
Na ture and or i gin of germline mu ta tions in hu man
tan dem re peated loci

S. A. Kravchenko, L. A. Livshits

The In sti tute of Mo lec u lar Bi ol ogy and Ge net ics
150 Zabolotny Str., Kyiv 03143, Ukraine

livshits@imbg.org.ua

The lit er a ture and own data on na ture and or i gin of germline mu ta tions in hu man hypervariable mini- and
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Mutational vari abil ity is con sid ered to be the im -
por tant source of di ver sity of in her ited fea tures and 
the mu ta tion tempo is one of the most im por tant
char ac ter is tics of mu ta gen e sis in gen eral.  The data 
on the level of mu ta tions in dif fer ent ge nome re -
gions are very sig nif i cant for both un der stand ing
of the mech a nism of mutational pro cess proper and 
for prog no sis of ge netic load based on the ef fect of
mu ta tions.  The data on mu ta bil ity of some ge nome 
re gions are of spe cial im por tance in the search for
in for ma tive mark ers, suit able for var i ous tasks and
pop u la tion in ves ti ga tions.

Pre vi ous re search re vealed the level of in her ited
mu ta tions in hu mans to de pend on the ge nome re gion
and to vary widely from 10–9 for unique se quences up to 
10–2 for microsatellite se quences, and even to 10–1 for
some minisatellite se quences [1–3].

There are sev eral ap proaches to study the lev els of
in her ited mu ta tions:

– fam ily ap proach – di rect in ves ti ga tion of in -
her i tance of al leles from par ents to de scen dants [4–6];

– di rect ap proach – in ves ti ga tion of mu ta tions
in germ cells di rectly, in spermatozoid in par tic u lar [7];

– phylo gen etic ap proach – the com par i son of
phylo gen etic tree of al leles of poly mor phic loci of sim i -
lar spe cies (this ap proach al lows eval u at ing his tor i cal
ac cu mu la tion of mu ta tions; one of the vari ants of this
ap proach is the study of un evenly bound loci, for in -
stance, from ge nome of some sort of dis ease with the
pos si bil ity of trac ing the mu ta tions in a sig nif i cant
num ber of gen er a tions) [8, 9];

– as sess ment of mu ta tion rates in vi tro in bi o -
log i cal sys tems (may be ap plied for in ves ti ga tions of
both spon ta ne ous mu ta tion rates and muta ge net ic in flu -
ence of dif fer ent fac tors) [10];
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– math e matic mod el ling ap proach for sim u la tion
of muta ge net ic pro cess on the ba sis of ex is tent di vi sion of
fre quen cies of poly mor phic loci al leles [11].

The in ves ti ga tion of muta ge net ic pro cess in hu man ge -
nome was highly ac cel er ated by the dis cov ery of poly mor -
phism of tan dem re peated DNA se quences in hu man ge -
nome, which re flects the muta ge net ic pro cesses in these
genomic loci.

Minisatellites or VNTR-loci – Gen eral char ac ter is -
tics of minisatellite loci. It was in the be gin ning of 1980’s
when sev eral groups of sci en tists dis cov ered and char ac -
ter ized spe cific hy per-vari able re gions in hu man ge nome. 
These re gions were dis cov ered in the close prox im ity to
in su lin and al pha-sim i lar glo bin genes, apolipoprotein B
gene, in the first intron of myoglobin gene, as well as in
many other re gions of hu man ge nome [12, 13].  The com -
mon char ac ter is tic of the afore men tioned hypervariable
re gions was the pres ence of se quences which in cluded
short (sev eral doz ens of nu cleo tides) tan dem con cen trated
re peats.  Later on this type of se quences was called
minisatellites.  Op po site to clas si cal sat el lite DNA,
minisatellites are not as so ci ated with centromeric
heterochromatin and ba si cally oc cur in telomeric and
sub-telomeric re gions of hu man ge nome [14].

The anal y sis of sev eral di verse minisatellites re vealed
the com mon core re gion, 10–15 b.p. long, which is pos si -
ble to func tion as a sig nal of re com bi na tion at the for ma -
tion of poly mor phic minisatellite re gions [15].  The di vi -
sion of minisatellite loci on the chro mo some con firmed
this hy poth e sis as telomeric ge nome re gions, where gen er -
ally minisatellites ap pear, are spe cific for a rather high re -
com bi nant level [16].  The op po site telomeric re gions of
autosomes were de ter mined to in clude ap prox i mately the
same amount of minisatellite loci, yet minisatellites of
X-chro mo some telomeric re gions dif fered sig nif i cantly
[17].  There were only sev eral minisatellite loci, which
were iden ti fied on germ-spe cific part of X-chro mo some,
the re gion, where re com bi nant events do not take place
dur ing mei o sis in male.  And vice versa,
pseudo-autosomic re gion was ob served to re veal a high re -
com bi nant level, rep re sented by a sig nif i cant amount of
minisatellites [18].  There was only one minisatellite lo cus
(D17155S1) re vealed in pseudo-autosomic re gion of this
chro mo some dur ing Y-chro mo some map ping [19].

Poly mor phism of minisatellite loci. The South ern
method of hy bridi sa tion was the ba sis for DNA-typ ing of

hypervariable re gions till 1990’s.  A. Jeffreys et al.
were the first to con struct 33.6 and 33.15 probes on
the ba sis of minisatellite of myoglobulin intron se -
quence, which “re cog nised” dif fer ent hy per-vari -
able re gions of DNA [20].  The pic tures of hy bridi sa -
tion, ob tained us ing this method, in deed dem on -
strate si mul ta neous de tec tion of a great num ber of
minisatellite re gions in hu man ge nome, many of
which are poly mor phic, i.e. they con tain dif fer ent
num bers of re peated el e ments in dif fer ent in di vid u -
als.  Vis i bil ity-wise this multi-loci poly mor phism
was re vealed on autoradiographic de vices as the set
of hy bridi sa tion lines of dif fer ent length, which were 
also called DNA “fin ger-prints” (Fig.1).

The level of heterozygosity of these multi-loci
DNA fin ger-prints in the in ves ti gated pop u la tion
was very high and reached al most 100%.  It is note -
wor thy that this high poly mor phism level of
minisatellite loci is con sid ered to be one of the most
im por tant char ac ter is tics of hypervariable re gions of 
hu man ge nome [21].  How ever, the ap pli ca tion of
South ern method hy bridi sa tion to ana lyse multi-loci
poly mor phism of minisatellite loci was spe cific for
its, rather sig nif i cant, spe cific dis ad van tages i.e. in
the cases, when minisatellite loci were a part of rel a -
tively large DNA frag ments, it was hard, if pos si ble
at all, to iden tify al leles, dif fer ent from each other in
sev eral nu cle o tide pairs only.  Be sides, al leles of dif -
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Fig.1 Anal y sis of DNA “fin ger-prints” of dif fer ent in di vid u als
(ac cord ing to A. Jeffreys et al. [21]): 1–6 in di vid u als with sets
of hy bridi sa tion bands of dif fer ent width



fer ent loci may be of the same size of hy bridi sa tion
frag ments, which re sults in im pos si bil ity to study one
of the main char ac ter is tics of poly mor phic lo cus, i.e.
pop u la tion fre quency of cer tain al leles.

Rapid de vel op ment of the method of in vi tro DNA
am pli fi ca tion [22], which is based on poly mer ase chain
re ac tion (PCR), was the key fac tor in the change of sit u -
a tion with ana lys ing hypervariable loci, as this method
al lowed re mov ing the re stric tions, lim it ing the ef fec -
tive ness of their ap pli ca tion as mark ers of dif fer ent ge -
nome re gions.  Hav ing ap plied cer tain oligonucleotide
prim ers, com pli ment to the in ves ti gated re gion of chro -
mo some, and thermostable DNA-poly mer ase, it is pos -
si ble to am plify any spe cific frag ment of genomic DNA 
with minisatellite loci in cluded.  Dif fer ent al leles of
minisatellite lo cus vary in the num ber of tan dem re -
peats it con sists of.  There fore, minisatellite loci ob -
tained a new name on PCR dis cov ery – VNTR-loci or
loci with var ied num ber of tan dem re peats.  Thus, dif -
fer ent al leles of   poly mor phic lo cus may be of dif fer ent 
length and,  as  a con se quence,  dif fer ent  mi gra tion 

mo bil ity dur ing elec tro pho retic sep a ra tion of PCR
prod ucts (Fig.2).

Sev eral hun dreds of sin gle-lo cus VNTR-sys tems,
the ma jor ity of which is highly-poly mor phic
(heterozygosity level ex ceeds 80%) have been dis cov -
ered now a days, which en ables their ef fec tive ap pli ca -
tion as ge netic mark ers in ver sa tile fields of bi ol ogy and 
med i cine.

Microsatellites or STR-loci – General char ac ter -
is tics. The be gin ning of 90’s of the pre vi ous cen tury
was rich for the works of dif fer ent sci en tific groups,
who char ac ter ised the new type of re peated se quences
in hu man ge nome – microsatellite loci [23, 24].  Both
minisatellites and microsatellites con sist of tan dem re -
peats, but the re peated mo tif var ies from 2 ~ 6 b.p. 
These loci were called short tan dem re peats (STR-loci)
[25].  In con trast to VNTR-loci, ba si cally lo cated in
telomeric re gions of chro mo some, STR-loci are dis -
persed along hu man ge nome and oc cur ev ery 6–10 103

b.p. Poly mor phic microsatellite se quences were de -
tected in both not en cod ing intergenic and en cod ing re -
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Fig.2 Sche matic rep re sen ta tion of dif fer ent al leles of four-al lele VNTR-lo cus and typ ing of dif fer ent ge no types dur ing elec tro pho retic sep a -
ra tion of PCR prod ucts



gions of hu man ge nome [26].  The most com mon
microsatellites are dinucleotide re peats, which are the
most com mon to in clude AC nu cle o tide pairs on one DNA
chain and GT on the other one.  Some other STR-loci, con -
sist ing of three-, tetra-, and pento-nu cle o tide re peated mo -
tives were also de scribed.   STR-loci  dif fer  not  only in
nu cle o tide con tent of tan dem re peats, but also in the num -
ber of them: low vari a tion loci con sist of tan dem re peats,
the  num ber  of  which  does not  ex ceed 15;  me dium  vari -
a tion loci may in clude up to 25 tan dem re peats, and, fi -
nally, high vari a tion loci may in clude more than 25 tan -
dem re peats [27].

Re gard less of the fact that STR-loci are in cluded in
both en cod ing and not en cod ing re gions of hu man ge -
nome, the is sue of their pos si ble gen er ally-bi o log i cal role
re mains un solved.  The lit er a ture con tains some hy poth e -
ses re gard ing the func tions of some in di vid ual
microsatellites.  Thus, the pro teins, ca pa ble of spe cific
bind ing with some di- and trinucleotide re peats as a part of
DNA [28], one of them, at least, may be in volved in the
pro cess of ac cu mu la tion nucleosomes in vi tro [29], were
iden ti fied.  The ev i dent role of trinucleotide re peats in
cases of frag ile X-chro mo some, myo tonic dys tro phy,

Hun ting ton’s he red i tary cho rea, and some other
neurodegenerative dis ease was de ter mined (Ta ble
1).  This new class of he red i tary dis eases is dis tin -
guished on the ba sis of the main mech a nism – dy -
namic mu ta tion.  Dy namic mu ta tion is the in crease
(ex pan sion) of the num ber of cop ies of trinucleotide
re peats in the con sec u tive gen er a tions of a cer tain
ge nus.

Ex pan sion of the re peats is ac com pa nied by the
dis ease oc cur ring at a higher thresh old num ber of
these re peats.  Rapid in crease in the num ber of re -
peats is de ter mined to be the rea son of com plete ter -
mi na tion of tran scrip tion cor re spond ing or closely
lo cated genes, which re sults in the afore men tioned
dis eases [30].  The re verse de pend ence of the num -
ber of trinucleotide re peats with transcriptional de -
pend ence of genes, which those genes in clude, was
dem on strated [31].

Pos si ble mo lec u lar mech a nisms of
minisatellite and microsatellite in sta bil ity. The
whole se ries of in ves ti ga tions re vealed that
minisatellite and microsatellite loci are spe cific for a
high level of he red i tary mu ta tions [3, 5, 32, 33].  The
main types of mu ta tions in these loci are de le tions
and in ser tions of tan dem re peats, which are in cluded
into mini- and microsatellite loci.  Microsatellite and 
minisatellite poly mor phism is ex plained by means
of vari a tion in num ber of tan dem re peated units. Ex -
act mech a nisms re sult ing in this in sta bil ity re main
un known, yet the ma jor ity of the data, ob tained ei -
ther in hu man cul ture in vi tro or in model Esch e -
richia coli ex per i ments, in di cate that the main role in 
mu ta tion pro cess in minisatellite loci is per formed
by gene con ver sion [34].  Er rors DNA rep li ca tion –
rep li ca tion slip page – is con sid ered to be the source
of mu ta tion of microsatellite loci [30].

The in creased mu ta tion fre quency of
minisatellite loci was called minisatellite in sta bil ity
(MNI).  The mu ta tion rate of cer tain minisatellite
loci may vary sig nif i cantly, but for the ma jor ity of
loci it amounts to 2·10–4 [32].  The main mech a nism
of  for ma tion  of  the  men tioned  mu ta tions is the
pro cess  of  ge netic  con ver sion dur ing re com bi na -
tion [34].

Ge netic con ver sion is the mod i fi ca tion of one of
two al leles by the other one.  The fi nal re sult of ge -
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Ta ble 1.
 Dis eases caused by the ex pan sion of trinucleotide re peats

Disease
Localisat

ion
Repeat

Number of gene
copies

Norm
Pathology

Fragile X Syndrome 
(FRAXA)

Xq27.3 CGG 5–50 >200

Fragile X Syndrome 
(FRAXE)

Xq27.3 GCC 6–25 >200

Fragile X Syndrome 
(FRAXF)

Xq28 GCC 12–26 >900

Spinal and Bulbar
Muscular Atrophy

Xq11-12 CAG 17–26 40–52

Myotonic dystrophy 19q13.3 CTG 5–27 50–1600

Huntington‘s
hereditary chorea

4p16.3 CAG 11–34 >42

Spinocerebellar
ataxia

6p21.3 CAG 25–36 43–81

aultMachado-Joseph 
disease

14q32.1 CAG 13–36 68–79

Friedreich’s ataxia 9p13 GAA 7–22 291–900



netic con ver sion is sim i lar to the re sult of dou ble un -
even cross ing-over.  The dif fer ence be tween these two
pro cesses lays in the fact that mod i fi ca tion of one al lele
(tar get) af ter ge netic con ver sion is non-re cip ro cal, as
the other al lele (source) re mains un changed.  Prac ti -
cally it is im pos si ble to dif fer en ti ate be tween these two
pro cesses as it is im pos si ble to ana lyse both prod ucts of
re com bi na tion.  More over, the changes in haplotypes
both dur ing ge netic con ver sion and as a re sult of dou ble 
un even cross ing-over are iden ti cal.

Con crete ev i dences for mech a nism of for ma tion of
de le tions (de crease in num ber of re peated se quences)
and, es pe cially, in ser tions (in crease in num ber of re -
peated se quences) in male germ cells were ob tained in -
ves ti gat ing the se quences with high mu ta tion level in
germ cells.  De tailed anal y sis of nu cle o tide se quences
of par ent and mu tant al leles of MS13 lo cus al lowed A.
Jeffreys et al. to prove that the ma jor ity of mu tant vari -
ants (a part of de le tions and all in ser tions) were formed
as a re sult of the pro cess of re com bi na tion [35].  At he
same time the au thors proved that in sig nif i cant part of
mu ta tions, de le tions in par tic u lar, may be formed by
means of loss of some part of the se quence.  This pro -
cess is most likely to take place as a re sult of dou ble
strand breaks (DSB), oc cur ring in minisatellite loci and
re sult ing in the for ma tion of al lele vari ants of dif fer ent
length af ter their re pair [36].  Ex pected high level of
mu ta tions is con di tioned by the fact that these mu ta -
tions are the “hot spots” of re com bi na tion and dou ble
strand breaks.

High mu ta tion fre quency of microsatellite loci was
called microsatellite in sta bil ity (MCI).  This no tion was 
de scribed in the be gin ning of 1990’s.  Non-spe cific for
nor mal DNA, al lele vari ants were ob served in sig nif i -
cant amounts (over 50%) in DNA from pa tients’ can cer
cells of in her ited non-polypous colorectal can cer [37]. 
The most of data in di cate the main role in the mech a -
nism of MCI is played by rep li ca tion er rors, namely,
rep li ca tion “slippages”.  At the same time DNA-poly -
mer ase is dis so ci ated tem po rally in the rep li ca tion fork
ac com pa nied by the for ma tion of un paired DNA re -
gions.  Later on re peated tan dem unit is re-as so ci ated at
a cer tain dis tance, but this time with no ho mol o gous re -
peat.  The place of in cor rect pair ing is noted for the for -
ma tion of a pin from the DNA frag ment, while
DNA-poly mer ase con tin ues to com plete DNA from the 

place of slip page.  The for ma tion of this kind of pins
may take place in ei ther one of newly syn the sised
chains and re sult in oc cur rence of de le tions and in ser -
tions.  This mech a nism of rep li ca tion slip page with sub -
se quent for ma tion of en ergy-sta ble struc tures of
pin-types is ev i dently the rea son of the in crease in num -
ber of trinucleotide re peats in the cases of frag ile X syn -
drome, myo tonic dys tro phy, Hun ting ton’s he red i tary
cho rea, and of the whole se ries of other types of dis -
eases of, so called, ex pan sion of trinucleotide re peats
kind [30].  Be sides the for ma tion of pins, other rea sons
of slip page of DNA-poly mer ase may be pre sented by
other conformational changes in the DNA struc ture. 
Some lit er a ture data show that there can be formed spe -
cial four-thread high-heat struc tures dur ing lo cal
methylation of DNA in microsatellite loci, which re -
sults in vi o la tion of the rep li ca tion pro cess and leads to
change in num bers of re peats [38].

The ma jor ity of data ob tained now a days show that
it is the rep li ca tion er rors that take the main part in
mutagenic pro cess of microsatellite loci.  The cell lines
with vi o lated re pair sys tem of nu cle o tide mis match
(mis match-rep a ra tions) showed the rapid in crease in
the num ber of mu ta tions, namely, MCI. On the other
hand, DNA slip page is the in ner-he lix event, there fore,
the mu ta tion fre quency should not de pend on the
chiasma fre quen cies.  It was de ter mined that mu ta tions,
elim i nat ing re com bi na tion, in flu ence the mu ta tion rate
nei ther in E. coli nor in Saccharomyces cerevisiae [40,
41].  There was es tab lished no link be tween the in -
creased mu ta tion fre quen cies in those ge nome
microsatellite loci which are spe cific for high fre -
quency of re com bi na tion and the same in hu man [4]. 
Fi nally, the main ev i dence of replicative na ture of mu -
ta tions is the fact that microsatellite loci, local ised in
non-re com bi nant re gion of hu man Y-chro mo some,
show the mu ta tion rate sim i lar to autosomic loci, which
is im pos si ble for rep li ca tion-re lated pro cess [5, 33, 42].

Pre lim i nary re search in di cated dif fer ent mu ta tion
rates for some microsatellite loci.  For the ma jor ity of
loci ana lysed hereto the av er age mu ta tion rate is 2·10–3

[5].  What fac tors in flu ence mu ta bil ity of microsatellite
loci?  The an swers for the ques tion of dif fer ent mu ta -
tion rates are most likely to be found in the lo cal isa tion
of a given lo cus on the chro mo some, its struc ture, and
con tents.  Thus, poly(GT)-tract of two yeast strains of
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S. cerevisiae (wild type and with de fi cient mis match-re -
pair sys tem) re vealed non-lin ear in crease in in sta bil ity
with in crease in al lele length dur ing in ves ti ga tion of mu ta -
tion rates of al leles of 15, 33, 51, 99, and 105 b.p.  Re gard -
less of the fact that al lele of 105 b.p. is only 7 times lon ger
than al lele of 15 b.p., the mu ta tion rate for the for mer was
shown to be 500 times higher.  As this cor re la tion was ob -
served in both strains, it was pos si ble to cross out the lower 
ef fec tive ness of DNA re pair sys tem of one of the strains
from the list of pos si ble rea sons [41].  Sim i lar reg u lar i ties
were ob served dur ing in ves ti ga tions of hu man
microsatellite [4, 42].  B. Brinkmann et al. [5] showed the
mu ta tion fre quency in lo cus to be pre dom i nantly de pend -
ent on its con tents, i.e. in sta bil ity in creased ex po nen tially
with the in crease in the length of mo not o nously re peated
tract.  The in ser tions of the other nu cle o tide con tents had a
sta bi lis ing ef fect on DNA.  Sim i lar phe nom e non was ob -
served in the stud ies on dis eases with the ex pan sion of
num bers of trinucleotide re peats, as well as on
dinucleotide STR [40].  There fore, dif fer ent mu ta tion ca -
pac i ties of loci and even dif fer ent al leles as a part of one
lo cus are, to a great ex tent, ex plained by the vari a tions in
their length and nu cle o tide con tents.

Anal y sis of mu ta tions of fa ther’s or i gin in minisatellite 
and microsatellite loci, per formed in a whole se ries of in -
ves ti ga tions, showed that mu ta tions oc curred mainly in
the course of gametogenesis in males. Ev i dently, the prev -
a lence of fa ther’s mu ta tions is a gen eral ten dency, spe cific
for both minisatellite and microsatellite DNA se quences. 
Ac cord ing to B. Brinkmann et al. [5], the ra tio of fa ther’s
and mother’s mu ta tions in microsatellite loci was 17:3,
while ac cord ing to A. Sajantila et al. [6], 10 of 11 mu ta -
tions oc curred in fa ther’s gametogenesis.  Alike ten dency
was dem on strated for minisatellite loci as well – our in ves -
ti ga tion [43] and Dubrova et al. showed that the rea son of
prev a lence of fa ther’s mu ta tion was most likely to be de -
pend ent on the fact that dur ing mat u ra tion pro cess, sper -
ma to zoids ex pe ri ence 10 times more cy cles of rep li ca tion
than oocytes.  22 mi totic di vi sions take place in oogonia
prior to mei o sis in women re gard less of age, whereas, the
num ber of di vi sions which sper ma to zoids went through is
de pend ent sig nif i cantly on the age in men.  For ex am ple,
in 28-year-old men, spermia go through app. 380 mitoses,
at 35 – 540 mitoses (i.e. 16 and 25 times more that oocytes, 
re spec tively) [45].  If the dif fer ence in num ber of mu ta -
tions in gametogenesis is in deed the con se quence of dif -

fer ent num bers of cy cles of DNA rep li ca tion, then
the de pend ence of fre quency of fa ther’s mu ta tions
on the fa ther’s age has to be ob served.  This reg u lar -
ity was ac tu ally de fined – av er age age of fa thers with 
mu ta tions in microsatellite loci was sig nif i cantly
higher than the av er age age of fa thers with no mu ta -
tions [33, 46].  How ever, the ab sence of di rect de -
pend ence be tween the ra tio of num ber of mitoses in
gametogenesis of dif fer ent gen ders and the level of
mu ta tions may point at the ex is tence of the in flu ence 
by other fac tors.  Male germ cell line DNA may dif -
fer from the fe male one in sta tus of methylation,
tem per a ture modes, sen si tiv ity to the ef fect of free
ox y gen rad i cals and some other po ten tially
mutagenic com pounds, pro duced by tes ti cles [47].

More than 90% of mu ta tions in minisatellite and
microsatellite loci are ex pected to be of, so called,
sin gle step char ac ter and new al leles of poly mor phic
lo cus are formed in ac cor dance to this model (SSM,
sin gle-step mu ta tion) [48].  The es sence of the model 
is ex plained as fol lows: when ever the state of al lele
is changed due to some sort of mu ta tion (de le tion or
in ser tion), it will be sub sti tuted by one step to wards
pos i tive or neg a tive di rec tion in al lele space. 
Two-step mu ta tions or multi-step mu ta tions are rare
to oc cur [5].

There fore, op po site to unique genomic se -
quences with very low mu ta tion fre quency, the re -
peated se quences ex pe ri ence con stant changes.  The
study on the reg u lar i ties of mu ta tions in duced in
mini- and microsatellite loci showed a se ries of im -
por tant as pects in re gards to ap pli ca tion of these sys -
tems for ge netic mon i tor ing [49].  At the same time,
the de vel op ment of PCR method al lowed clear and
sim ple de ter min ing of al lele vari ants of poly mor phic 
minisatellite and microsatellite loci.  Thus, spe cial
con ve nience in de ter min ing al lele vari ants and high
de gree of poly mor phism in mini- and microsatellite
loci made them handy for ap pli ca tion in dif fer ent in -
ves ti ga tion tasks.

Ap pli ca tion of minisatellite and microsatellite 
loci as model sys tems for as sess ment of mutagenic 
and endogenic fac tors of ge nome in sta bil ity. Re -
cently, a large num ber of works sug gest ing the ap -
pli ca tion of mini- and microsatellites as model sys -
tems for as sess ment of mutagenic ef fect of fac tors of
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dif fer ent or i gin have been pub lished.  Stat ing on rather
a high level of spon ta ne ous mu ta tions of CEB
minisatellites (up to 15%) [3], it is expectable that these
hypervariable loci would be of spe cial in ter est not only
as the ob jects of the re search in terms of mo lec u lar and
ge netic mech a nisms of spon ta ne ous mu ta gen e sis but
also for clar i fy ing the reg u lar i ties of in duced mu ta gen e -
sis.  Be sides, it is quite pos si ble to fore see their ap pli ca -
tion as po ten tial mark ers of mutagenic ef fect of ion is ing 
ir ra di a tion on the level of DNA.  The data ob tained by
the au thors from Ja pan, UK, and Ukraine, who stud ied
the muta ge net ic ac tiv ity of ion is ing ir ra di a tion on
hypervariable CEB minisatellites, were very in ter est ing 
and con tra dict ing at the same time.

Thus, Jap a nese au thors showed the level of in her -
ited mu ta tions in minisatellite loci of de scen dants, born
sev eral years af ter their par ents’ sur viv ing nu clear
bomb ing in Hi ro shima and Na ga saki in 1945, not to dif -
fer from the one of the con trol group.  Hence, the con -
clu sion on the ab sence of mutagenic ef fect of ion is ing
ir ra di a tion on minisatellites of germ cells has been
made [50].

Quite the op po site data were pre sented by Brit ish
in ves ti ga tors.  Dubrova et al. re vealed al most 2-time
in crease in mu ta tion fre quency in minisatellite loci,
com par ing to the con trol group, per form ing the mon i -
tor ing of radiationally in duced mu ta tions in the pop u -
la tion of Mogilev oblast, Belarus, who re sided on the
ter ri tory, pol luted by radionuclides as a re sult of
Chernobyl di sas ter [44, 51].  The same group of in ves -
ti ga tors showed that as a re sult of ra dio ac tive pol lu tion 
dur ing test ing of nu clear weap ons in Semipalatinsk
Test Site, for mer So viet Un ion, the fre quency of in -
duced mu ta tions in minisatellite loci in the pop u la tion, 
who had been liv ing on this ter ri tory for many years,
was two times higher in com par i son to the con trol
group [52].

Pos si ble rea sons for dif fer ences in the re sults pre -
sented may be con nected with the fol low ing fac tors:
first of all, nu clear bomb ex plo sions in Hi ro shima and
Na ga saki brought up sin gle-stage ir ra di a tion of in hab it -
ants, whereas in the cases of Chernobyl di sas ter and nu -
clear test ing in Semipalatinsk, the in hab it ants were sub -
dued to chronic ir ra di a tion for many years; sec ond of
all, the ma jor ity of Jap a nese chil dren were born in 10+
years af ter ex plo sions and in the course of this time the

in duced changes in the DNA struc ture could have been
re paired by the re pair sys tems.

We have car ried out the in ves ti ga tion of in duced
mu ta tions in minisatellite loci of chil dren, whose par -
ents were Chernobyl di sas ter fight ers, to gether with
French sci en tists.  The anal y sis of mu ta tion fre quen cies
in chil dren, con ceived af ter fer til iza tion of oocytes by
spermia, which were un der the in flu ence of ion is ing ir -
ra di a tion (dur ing the time of par ents’ be ing at
Chernobyl Nu clear Power Plant) and chil dren, con -
ceived in four plus months on com ple tion of their work
at Chernobyl Nu clear Power Plant, showed that the
level of in her ited mu ta tions in the first group was one
and a half times higher than that of the sec ond one. 
How ever, the dif fer ence dis cov ered was shown to be
sta tis ti cally un trust wor thy [43].

Along with minisatellite loci re sults, there were
data ob tained on the whole se ries of microsatellites,
which in di cate the pro pri ety of their ap pli ca tion as an
in stru ment of ge netic mon i tor ing of mutagenic and
endogenic fac tors of ge nome in sta bil ity.  It was de ter -
mined that microsatellite in sta bil ity of high fre quency
(up to 50%) was ob served in tu mours of pa tients with
small cell lung car ci no mas, brain and neck tu mours
(29%), and breast can cers (28%).  All these facts tes tify
in fa vour of a sig nif i cant role of ge nome in sta bil ity of
so matic cells in pathogenesis of ma lig nant neoplasms
[53, 54].  A group of sci en tists from Greece de fined the
in creased mu ta tion fre quency of microsatellites, not re -
lated to proto-onco genes, in the cells of spon ta ne ously
aborted em bryos [55].  The anal y sis of in her ited tan dem 
re peats in 21 dif fer ent STR-loci of the fam i lies with
spon ta ne ous aborts per formed by Rus sian in ves ti ga tors 
showed that the death of a sig nif i cant num ber of hu man
em bryos with nor mal karyotype is as so ci ated with the
in creased level of mu ta tions of microsatellites of ga -
metic and so matic or i gin, which al most 5 times ex ceeds 
the level of spon ta ne ous mu ta tions of microsatellites
[49].  Later on the same group of sci en tists from Rus sia
car ried out the in ves ti ga tion on ga metic de novo mu ta -
tions in the fam i lies with healthy chil dren and in the
fam i lies with spon ta ne ous abor tions with nor mal
karyotype in or der to ana lyse the mutational vari abil ity
of microsatellites in mei o sis and its pos si ble con nec tion 
with dis or ders in de vel op ment of em bryos.  The mis car -
riage fam i lies showed the fre quency of ga metic mu ta -
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tions to be al most twice higher than that of fam i lies with
nor mal re pro duc tive func tion, i.e. 4.4·10–3 and 2.3·10–3,
re spec tively, how ever, this dif fer ence was shown to be un -
trust wor thy sta tis ti cally (P=0.25) [56].  It has to be men -
tioned also min i mal sam pling amount is some times con -
sid ered to be the main cri te rion in the stud ies of rare phe -
nom ena in com par a tive sam ples with the pur pose of
ob tain ing sta tis ti cally trust wor thy dif fer ence be tween
them.  Thus, the pre vi ous ex pe ri ence shows that only a few 
doz ens or some times thou sands of ana lysed al leles may
pro vide more or less trust wor thy in for ma tion re gard ing
new al leles and mu ta gen e sis, which con di tions their oc -
cur rence [57].  Of course it is a com pli cated and la -
bour-con sum ing task, the so lu tion of which may be
achieved by joint ef forts of many lab o ra to ries.  The data
pre sented may point at the fact that the in creased mu ta tion
fre quency in microsatellite loci is a good in di ca tor of sig -
nif i cant func tional changes in the op er a tion of cell ge netic
ap pa ra tus.  There is a fact that tes ti fies in fa vour of the lat -
ter state ment, the cell lines, re veal ing microsatellite in sta -
bil ity, also dem on strate the in crease in mu ta tion fre quency 
of ex pressed genes [58].

Anal y sis of in her ited mu ta tions, occurring in some
mini- and microsatellite loci of hu man germ cells. The
anal y sis of spon ta ne ous mu ta tions of de le tion-in ser tion
type, oc cur ring in minisatellite loci of germ cells and de -
tected as the losses of a part of the se quence of
minisatellite lo cus (de le tion) or in crease in the num ber of
cop ies of tan dem re peated units (in ser tion) has been per -
formed by our group among the mem bers of 163 fam i lies
(mother, fa ther, chil dren) in the fol low ing seven
hypervariable minisatellite loci: CEB1 (D2S90), CEB15
(D1S172), CEB72 (D17S888), CEB42 (D8S358), CEB36
(D10S473), CEB25 (D10S180) [59] and B6.7 (local ised
on chro mo some 20 I q13 re gion) [60].

To eval u ate the vari abil ity of al leles in the in ves ti gated 
pop u la tions we have per formed the anal y sis of length
spec tra of frag ments of hy bridi sa tion, ob tained in the
course of anal y sis of se quences in all seven minisatellite
loci of fa thers and moth ers (un re lated in di vid u als).  A
great num ber of al lele vari ants re vealed dur ing the anal y -
sis tes tify in fa vour of a high level of mu ta tions of the in -
ves ti gated minisatellite loci.  In ter est ingly, five out of
seven ana lysed loci were shown to have al most iden ti cal
num ber of al leles (87–90).  CEB42 al lele spec trum was
not so rich – only 77 vari ants were de tected.  Anal y sis of

CEB72 re vealed the low est num ber of dif fer ent al -
leles – 35.  The re sults of anal y sis of mu ta tions of
seven minisatellite loci of chil dren re vealed 64 mu -
tant al lele vari ants, dif fer ent from both fa thers’ and
moth ers’. The ex am ple of the anal y sis per formed for 
CEB1 lo cus is pre sented in Fig.3.  All chil dren with
the mu ta tions re vealed were con firmed in the bi o -
log i cal pa ter nity (P>99.99%) by the geno typ ing
method of fam ily mem bers.  

Ta ble 2 pres ents the re sults of anal y sis of the
num bers of mu ta tions of mother’s and fa ther’s or i -
gin, de tected in chil dren.  The data ob tained tes tify
that the in her ited mu ta tions were reg is tered for all
seven types of ana lysed loci.  CEB1 lo cus was
shown to be the most mu ta ble one.  The in ter est ing
data were ob tained for the spec trum of mu ta tions,
de le tions and in ser tions in par tic u lar.  To tal per cent -
age of de le tions of fa ther’s or i gin cal cu lated for all
ana lysed loci was 39.61% and was sta tis ti cally trust -
wor thy lower than the per cent age of in ser tions, re -
vealed in 60.4% of cases.  Anal y sis of mu ta tion
spec trum of mother’s or i gin showed that the level of
de le tions was ap prox i mately the same and amounted 
to 54 and 46% re spec tively (dif fer ences un trust wor -
thy sta tis ti cally).

We have stud ied the di vi sion of al lele vari ants of
minisatellites, which mu tated in germ cells of par ents
(fa thers and moth ers), as well as in her ited mu tant al -
leles of their chil dren.  The data ob tained re vealed that 
the most instable al lele vari ants were those con tain ing 
se quences of 2 to 5·103 b.p., which were the ma te rial
for more than 70% of all chil dren in her ited mu ta tions.  
In the case of this trans for ma tion newly-formed mu -
tant al leles were of 2 to 3·103 b.p.

The anal y sis of sizes of in ser tions and de le tions
shows that the length of the lost (de le tion) or ac -
quired (in ser tion) se quence is av er age of 300 b.p.
long.

There fore, it is pos si ble to bring up the sup po si -
tion that mu ta gen e sis and in her i tance take place as a
dy namic sta bi lis ing pro cess, which sup ports the di -
vi sion of al lele vari ants in pop u la tion.  Al though, it
has to be men tioned that the in ser tions dom i nated
(78.2%) in the to tal num ber of mu ta tions in CEB1
lo cus, which was spe cific (ac cord ing to the re sult of
our in ves ti ga tion as well as the data from other au -
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thors) for ex tremely high mu ta bil ity level (14.11%),
no ta bly in male germ cells only [3, 51].  Thus, based on
the data of in ves ti ga tions car ried out, the sup po si tion
can be made that pre dom i nant ma jor ity of in her ited mu -
ta tions was formed in male germ cells.  The fact that
CEB1 lo cus ex pe ri enced the sur plus of in ser tions, i.e.
mu ta tions, re sult ing in in crease in the num ber of tan -
dem re peated se quences may tes tify in fa vour of the
fact that the main mech a nism of mu ta gen e sis in these
minisatellite se quences is, most likely, the ge netic con -
ver sion, which takes place dur ing mei otic re com bi nant
events in the course of gametogenesis.

The in ves ti ga tion of the level of ga metic mu ta tions
(de le tions/in ser tions) was per formed by our group us -
ing our minisatellite loci as well – APOB
(2p23-p24.2q), PYNZ22 (17p13), IGHJ (14q32.33),
PMCT118 (chro mo some 1).  These minisatellite loci
were used to ana lyse 1106 meioses – 553 of fa thers and
553 of moth ers.  The anal y sis of al lele vari ants from fa -
thers to chil dren re vealed any in her ited mu ta tions in
nei ther one of these four minisatellite loci.  There fore,
dif fer ent minisatellite loci were de ter mined to have un -
equal lev els of mu ta tion, as in minisatellite loci of CEB
group, lo cated in sub-telomeric re gions of ge nome, the
mu ta tion level was shown to be much higher, com pared 
to minisatellite loci APOB, PYNZ22, IGHJ, and
PMCT118.

To de ter mine the level of ga metic mu ta tions (de le -
tions/in ser tions) in nine autosomic microsatellite loci
(2AE9.1, Rep4-cf, VWF-8, VWA, FGA, TH01,
D21S11, D7S820, D8S1179) we have ana lysed the in -

her it ing of al lele vari ants from par ents to chil dren.  All
microsatellite loci were used to study 6400 meioses –
3200 of fa thers and 3200 of moth ers.  The study re -
vealed six in her ited mu ta tions.  Thus, D21S11 had one
mu ta tion of mother’s or i gin.  This mu ta tion was pre -
sented by dinucleotide de le tion of al lele 10 in 9, i.e. in
the course of mei o sis in mother’s or gan ism the mu ta -
tion of al lele of 231 b.p. long brought up the for ma tion
of a new al lele of 229 b.p. long, in her ited by the child. 
We de fined two mu ta tions of fa ther’s or i gin in WVA
lo cus – tetranucleotide in ser tions of al leles 19 into 20
(Fig.4) and 18 into 19, i.e. the spermatogenesis was spe -
cific for the mu ta tions of al leles of 158 b.p. long and the 
for ma tion of 163 b.p. long al lele in the first case and the
al lele of 154 b.p. long in the sec ond case of 158 b.p.
long al lele.  2AE.9 and D8S1179 loci were shown to in -
clude de le tions of fa ther’s or i gin and lo cus D7S820 –
in ser tion of fa ther’s or i gin.  There fore, the re sults of our 
in ves ti ga tions show that the level of mu ta tions of
mother’s or i gin in D21S11 lo cus is 1.7·10–3 (1/580). 
The lev els of mu ta tions of fa ther’s or i gin in the
microsatellite loci were de tected to be as fol lows: WVA 
– 3.4·10–3 (2/588); 2AE.9 – 8.8·10–3 (1/114); D7S820 –
2.6·10–3 (1/390); D8S1179 – 2.6·10–3 (1/380).

Note wor thy is the fact that in all cases the bi o log i -
cal pa ter nity was con firmed by 99.99% prob a bil ity.  It
has to be men tioned as well that the ab so lute in di ces of
the mu ta tion level, de fined by us, were of rel a tive na -
ture as the ana lysed num ber of meioses may be con sid -
ered as only rep re sen ta tive in the as sess ment of rather
rare cases of mu ta tions.  Cu mu la tive in di ces of lev els of 
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Ta ble 2.
 Level of in her ited mu ta tions of mother and fa ther or i gin in minisatellite loci of chil dren

Probe

Father Mother Total

Number
of alleles

Number of 
mutations

Level of
mutation

Number
of alleles

Number of 
mutations

Level of
mutation

Number of 
alleles

Number of 
mutations

Level of
mutation

CEB 1 163 23 0.1411 163 0 – 326 23 0.071

CEB 15 153 5 0.0327 153 0 – 306 5 0.016

CEB 25 123 8 0.065 123 1 0.0081 246 9 0.037

CEB 36 160 0 – 160 4 0.0250 320 4 0.013

CEB 42 150 1 0.0067 150 1 0.0067 300 2 0.007

CEB 72 161 4 0.0248 161 4 0.0248 322 8 0.025

B 6.7 126 10 0.0794 126 3 0.0238 252 13 0.052



mu ta tions, cal cu lated by us for all the autosomic
microsatellite loci were as fol lows: 3.1·10–4 (1/3200) and
3.6·10–3 (5/3200) for mu ta tions of fa ther’s and mother’s
or i gin re spec tively.

To de ter mine the level of ga metic mu ta tions in nine
STR-loci of Y-chro mo some (DYS19, DYS390, DYS391,
DYS392, DYS393, DYS389I, DYS389II, DYS385a/b)
we per formed the anal y sis of the in dex of in her i tance of al -
lele vari ants.  We ana lysed 1953 meioses in re gards to all
microsatellite loci of Y-chro mo some.  The de le tion in

DYS19 and in ser tions in DYS390 and DYS389I
were de ter mined.  There fore, the cu mu la tive in dex
of the level of mu ta tions for microsatellite loci of
Y-chro mo some was de ter mined to be 1.5·10–3

(3/1953) (www.yhrd.org/in dex.html).
It is note wor thy also that all mu ta tions dis cov -

ered by us were of sin gle-step na ture.  These data
cor re late well with the pro posed SSM-model, which
ex plains the for ma tion of new al leles and, con se -
quently, poly mor phism of microsatellite loci [48].

Stat ing on the in di cated level of spon ta ne ous
mu ta tions, spe cific for CEB minisatellites, it is pos -
si ble to ex pect that these hypervariable loci pres ent a 
sig nif i cant in ter est not only as the ob ject of the re -
search of mo lec u lar and ge netic mech a nisms of
spon ta ne ous mu ta gen e sis but for clar i fy ing the reg u -
lar i ties of in duced mu ta gen e sis.  Be sides, it is pos si -
ble to fore see their ap pli ca tion as po ten tial mark ers
for the in ves ti ga tion of mutagenic ef fect of ion is ing
ir ra di a tion at the level of DNA.

In re gards to the stated-above we have in ves ti -
gated seven hy per-mu ta ble minisatellite loci of CEB 
group on the chil dren, whose par ents were
Chernobyl di sas ter fight ers (1986–1987).  The high -
est mu ta bil ity level was ob served in CEB1 lo cus.  As 
it has been no ticed above, the level of mu ta tion for
this lo cus in the con trol group was 14%.  In the cases
of chil dren, whose par ents were Chernobyl di sas ter
fight ers, the mu ta tions in this lo cus were more com -
mon – more that 15% of cases.  The same ten dency
was ob served in the cases of mu ta tions in B6.7 and
CEB36 loci.  Yet the in crease in the level of mu ta -
tions in this type of chil dren, com par ing to the one of 
chil dren of the con trol group were not trust wor thy
sta tis ti cally.  The de pend ence of the age of par ents
and the oc cur rence of mu ta tions of fa ther’s or i gin in
both groups was not stud ied.

To eval u ate pos si ble dif fer en tial sen si tiv ity of
some stages of de vel op ment of male germ cells prior
to mutagenic in flu ence of ion is ing ir ra di a tion, the
group of chil dren, whose par ents were Chernobyl di -
sas ter fight ers, was di vided into two sub groups.  The
first sub group in cluded chil dren, con ceived in the
pe riod of or not later than in two-month term af ter
com ple tion of their par ents’ work at Chernobyl Nu -
clear Power Plant.  The chil dren, con ceived in the

NA TURE AND OR I GIN OF GERMLINE MU TA TIONS

197

Fig.3 Anal y sis of in her ited mu ta tions in CEB1 hu man lo cus by blot-hy -
bridi sa tion: 1, 3, 4, 7 – par ents; 2, 6 – chil dren with out mu ta tions; 5 –
child with mu tant al lele of lo cus CEB1



pe riod of four plus months af ter their par ent fin ished
fork ing at Chernobyl Nu clear Power Plant, be longed to
the sec ond sub group.  This di vi sion was based on the
fact that the pe riod of spermatogenesis lasts 64–73
days.  The dates of birth of chil dren were in di cated in
par ents’ ap pli ca tions.  The re sult ob tained re vealed the
to tal level of mu ta tions of fa ther’s or i gin of chil dren of
the first sub group to be one and a half times higher, than 
the same in dex of the sec ond sub group.

The re sults ob tained do not pro vide any sin gle an -
swer to the ques tion whether the ion is ing ir ra di a tion in -
flu ences the level of in her ited mu ta tions in minisatellite 
loci of chil dren, whose par ents were Chernobyl di sas ter 
fight ers, born af ter 1986.  How ever, if the ten dency in
the in crease in the lev els of mu ta tions in the group of
chil dren, con ceived af ter fer ti li sa tion of mother’s
oocytes with spermia, un der the in flu ence of ion is ing
ir ra di a tion (in the time of par ents’ work ing at
Chernobyl Nu clear Power Plant) is not ac ci den tal, then
the ob tained data in two sub groups of chil dren from the
fam i lies of Chernobyl di sas ter fight ers al low con clud -
ing that pos si ble mutagenic ef fect was to take place in
the course of spermatogenesis only, i.e. it does not  in -
volve stem germ cells, as it has been re ported by
Dubrova et al [44, 51].

Re gard ing to the afore men tioned, it is pos si ble to
sup pose that if there is any ge netic ef fect of mutagenic
in flu ence of ion is ing ir ra di a tion on minisatellite loci of
ge nome of germ cells, then its ef fect is lim ited to short
pe riod of spermatogenesis and its in flu ence is not es -
sen tial for germ cells, which en ter the stage of mei o sis
af ter the ef fect of ion is ing ir ra di a tion.  The data ob -
tained by Jap a nese sci en tists show the same re sults – no 

ap par ent in crease in the lev els of in her ited mu ta tions in
minisatellite loci of de scen dants, born sev eral years af -
ter their par ents sur viv ing nu clear bomb ings of Hi ro -
shima and Na ga saki [50].

Sum ma ris ing on the facts men tioned above, it is
wor thy to note that ge nome sta bil ity may be re vealed
us ing the anal y sis of re peated DNA se quences.  In -
ner-ge netic lo ca tion of a num ber of re peated se quences, 
their variabilities, clearly vis i ble Men de lian type of in -
her i tance make them very per spec tive for ge netic mon i -
tor ing of mutagenic en vi ron men tal fac tors, as well as
in her ited ten dency to dis or ders in embryogenesis and
carcinogenesis.  The bulk of in ves ti ga tion, aimed at the
as sess ment of mu ta bil ity of var i ous re gions of hu man
ge nome, dem on strate that the in ter est in this prob lem is
far from be ing van ished, but gains new rapid de vel op -
ment, pro vided by the novel meth ods in the in ves ti ga -
tion of mu ta tions.  The ac cu mu la tion of the ex per i men -
tal data on the fam ily anal y sis, the ap pli ca tion of mod -
ern meth ods for de tec tion of de le tions/du pli ca tions
us ing real-time PCR, the de vel op ment of novel meth -
ods of math e matic mod el ling of the mu ta gen e sis with
the sep a ra tion of fre quen cies of poly mor phic al leles in
dif fer ent pop u la tions will re sult in ob tain ing new data
on the na ture and the level of mu ta tions of dif fer ent re -
gions of hu man ge nome.

Ñ. À. Êðàâ÷åíêî, Ë. À. Ë³âøèöü 

Ïðèðîäà òà ïîõîäæåííÿ óñïàäêîâàíèõ ìóòàö³é ó òàíäåìíî

ïîâòîðþâàíèõ ä³ëÿíêàõ ãåíîìó ëþäèíè

Ðåçþìå

Ïðîàíàë³çîâàíî ë³òåðàòóðí³ òà âëàñí³ äàí³ äîñë³äæåííÿ
ïðèðîäè òà ïîõîäæåííÿ óñïàäêîâàíèõ ìóòàö³é ó
ã³ïåðâàð³àáåëüíèõ ì³í³ñàòåë³òíèõ òà ì³êðîñàòåë³òíèõ
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Fig.4 Mu ta tion in WVA lo cus:
1 – marker “al lele lad der”; 2 –
mother (ge no type 17/18); 3 –
child (ge no type 18/20); 4 – fa -
ther (ge no type 17/19)



ëîêóñàõ ãåíîìó ëþäèíè.  Ðîçãëÿíóòî ìîæëèâ³ ìåõàí³çìè, çàëó÷åí³
äî ìóòàö³éíîãî ïðîöåñó â ëîêóñàõ ð³çíî¿ ïðèðîäè.

Êëþ÷îâ³ ñëîâà: ì³í³ñàòåë³òí³ òà ì³êðîñàòåë³òí³ ëîêóñè,
óñïàäêîâàí³ ìóòàö³¿, ìóòàö³éíèé ð³âåíü. 
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