 1 by agrothRNA.
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Figure 5. Repeats promote genomic rearrangements.

A+B: genomic region containing direct repeats (i@ $ame direction, the same sequence on
the same DNA strand). The two repeats can pairecwmbine. The intrachromosomal
recombination (A) leads to deletion. Hypothetidatwalar fragment is lost - it does not
possess a centromere. Unequal crossing-over vathtireg interchromosomal recombination
(B) causes deletion and duplication.



C: Intrachromosomal recombination between two itegerepeats (in the opposite direction,
the same sequence is on the opposite DNA straad} l® inversion of the intervening DNA
sequence. The functional consequences of suctanggments are context dependent, from
silent to lethal, as may be expected.

D: Tandem repeat polymorphisms can arise by unemaasing over.
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Figure 6. Satellites

A: primary units and higher order (secondary) uafttandem repeat. Probable "evolutionary
history" of repeats as exemplified by GGAAT sequerihis sequence multiplicates and
form thus a perfect monotone repeat. Some positadas undergo mutation (red) creating
imperfect (degenerate) repeat. Then the sequenktgplcates again, but now several



degenerated units multiplicate together as one arg@ating thus a perfect repetition of this
larger, secondary unit (arrow). The sequence GG/AATase of the human satellites 2 and 3.
These satellites differ by the secondary unit.

B: Structure of human mitotic chromosome with respe satellite sequences. Alpha-satellite
forms heterochromatin at the core of the centrontgesides the proteins associated with
heterochromatin, alpha-satellite binding proteisseanble on the alpha satellite sequences to
form inner plate of the kinetochore. Some of thes¢eins are associated with the centromere
throughout the cell cycle. On the inner kinetochalete assembles an outer kinetochore plate
that interacts with microtubules of the mitoticrggie. Centromere is usually flanked by
pericentric heterochromatin formed by other typesatellite sequences. Tips of the
chromosome (telomeres) are formed by telomericatpEAGGG, the adjacent subtelomeric
regions are also higly repetitive.
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Figure7. VNTR in insulin gene

A: DNA segment (coding strand, 5" to 3 directiomtadning insulin gene. Insulin gene
contains three exons (upper case) that form thanmatRNA. The important regulatory
sequence motifs are in red - TATA box upstreanhefttanscription initiation site, ATG as
start of translation (transcribed into AUG in mRN#hich serves as the initiation codon,
inserting the first methionine of the polypeptideard), the conserved dinucleotides GT and
AG at intron splice sites, stop codon TAG and pderaylation signal AATAAA. Sites of
single nucleotide polymorphisms are in bold (thatms that many subjects have a different
nucleotide at that position, not the one showng finisatelite is in blue, of course, only one
allele is shown, other alleles differ by the numbfrepetitionsB: This allele of the VNTR
consists of 29 repetitions of the sequence motiB&EFGTGGGGACA, although not all
repeat units match the consensus perfectly (nocshimmaf bases are in black). Note that the
repetition contains a palindrome TGTnnnnACA, whighy stabilize "stem-loop" structures
and promote thus instability of the number of repésee fig. 8). Variable length of the
minisatelite just upstream of the insulin generonpoter region may differentially interact
with transcription factor binding promoter and catisus differential expression of the insulin
gene. Indeed some alleles were associated witHagewent of diabetes (however, is is very
challenging to differentiate direct effect from tghlinkage - see the chapter dealing with
linkage.
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Fig. 8. Polymorphism in microsatellites can arise from polymerase slippage

During polymeration, thermal fluctuation can disabe DNA strands. The reassociation is
usually perfect, resulting in no change. Howevecasionally, the DNA may align unequally,
due to the repeat. Either the polymerizing strarag$ back, which can result in expansion of
the repeat (that is more frequent); or the elongagirand bind more distally to the template
(the template loops back) with subsequent shrinkdigiee repeat. Inset: Some repeats may
promote this procedure due to stabilization oftthasition state by forming stem-loop
structure from the imperfect double helix, espégi@AG/CTG repeat, which is involved in
pathogenesis of several trinucleotide expansiogadiss. The longer the microsatellite, the
higher probability of polymerase slippage, whickates, in combination with the more
pronounced tendention for elongation of the repeansitive (reinforcing) feedback loop.
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