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ABSTRACT Inversions comprise approximately 10% of structural aberrations, with pericentric inversions clearly
outnumbering paracentric rearrangements (66% as compared to 34%), due in part to diagnostic difficulties in the
latter group. At 11%, chromosome 2 displays the highest recombination frequency for euchromatic pericentric
inversions, while chromosomes 3 and 7 are most often involved in paracentric inversions (16% and 19%, respectively).
Inversions of the constitutive heterochromatin are far more frequent than those involving the euchromatin, totalling
20% for only 6 chromosomes. Chromosome 4 demonstrates the highest frequency of pericentric inversions (15%).
The genetic risks for inversion carriers differ significantly depending on the chromosome involved and on the
specific inverted region, ranging from less than 1% to a maximum of 30%. Cryptic inversions resulting in a
microdeletion in chromosome 7g11.23 have been demonstrated to be causative in 33% of Williams-Beuren cases,
apparently due to an abnormal course of meiosis I. Molecular cytogenetic investigations of the parents of carriers of
cryptic chromosome aberrations may be expected to detect a higher frequency of paracentric inversions than has thus

far been demonstrated.

INTRODUCTION

Aninversionisastructural aberration of the
chromosomeswhich resultsfrom anintrachromo-
somal break and subsequent rearrangement. Two
break eventstake place in the chromosome, and
the segment which lies between the two break-
pointsisrotated by 180° and re-inserted into the
chromosome.

The newly rearranged chromosome now
consists of an inverted segment and two flank-
ing, distal, non-inverted regions. The mgjority of
carriers of chromosomal inversions are
phenotypically normal, both in the heterozygous
and in therare homozygous state. Homozygosity
is usually found only in offspring of
consanguineous parents or in geographically or
culturally isolated regions. Apparently, the
function of the genetic material remains
unaffected, as long as there is no change in the
amount of genetic material. Thus, this type of
structural rearrangement can betermed balanced.
However, the rearrangement may disrupt genes
or segments of the chromosome may be deleted
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or duplicated, thus changing the total quantity
or thefunction of the genetic material. Thistype
of rearrangement is termed unbalanced and the
carrier of such an aberration will be pheno-
typically abnormal.

In complexinversions, other rearrangements
of the same chromosome, such astransl ocations,
occur in combination with the inversion. In
contrast, theinversion constitutesthe only struc-
tural aberration in carriers of singleinversions.

Inversionsare differentiated according to the
position of the centromererelative to theinverted
segment and are termed either pericentric or
paracentric. Thesewill bediscussed in moredetail
in the following sections.

Inversions are most likely to occur during
meiosis. Investigations of mosaics in C band
polymorphisms have demonstrated that a post-
zygotic origin may also be possible, caused by
somatic crossing-over as has been shown in
variousinvestigations (Miller and Therman 2001).

The majority of studies focus on pericentric
inversions, as a sufficient number of cases to
allow precise quantitative research exists only
for this type of rearrangement. As a result, the
information given here will primarily refer to
findings reported for pericentric inversions.
Differences as compared to paracentric inver-
sionswill be discussed specifically later.

A differentiation between paracentric and
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pericentricinversionsisof particular importance
for aprecise assessment of genetic risksresulting
from abnormal pairing of chromosomes during
meiosis, asthese differ greatly for the two types
of aberrations.

Thekey difference between euchromatic and
heterochromatic inversionsisin their respective
ability to cause an abnormal phenotype. On the
one hand, rearrangements of the heterochromatin
represent variants of the normal phenotype, and
they are never associated with phenotypic aberra-
tions or an increased genetic risk. Euchromatic
inversions, onthe other hand, occur ingenetically
relevant segments of the chromosome and can
thus cause phenotypic abnormalities if the
breakpoints disrupt agene or if they occur inan
unbalanced form. Aninversioninthe X chromo-
some, for example, is responsible for approxi-
mately half of all cases of haemophilia A.
Sequence repetitions promoting the occurrence
of aninversion are located both within and just
outside of the gene coding for factor V111, part of
the blood clotting cascade.

REARRANGEMENTSWITHIN THE
EUCHROMATIN

Pericentriclnversions
I nversionsof the Autosomes

In this type of inversion the centromere is
located within the inverted region. If the two
breakpoints are not equally far from the
centromere, then the inversion will change the
position of the centromere in the recombinant
chromosome, resulting in an altered centromere
index. Thus, asubmetacentric chromosome may
turn into a metacentric chromosome and vice
versa. If the breakpointsare equidistant from the
centromere, its position remains unchanged.
However, a structural rearrangement has taken
placethat, unlesstheinverted segment comprises
only one band, will be apparent in an altered
banding pattern.

Unbalanced RearrangementsResulting from
GeneDisruption and Position Effect

When the breakpoints in an inversion lie
within a gene, the rearrangement can result in a
pathol ogic phenotype. Examples for this rather
rare situation are apericentric inversion inv(16)
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(p13.3913), which interruptsthe Rubinstein-Taybi
locus, and inv(X)(pl1.4922), which affects the
Norrie syndrome gene (Gardner and Sutherland
2004). Talaban et al. (2005) investigated two
brothers with a maternal inherited inversion of
the X chromosome and hypergonadotropic hypo-
gonadism and discussed the altered gene
position as a possible cause of the phenotypic
abnormalities.

A balanced pericentric inversion can become
unbalanced asit is passed on to off-spring of the
carrier. Thisis usually due to difficultiesin the
alignment and pairing of the recombinant
chromosome with the normal homolog during
prophase of meiosis|.

Meiosis

Inversion Loop: Normally, exact pairing of the
homologs occurs through the formation of
inversion loops in pachytene. Crossing-over in
thiscasefollowsthereversed loop model, which
ensuresthat the pairing segments of theinverted
chromosome and its homolog will be perfectly
aligned (homosynapsis) (Gardner and Sutherland
2004

Aberrant crossing-over between the normal
chromosome and the inverted homolog results
in the formation of two complementary
recombinant chromosomes. These recombinant
chromosomes are called reciprocal duplication
deficiency chromatids. Progeny with a duplica-
tion deficiency are aneusomic, as a conceptus
resulting from the fertilisation of such a
pathological gametewould have apartia trisomy
for one segment and a partial monosomy for the
other segment, or the other way around. In most
cases, only very small imbalances are viable.
Larger imbalances almost invariably lead to a
pathological pregnancy course and miscarriage.

The number of crossing-over events in the
inversion loop determines whether the meiosis
taking place will be normal or abnormal. An
uneven number of chiasmata leads to comple-
mentary recombinant chromosomes.

Partial Pairing: The inversion loop is not
the only configuration which may form during
pairing of homologous chromosomes carrying
an intra-chromosomal rearrangement. If the
inverted segment is sufficiently small, partial
pairing occurs if the two distal segmentsin the
long and in the short arm, sometimes even just
one of them, can pair.
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Heterosynapsis. A third option for regulation
of melosisin the presence of an inversion isfor
the two homologs to align without forming a
synaptic complex. This is defined as a hetero-
synapsis (Gabriel-Robez and Rumpler 1994). As
aconsequence, crossing-over cannot take place
within the inverted segment and recombinant
chromosomes do not form.

Recombination Frequencies

Sperm studies of men carrying inversions
have been instrumental in estimating recombina
tion frequency during male gametogenesis
(Martin 1988a). Studies were carried out
separately for long and short inverted segments,
and the results showed aremarkably wide range
of recombination frequencies for long inverted
segments (Bocian et a. 2005). In contrast, no
recombination is found in chromosomes with
small inverted segments (Balicek 2001).

From the results available to date, Gardner
and Sutherland (2004) conclude that recombi-
nation events become more probable as the
length of the inverted segment increases. In
prenatally diagnosed inversions which appear
to be balanced, the relevance of the cytogenetic
finding should only be discussed further with
the consulting family if a similar phenotype
accompanied by identical breakpointsis known
from published investigations.

GeneticRisksfor Carriersof Inversions

Unbalanced Karyotype in the Offspring:
Carriers of a pericentric inversion have an
increased risk of having arecombinant child with
an unbalanced karyotype. Thisrisk is dependent
upon the chromosome and the length of the
inverted segment (Sauraet al. 1983; Balicek 2001,
Bocian et a. 2005). The most frequent compli-
cation is the duplication deficiency described

above, e.g. apartial duplication accompanied by
partial deletion. In addition, duplications and
deletions can be an isolated occurrence. Depend-
ing on the gene content of the regions involved
in these structural aberrations, the resulting
phenotype will be characterized by more or less
severe abnormalitieswhich can belethal in some
cases.

Somefamiliescarrying only small inversions
have been described in which the aberrant
chromosome was transmitted through several
generations. Many carriers were identified in
thesefamilieswho all had the balanced inversion.
Both carriers and non-carriers had an identical
rate of both miscarriages and death in the
neonatal period (Voiculescu et a. 1986; Rivas et
a.1987).

Kaiser in 1988 found that, apart from some
few exceptions, the average relative segment
length of thoseinversionsleading to recombinant
chromosomes was considerably higher (68.4%)
than the average length of the sum of the
inversions (38.4%). Accordingly, recombinant
chromosomes resulting from inversions are
usually found inthose casesin which theinverted
segment measures more than athird of the total
length of the chromosome. Thereisacorrelation
between the probability of unbalanced offspring
and the length of the inverted segment, but it is
non-linear. Instead, it appearsto be regulated by
the probability of acrossing-over event withina
specific chromosomal segment aswell asby the
size of the genetic imbalance of a recombinant
chromosome. Various authors surmise equal
recombination rates for euchromatin and
heterochromatin, meaning there may be an
absolute segment size which carriesthe greatest
probability for crossing-over. Smaller segments
would not contain recombination points, while
larger segments might contain two such points,
thus allowing two crossing-over events to take
place between the chromatids, possibly evenin

Table 1: Frequency of the formation of recombinant chromosomes in 3 cases of pericentric inversions
with long inverted segments and case of pericentric inversion with short inverted segment (Martin et al.
1991; Martin 1993; Jenderny et al. 1992; Navarro et al. 1993; Martin et al. 1994)

Inversion type

Relative length of the
inverted region (%)

Frequency of recombinant
chromosomes (%)

Long Inverted Segments

Inv(3)(p25921) 61
Inv(7)(p13936) 68
Inv(8)(p23g22) 68

Short Inverted Segments
Inv(20)(p13qgll.2) 35

31
25
11

0
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theabsence of pathological recombination. Large
segments can support three crossing-over events
leading to aneusomic recombinant chromosomes.
Thus, thefollowing rule seemsto apply: thelarger
the inverted segment, the higher the probability
of crossing-over and formation of arecombinant
chromosome. The degree of geneticimbalanceis
dependent upon the relative size of the inverted
segment. The larger the segment is, the smaller
the imbalance becomes. This means that dupli-
cation deficiencies of relatively large inverted
segmentsmay |lead to relatively small imbalances
which are not lethal. In such a case, the re-
combinant chromosome is quite similar to the
original.

A very long inversion in chromosome 10
described by Robertset a. (1989) whichinvolved
80% of the total length, would thus carry an
extremely high risk of crossing-over but a
comparably low geneticimbaance. Inthisspecific
case, afather of three children carried the afore-
mentioned inversion and two of hischildren had
a recombinant chromosome 10 and were
phenotypically affected. Intermediate-sized
inversions, on the other hand, cause extensive
imbalances that are less viable and frequently
lead to factors lethal to the gamete or to the
embryo.

Furthermore, intheseinversionsthe position
of the centromere plays an important rolein the
genesisof apathological karyotype. The position
of the inverted segment, depending on the
structure of the chromosome (metacentric,
submetacentric or acrocentric), influences the
frequency with which the two aberration types,
duplication and deletion, occur. Phenotypically
abnormd liveborn offspring morefrequently have
small partial monosomies caused by deletions
and larger partial trisomies caused by duplica-
tions.

Quantitative Risksfor Unbalanced Offspring:
In most cases, the gender of theinversion carrier
is of no significance in the context of risks for
unbalanced offspring (Kaiser 1984; Stene 1986).
However, in some families the female carriers
appear to be at higher risk of producing
unbalanced offspring than the male carriers are
(Sutherland et al. 1976; Pai et al. 1987). Studies
performed by Kaiser (1988) confirm theseresullts:
paternal inversions were found to be causative
in 36 cases of unbalanced offspring as compared
to maternal inversions in 46 cases. A de novo
mutation was identified in only one case.
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Daniel et al. (1989) conducted studies
focussing on unbal anced karyotypes on findings
from American, Canadian, and some European
amniocentesis data. For families who aready
have an abnormal child and for inversions of
short, distal segments, they determined arisk of
10-15%. A French collaborative study conducted
in 1986 (Groupe de Cytogénéticiens Francais,
19864a), in which data from a total of 305
independent cases of inversion were examined,
established that for inversionsthat do not induce
lethal recombinations, thereisarisk of no more
than 7% for genetically unbalanced offspring.
Theauthorsstatethat, in their opinion, most such
familiescarry an even smaller risk of at most 5%.
These results concur with those obtained by
Bouéand Gallano, whofound arisk of 1.3%(1984).
In their assessment, the actual risk may be even
lower, probably as small as 1%. However, each
family’s risk for unbalanced offspring must be
individually assessed and is dependent upon the
position of the breakpoints and the structure of
the rearranged chromosome in each particular
case. Breakpoints located in extremely distal
positions cause a higher risk of aneusomie de
recombinaison (Dutrillaux et al. 1973, 1980;
Winsor et a. 1978; Daniel 1981; Kaiser 1984;
Garcia-Herasand Martin 2002). Furthermore, the
probability of unequal crossing-over in the
inverted segment during pachytene of meiosis|
is elevated. Certain inversions may have an
extremely highrisk, such asinv(4) (30%risk) and
inv(21) (10%risk) (Fraisseet a. 1986; L éonard et
a. 1986).

Carriers of inversions who were ascertained
viarecombinant offspring have a5% risk (males)
or a 10% risk (female) respectively, of having
further unbalanced offspring. On the other hand,
carriers who were ascertained in the context of
screening tests and who have no unbalanced
offspring do not appear to have an elevated
geneticrisk.

Closeanalysisof inversion families, compre-
hensive scrutiny of the existing literature, and
calculation of the differing degrees of possible
imbalances that may occur in carriers of
recombinant chromosomesall confirm that each
inversion bearsitsown specific risk (Gardner and
Sutherland 2004). For example, for inv(8)(p23022)
the risk for live-born offspring carrying a
recombinant chromosome resulting from the
inversion is 6% both for paternal and maternal
transmission (Smith et a. 1987). Inversions of
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chromosome 18 with breakpointsin p11, q11, q12
or g21 exhibit a so-called “group risk” of 8%
(Ayukawaet a. 1994).

Because of the difficultiesin ascertaining the
actual number of miscarriages caused by an
unbalanced inversion, there can be no certain
estimation of therisk for miscarriagein balanced
carriers. In addition, there are such enormous
differences depending on the affected chromo-
somethat only generalized risk assessments can
usually be attempted, with detailed risks being
predicted only in relation to the specific chromo-
someand breakpoint in each family. Inthe French
collaborative study, 80 families (26%) were
detected dueto increased miscarriagerates. The
value generally quoted in the literature is 7%,
which may perhaps be underestimated, just as
26% is probably too high arate. It is certainly
safe to say that inversions increase the risk for
miscarriages, with particular emphasis being
placed on chromosomes 2 (35%), 5 (32%) and 11
(33%).

Sgnificance of Gene Content in Recombi-
nant Gametes. The viability of a recombinant
conceptus does not depend solely on the size of
the unbalanced segment, but also on the genetic
content. The involvement of a small segment
means that the combination of duplication and
deletion resulting from the recombinant chromo-
some may permit anormal or relatively normal
pregnancy and that the child will then have a
chromosome syndrome. On the other hand, the
recombinant chromosomesin inversion carriers
in whom one or both distal segments are large
exhibit such a grave degree of imbalance that
there is practically no chance of survival to
livebirth. Thus, persons with a potentially large
chromosomal imbalancewill practically never bear
children with an unbalanced karyotype or a
chromosome syndrome (Gardner and Sutherland
2004).

In many cases only one of the recombinant
chromosomeformsisviable. Only very rarely are
both recombinant chromosomes that may result
fromthe sameinversion, namely the dup/del and
the del/dup, viable. The birth of phenotypically
abnormal children who can be shown to have a
recombinant chromosome deriving from a
parental inversion is the only certain proof that
an unbalanced chromosome aberration is non-
lethal. The formation of unbalanced recombi-
nations appears to be impacted by the chromo-
some type.

Infertility: Inthe French collaborative study
(19864), 12% of inversions (36 cases) werefound
due to male infertility and 3% (10 cases) were
found due to female infertility. Dutrillaux et al.
examined 958 infertile men and showed that
pericentric inversions occurred twice asoftenin
these subjectsasinthe general population (1982).
Theseresultsarein accordancewith other studies
which demonstrated that the relative repro-
ductive fitness of male inversion carriers is
noticeably reduced (Jacobs et a. 1975; Morton
et a. 1975). A comparison of the transmission
rates for maternal versus paternal inversionsin
the French collaborative study shows that the
maternal rate is almost twice as high (78 versus
42). In 18 informative families (not including
inversions in the heterochromatin of chromo-
somes 9, 16 and Y) inversions were transmitted
more frequently by the mother in 14 cases, as
compared to the father in 3 cases; in one family
the rates were comparable. These results may
not constitute direct proof. However, they do
indicate quite clearly that there is a distinct
reduction in male fertility and consequently, a
decreased transmission of the inversion
chromosome. In addition, chromosome specific
differences must be taken into account: the
reduced number of childrenisconsiderably more
marked for male carriers of inversions affecting
large chromosomes than it is for the smaller
chromosomes. Apparently, inversions of
chromosome 1 are particularly significant inthe
etiology of male infertility. Thus, in the French
collaborative study, 7 out of 12 cases (58%) were
ascribed to an aberrant chromosomel. Only one
man with an inv(1) was able to father children.
Meschedeet d. (1994) also describeaninversion
in chromosome 1 in two brothers with azoos-
permia. In one brother, spermatogenesis was
histologically shown to be impaired at the level
of the primary spermatocyte. Both men carried
aninv(1)(p34g23) of materna provenance. In271
subfertilemales, Dutrillaux et d. (1982) identified
57 chromosome aberrations (21%), of whichfive
wereinversions (1.8% or 18 %o of al probands).
This number is considerably higher than the 0.5
%o frequency of inversions found in the general
population. Gabriel-Robertsand Rumpler (1994)
surmise that the probability of a homolog
synapsis being disturbed increases with the size
of the chromosome. The aberrant pairing would
inturn disturb certain cellular mechanismsvital
to spermatogenesis, resulting in ahalted devel op-
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ment and ensuing infertility. The correlation
between pericentric inversions and infertility is
interpreted in different ways by the various
authorsstudying the subject. Giraldo et al. (1981)
assume that there may be a dependence on the
gender of the transmitting parent, such as the
one found for translocations, where fertile
women transmit the aberrant chromosome to
infertile sons. However, this hypothesis did not
turn out to be generally applicable. Teyssier and
Moreau (1983) identified aninv(10)(p11g21) that
wastransmitted from father to son. Dutrillaux et
al. (1982) consider autosomal rearrangements,
including inversions, to be not the cause but
rather an additional negativefactor in menwhose
sperm quality issubnormal, anyway. Teyssier and
Moreau (1983), on the other hand, do not think it
probable that a change in the expression of the
genes at or very near the chromosomal break
points could cause spermatogenesisto be halted
inmenwith chromosomad rearrangements. Rather,
they assume a disturbance of mechanisms
controlling the development of sperm. Further-
more, they conjecture that in man, just asin the
mouse, the presence of chromosomal rearrange-
ments such as translocations and inversions
causes an incomplete synapsis as of pachytene,
which in turn permits an association of these
autosomal, non-pairing regionswith the bivalent
sex chromosomes. Thisnon-homologous pairing
between the autosome and the XY bivalent could
then interfere with the inactivation of the XY-
complex, which is a basic requirement for the
maturation of male gametes. Thishypothesiscan
be confirmed through electron microscopic
analysis of the synaptonemal complex during
pachytene, as well as via fluorescence in situ
hybridisation (FISH) of the aberrant chromosome
with the XY bivalent (Anne Chandley, pers.
communication). Furthermore, it has been
demonstrated that among subfertile males with
autosomal rearrangements, those men possess
the highest fertility who exhibit the lowest
frequency of association between the rearranged
chromosome and the XY bivalent. This would
also explain the exclusively male nature of this
type of infertility, as the two X chromosomes
stay active during the meiosis of the female
gametes and pair throughout their entire length,
just like the autosomes.

It may be assumed that infertility occursonly
in heterozygous carriers of chromosomal
rearrangements, while homozygous carriers of
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any rearrangement show normal fertility. This
might be explained by thefact that anew bivalent
is formed in the homozygous state. This would
eliminate the difficulties that can otherwise
accompany the pairing of the bivalent, and thus,
no unpaired segments interfere with the
inactivation of the XY bivalent.

Inversions do not seem to influence female
fertility to any noticeable degree apart from an
increased miscarriagerate, however, unbalanced
karyotypesmay occur. For example, Teyssier and
Moreau (1983) reported two cases in which
women transmitted aninv(10). Thesewomen each
had one child that exhibited numerous pheno-
typical abnormalities. A so-called aneusomie de
recombinaison due to the inversion caused the
formation of unbal anced gametes. However, the
birth of such children with a chromosome
syndromeisarare event.

Inversions in Religious and Geographic
Isolates: A number of studiesindicatethat there
are differences in the frequency with which
inversions occur in various populations.
Investigations within the context of the French
collaborative study (19864) found that, of 305
persons included in the study, 150 had an
inv(2)(p12q14). There was no de novo case
among them. Most of these families were of
Jewish descent and originated from North Africa,
especially Algeria and Morocco, or Spain and
Portugal. A number of these families were of
French descent. In some cases, those inversion
carrierswho originated from North Africatraced
their family back to ancestors living in Spain
beforetheInquisition. At presentitisnot possible
totraceall these casesto asingle mutation. It is,
however, probablethat therewere afew mutations
originaly, of which one occurred prior to themass
emigration of the Jewish community from Spain
inthe 15" century.

Inter-and Intrachromosomal Unequal
Segregation of the Balanced Inversion:
Published data pertaining to the transmission of
inversions are controversial. Boué and Gallano
(1984) found a preferred transmission of the
inversion chromosome in the descendants of
male inversion carriers. Iselius et al. obtained
further results through investigation of 216
families (1985). Though they did not find a
significant deviation from the expected 1:1
segregation ratio in the descendants of maleand
female carriers, they did detect altered patterns
of transmission for certain chromosomes, after
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factoring out the proband himself, aswell ashis
direct descendants and their families. They
observed an increased transmission of the
aberrant chromosomesb5, 7, 11 and 21 on theone
hand, and a decrease in the transmission of
aberrant chromosome 1, 6, 12 and 20 on the other
hand. This was taken as proof that certain
inversions are passed on either more or less
frequently to the following generations than
others.

In addition, researchers found preferential
patternsof transmission for defined chromosome
regionsinv(2)(p12q14), inv(5)(p14gl4), inv(10)
(p11.22g21.109), inv(10)(p1209g11.109) and
inv(21)(p12g2109).

Risk for Aneuploidy: The afore-mentioned
French researchers happened upon a large
proportion of theinversion familiesonly through
effects caused by other structural or numerical
chromosomal aberrations. Analysis of these
families showed that the risk for autosomal
trisomiesiscomparableto theonein familieswith
anormal karyotype.

The authors came to the conclusion that
generally speaking, inversions do not of
themsel ves predispose to any other specific and
independent chromosome anomaly. However, in
the case of inv(18) and inv(21), there does seem
to be adirect correlation between the inversion
in a parent and the occurrence of the respective
trisomy in his or her offspring, as indicated by
thebirths of anumber of trisomic childreninthe
families of several carriers of these inversions.
Thus, it is to be assumed that the risk for these
trisomiesisincreased for the progeny of inversion
carriersfor chromosomes 18 and 21. Thereason
appears to be abnormalities in the formation of
the bivalent during meiosis|.

However, thisrestriction of an aneuploidy risk
for inversion carrierswasnot in accordance with
the findings of other investigation groups.
Investigations of an inv(9) performed by Kaiser
(1988) focussed on four patientswith atrisomy 9
mosaic and one patient with a partial trisomy 9.
Furthermore, he discussesthree published cases
of an inv(22) in which the carriers have a
conceptus with trisomy 22, and three family
members possess an additional ring chromosome
22. Ashothtrisomies9 and 22 areextremely rare,
a coincidental correlation does not seem very
probable.

IN 1983, Sauraet a. described the case of the
very rare inv(22) which was detected only

through a phenotypically conspicuous child.
The child had a trisomy 21, a Klinefelter syn-
drome, and apericentricinversion of chromosome
22. Thephenotypewasasfollows: 48, XXY, +21,
inv(22)(p11g12). Theinversion was of maternal
origin. They also mentioned an inv(22) that was
ascertained through a partial trisomy 22. The
authors discussed the term “interchromosomal
effect”, which was introduced by Sturtevant in
the course of his studies of Drosophila (1926)
and which wasfirst applied to thefield of human
geneticsby Lejeunein 1963. Sauraet al. assumed
that, just like other balanced structural rearrange-
ments, pericentric inversions are capable of
influencing the segregation of other chromo-
somes. Their analysis of the parental karyotype
for alarge number of children who had atrisomy
21 showed an elevated frequency of balanced
translocations that was noticeably higher than
the expected rate of 1-2% (de Grouchy and
Turleau 1982). The authors go on to point out
that, of the six published pericentric inversions
which are thought to influence the mal segrega-
tion of other chromosomes, four casesinvolved
acrocentric chromosomes, and that their own
observations constitute afurther example of this
type of chromosome.

The frequency of aneuploidies is according
totheinvestigation of Nielson et a. increased in
the progeny of inversion carriers. The 0.42%
frequency found in new-borns(Nielsenet a. 1982)
in conjunction with the values given in the
French collaborative study, point to an increase
of the aneuploidy risk by afactor of about 3.2.

In the case of a pericentric inversion on
chromosome 10 which was present in two
generations of afamily investigated in our own
laboratory and which caused no phenotypical
effects, a pedigree analysis succeeded in
disproving any direct association between the
inversion and both a miscarriage as well as a
triploidy syndrome (69,XYY) in the third
generation. A phenotypically normal woman
carried an inv(10). During a pregnancy which
followed upon a miscarriage, she opted for
prenatal diagnosis, which revealed a triploidy
syndrome. The fact that the additional genome
was of paternal origin (as indicated by the
additional Y chromosome) proved that, in this
family, there was no connection between the
inversion and the polyploidy.

Pathological Phenotype in Apparently
Balanced Inversions: Inthe French collaborative
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study, 24% (or 72 out of 304) of the inversion
carriers were detected due to a proband with an
apparently balanced karyotype who was
nevertheless phenotypically conspicuous. A
summary of the literature published by Kaiser
(1984) quotes an even higher rate (31%).
Furthermore, Kaiser statesthat alarger proportion
of fatherswithinversionswereidentified duetoa
phenotypically abnormal child. This observation
was checked in the context of the French
collaborative study using a collective of 120
probandswhoseinversionswereof paternd origin.
The disequilibrium described by Kaiser was not
verified for the French collaborative study.

Kaiser also observed a greater number of de
novo versusfamilial inversionsin phenotypicaly
abnormal probands. The sametrend wasvisible
in the French collaborative study, albeit not in
any statistically relevant measure. It is to be
assumed that the pathological phenotype in
these cases is caused by sub-microscopic
aberrations such as microduplications or
microdeletions, or possibly by uniparental
disomy (UPD)(see below). Kaiser goes on to
name several other possible explanations, e.g.
localisation of theinversion breakpoint within a
cistron, preventing the expression of the genetic
information therein, and further, the shifting of
genetically active DNA into the neighbourhood
of heterochromatin, which could result in a
heterochomatinization and thus an inactivation
of previously euchromatic segments (1988).

Uniparental Disomy: Carriers of abalanced
pericentric or paracentric inversion have an
increased risk for abnormalitiesin theformation
of bivalents during prophase of meiosis I, such
that univalents occur. Asaconsequence, gametes
with adisomy or anullisomy for the respective
chromosome arise, and the zygote develops a
trisomy or a monosomy. The processes of
monosomy or trisomy rescue may then follow
postzygotically, and the embryo would exhibit
anUPD.

I nver sionsof the Sex Chr omosomes

X Chromosome: Pericentricinversionsof the
X chromosomearerare (Duckett and Young 1988;
Therman et d. 1990; Schorderet et al. 1991). They
have been implicated in gonadal dysfunctionin
women. Some of the affected women were of
normal intelligence, while others were mentally
retarded. However, anumber of femaleinversion
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carriers have been found to possess normal
gonadal function.

In 1982, Keitges et a. described dizygotic
femal e twins who both had the same pericentric
inversionin X but exhibited completely different
symptoms: one twin was phenotypically
inconspicuous with normal intelligence and
menstrual cycles, whilethe other twin showed a
slight degree of mental retardation, psycho-
logical problems, irregular menstruation, and
slightly dysmorphic features. A selective
inactivation of the inverted X chromosome was
demonstrated in the latter twin. The authors
proposed thefollowing possibilities: 1) the non-
inverted X chromosomesdifferedinthetwo girls,
2) the abnormal twin possessed a deletion or a
duplication that was below the detection level,
or 3) these observations were a coincidence.

Pericentric X inversions may be transmitted
by healthy carriers of both genders. The trans-
mission of X-chromosomal inversions through
several generationsin different families, with no
evidence of recombinations and thus no pheno-
typical conseguences, has been analysed.

In contrast to autosomal balanced inversions,
the inversions that occur on the sex chromo-
somes more frequently cause disturbances of
gene function. Thus, certain breakpoints can
distinctly influence the phenotype.

Phenotypica changes caused by inversions
differ depending on the affected gender. Women
are usually phenotypically inconspicuous.
However, aposition effect can become evident if
the breakpoint lies within the region Xq13-g26,
leading to gonadal dysfunction (Therman et al.
1990).

Gardner and Sutherland (2004) state that an
ovum with a normal X or an intact inverted X
chromosome will produce a normal child. In
families where the balanced inversion of the X
chromosomeis compatiblewith normal germline
development inthefemalecarriers, girlsinheriting
the inversion from their mothers should also
develop normally.

The consequences of the unbalanced
inheritance of amaternal X inversion are much
more critical in the male child (French Colla
borative Study 1986b).

In contrast, in males (who are hemizygous
carriers of a balanced inv(X)) there are no
consequences for the phenotype or fertility. The
normal course of meiosis is not disrupted, and
recombination cannot take place within the
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inverted segment. All daughters of such amale
carrier will, of course, inherit theinversion from
their father in a balanced form. Most of these
women exhibit normal gonadal development,
albeit some few cases of premature menopause
have been reported. As the sons inherit their X
chromosome from their normal mothers and the
Y chromosome from the inversion-carrying
fathers, they possess normal karyotypes.

Some carriers have been found to have
mosaicswitha45,X cell line.

Y Chromosome: Inverted Y chromosomes
usually have a metacentric structure and are
unchanged in size. The breakpoints are most
frequently located in the euchromatin of thelong
and the short arm, near the centromere:
inv(Y)(pllgll). The frequency of pericentric
inversionsrangesfrom 0.07%to 5.7% according
to the ethnic group investigated (Wyandt and
Tonk 2004).

In most cases, theinversion of the' Y chromo-
some does not adversely influence fertility. In
some rare cases, the breakpoints of apericentric
inv(Y) arelocated intheeuchromatinwithin critical
regions such as the DAZ gene, and then
phenotypical consegquences such as infertility
or subnormal fertility can result. Meiosis of the
inverted Y chromosome proceeds normally, and
pairing difficulties between the X and the Y
chromosome can be eliminated as a reason for
azoospermiaand oligospermia. Furthermore, the
fact that meiotic pairing of the inverted Y with
the X chromosome is not inhibited shows that
thedistal regionsof the short arm are not affected.

Paracentriclnversions
I nversionsof the Autosomes

Formation and Frequency: According to
newer research, paracentric inversions constitute
one of the more frequent forms of chromosomal
rearrangements. In this type of inversion, both
breakpoints are located on one arm of the same
chromosome. Thus, the centromere is not
involved in the rearrangement. The mutation is
apparent in the altered banding pattern, provided
the inverted segment comprises more than one
band. Offspring of carriers of paracentric
inversions have only a slightly elevated risk for
an unbalanced karyotype.

For along time, paracentric inversions were
less well characterized than were pericentric

inversions, primarily because their size often
precluded detection. Up until the devel opment of
modern banding techniques in 1970, it was not
possibletodetect themat dl inmitotic chromosomes.

Published studies describe a total of 75
independent cases documented up until 1986.
Thecentral study performed by the French group
of cytogeneticists (1986b) increased that number
t0107. In 1995 Pettenati et al. published areview
of 446 probands with paracentric inversions,
including 120 new cases. This means that in
comparison to the data obtained for pericentric
inversions, paracentric inversions would occur
approximately tentimeslessfrequently, anumber
which, for reasons described above, does not
seem credible.

Molecular cytogenetic investigations show-
ed that there are a significant number of
paracentric inversions among submicroscopic
structural aberrations. These have been found
mainly in the subtelomeric regions of the
chromosomes, but proximal regions are also
involved. Among these isthe best characterized
cryptic paracentric inversion, involving the
Williams Beuren region in the long arm of
chromosome 7 (7q11.23). Investigations have
shown that approximately 30% of parents of
children with Williams Beuren Syndrome havea
paracentric inversion in the critical region on
chromosome 7 (Osborneet al. 2001; Vaero et al.
2000; Scherer et al. 2005).

One problem in analysing paracentric inver-
sions and defining their genetic risk is the
possihility that heterologous insertions may be
mistaken for inversions. Often, the application of
FISH probes is the only method to differentiate
between the two options. Thisis of special rele-
vancewhen geneticrisksaregiventofamilies seek-
ing genetic counselling, astherisksaresignificantly
higher for carriers of insertions (about factor five)
than for carriers of paracentric inversions (Madan
and Nieuwint 2002; Baicek 2004).

Meiosis: In general, it can be said that both
paracentric and pericentric inversions do not of
themselves giveriseto phenotypical abnormali-
ties. However, a meiotic crossing-over event
within theinverted segment in balanced carriers
can result in the formation of chromosomally
imbalanced gametes. The risk for this type of
imbal ance depends upon the pairing possibilities
and the probability of crossing-over in the
inverted segment, which isin turn proportional
to the length of the inversion.
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Special genetic risksfor unbalanced recombi-
nants apply for chromosomes 9, 14, and 18. In
chromosomes 9 and 14, stable pseudo-dicentric
derivatives can develop, and in chro-mosome 18,
different types of small duplications and/or
deletions lead to handicapped carriers with
almost normal life expectancy (Madan and
Nieuwint 2002).

Inversion Loop: Pairing within the inverted
segment is accomplished through formation of an
inversion loop during pachytene. Generation of
chiasmatathen leadsto formation of dicentricsand
acentric fragments. If there is no pairing between
the homologs, and consequently no crossing-over
takes place, then meiosis proceeds normally.

Since meiotic behaviour of chromosomes
with paracentricinversionsin females cannot be
studied in large humbers of human oocytes,
investigationsin mice are performed for compa-
rison. Exchange and segregation patterns were
compared for inversion carriers and for normal
controls. While the exchange rate was greatly
increased in inversion carriers, nondisunction
ratewasonly dightly higher (Koehler et al. 2004).
Further investigation will allow comparison of
these results on female meiosis in mice with
paracentric inversions with findings in human
inversion carriers.

Investigations of male meiosis in inversion
carriersare preferentially performed viaanalysis
of sperm. Therecombination rates observed were
low, and increased nondisjunction was not
documented (Martin 1986; Devine et a. 2000;
Anton et al. 2005).

Partial Pairing and Heterosynapsis: These
peculiarities of meiosis have not been observed
for paracentric inversions.

Genetic Risksfor Inversion Carriers. Classic
genetic theory states that heterozygote carriers of
anautosomal paracentricinversion arenot capable
of producing unbalanced, abnormal offspring. This
istrue for the mgjority of paracen-tric inversions,
but some exceptions have been observed.

The French group of cytogeneticists (1986b)
found that reproductive fitness of heterozygous
inversion carrierswasnormal in 32 familiesthey
examined. Fertility of theinversion carriers can
be classified based on the number of offspring
produced, and the couples in the French colla-
borative study had an average of two children
each. Reduced fertility such aswas observed for
the male carriers of pericentric inversions was
not an issue for paracentric inversion carriers.
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In the afore-mentioned French study, 11
carriers of paracentric inversions were detected
due to miscarriages, eight were found in the
context of systematic studies, and five were
detected because of malformations despite an
apparently balanced karyotype. Thedistribution
which can be drawn from literature is based on
different numbers. 11 cases, or 15%, through mis-
carriages, 20 cases, or 27%, dueto malformations/
balanced karyotype, and 10 (13%) in combination
with other chromosomal imbalances. Thesedata
suggest that the risk for malformations is
particularly highamong the carriersof paracentric
inversions. However, thisimpressionisfalse. It
must betaken into account that published studies
tend to concentrate on interesting cases, leading
to an unrealistically high number of aberrations
described in the context of paracentricinversions.
Of the 32 probands in the French study, four
weredetected dueto familial transl ocations (two
each Robertsonian and reciprocal). This
percentage illustrates the usually coincidental
nature of the discovery of such inversions. In
one case there was a complex chromosome
rearrangement (CCR) with three breakpoints, i.e.
the inverted segment was inserted in an entirely
different area of the chromosome. According to
this study, only four published cases appeared
to be aneusomic, and only in one case was the
nature of the rearrangement clearly defined:
Mules and Stamberg (1984) described a stable,
dicentric inversion duplication which had
apparently resulted from a maternal inv(14).
Madan (1988) characterized six cases with
additional aneuploidies in a collective of 65
carriers of paracentric inversions: four patients
with Klinefelter Syndrome, onewith Down Syn-
drome, and onewith Turner Syndrome. However,
the author states that these rates are normal for
any collective. Thus, he discountsthe possibility
that a paracentric inversion could increase the
probability of nondisjunction. The risk for
aneusomy is estimated to be low, approximately
1% among the offspring of carriersof paracentric
inversions due to the fact that stable, pseudo-
dicentric chromosomes may be produced.

The birth of chromosomally abnormal
children is often thought to be related to the
existence of aparacentricinversion. Usually the
real causeismorelikely to beanintrachromosomal
insertion, which bears a 15% risk for the
production of unbalanced offspring.

Segregation of Balanced Inversions: Out of
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40 chromosomally characterized offspring of
inversion carriers, the authors of the French
study found 29 who had inherited the inversion.
At first glancethisseemsto point to apreferential
segregation of the inverted chromosome, but in
reality it ismore probably theresult of an insuffi-
cient number of cases. The exclusion of factors
which may unduly influence theresultsleavesa
proportion of 13 inversion carriers to 8 non-
carriers, which is aratio of approximately 2:1.
Published studieswhichin-corporate sufficiently
large numbers of family membersare quiterare,
basically coming down to only two groups
results (Romain et al. 1983; Venter et al. 1984).
Here, atransmission of the inversion was found
in 11 out of 22 cases, which corresponds to a
ratio of 1:1. Dueto thesmall number of cases, the
significance of these numbers must be
considered uncertain, too.

The gender distribution of paracentric
inversionswasexamined in 22 familiesaswell as
inseveral isolated cases (70 inversion carriersin
total). Therewere 35 maleand 35 femalecarriers.
Of the 32 index patients (probands), 18 weremale,
and 14 werefemale. 14 parents of probandswere
inversion carriers (7 mothers, 7 fathers), all of
which corresponds to a ratio of 1:1. Here, too,
the relatively low number of cases limits the
informative value.

Other published studies give a higher number
of male(38) thanfemale (28) carriersof paracentric
inversions, and they also find more frequent
materna (30) than paterna (19) transmission.
However, thedeviationfromthe 1:1 ratio described
by the French group is not significant (1986b).

Uniparental Disomy: Just like pericentric
inversions, paracentric inversions can give rise
to secondary rearrangements with deletions in
the inverted segment.

Repeated cases of familial Angelman and
Prader-Willi Syndromes confirm the relative
frequency of such events, which may possibly
occur more often with paracentric than with
pericentricinversions. Furthermore, in additionto
intrachromosomal or homolog rearrange-ments,
thereisalso the possibility of nondis-junction and
UPD due to abnormalities of synapses during
meiosis(Engel and Antonarakis2002).

I nver sionsof the Sex Chromosomes

X Chromosome: Paracentricinversionsof the
X chromosomearerelatively rare, sothereareno

reliable data on their frequency. Thereisawide
range of phenotypes.

Just as in pericentric inversions of the X
chromosome, break pointsin the critical region
X(g13-26 of the long arm generally result in
gonadal dysfunction. Breakpoints located
outside of the critical region usualy permit a
normal phenotype and normal fertility.

The mental capacities of women with
paracentricinversionsof the X chromosomevary.
Someexhibit normal intelligence, whereas some
are mentally retarded. Although thereisusually
no great variance within familiesin this respect,
there can be both mentally retarded and
intellectually normal inversion carriersinthesame
family (Neuetd. 1988).

Equally, male carriers of a paracentric
inversion of the X chromosome may present with
fertility problemsor mental retardation.

Y Chromosome: to our knowledge there are
no published cases of paracentric inversions of
the Y chromosome. However, submicroscopic
inversions cannot be excluded.

REARRANGEMENTS OF THE
CONSTITUTIVE HETEROCHROMATIN

Characterization of the Heter ochromatin

The human genome comprises two main
groups of heterochromatin, namely facultative
and constitutive heterochromatin. Euchromatic
segments or the whole X chromosome which
were inactivated during early stages of embry-
onic development and can remain condensed
throughout many cell generationsare designated
facultative heterochromatin.

Constitutive heterochromatin, on the other
hand, is composed of distinctly structured
chromatin which is non-coding and repetitive.
Two groups of repetitive DNA can be
distinguished: highly repetitive and medium
repetitive DNA. Thefirst groupismadeup mainly
of classic satellite DNA I-1V. The other frequent
formsarea and 3 satellite DNA. The mgjority of
thesatellite DNA |-V isstuated in heterochromatin
blocks in 1912, 3g11.2, 4911.2, 9912, 15p11.2,
16011.2 and Ygl2. Medium repetitive heter-
chromatin is interspersed throughout the
euchromatin. Therepest regionsmay be preferred
breakpoints and lead to rearrangements such as
inversions.

Homologous chromosomes are generally
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heterozygous for length polymorphisms of the
congtitutive heterochromatin. These variations
are termed heteromorphisms. Heterochromatic
areasasodiffer inregardtotheamount of satellite
DNA they contain.

A number of studies could not prove that
carriersof large heteromorphisms show reduced
fertility or may produce offspring with chromo-
somal imbalances (Wyandt and Tonk 2004).
Inversionslead to positional changes of the poly-
morphic regions and thus might influence gene
expression. Partial amplifications or deletions of
the constitutive heterochromatin might result in
aloss or an increase of gene function.

Pericentriclnversions
I nversionsof the Autosomes

Characterization and Frequency: Pericentric
inversionsoccur inthevicinity of the centromere
in heterochromatin blocks on chromosomes 1, 3,
4,9 and 16, not, however, in 15p11.2. The hetero-
chromatin block onthe'Y chromosomeislocated
inthedistal segment and can beinverted aswell.
Evidence to date shows that inversions of the
heterochromatin on chromosomes 1, 3, 4, 9, 16
and Y are geneticaly irrelevant and that these
inversions may be considered variants or poly-
morphisms (Kalz and Schwanitz 2004; Wyandt
and Tonk 2004).

Kalz studied the frequency of inversionsin
the heterochromatic regions of the afore-
mentioned chromosomes (2003). A collective
consisting of 817 personswasexamined inregard
toinversionsin the autosomes. Heterochromatin
blocks were stained via various banding
techniques. 1912, 9912, 15p11.2, and 1611.2 were
stained via CBG-banding and DA/DAPI, while
heterochromatin in 3g11.2 and 4q11.2 was
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detected through QFQ-banding alone
(exclusively fluorescence polymorphisms) and
Yql2 wasstained using al threetechniques. Only
one inversion was found in 1q12 (0.12% of
probands); 20inversionsin 3q11.2 (2.45%); 124
in4g11.2 (15.18%); 16in 9912 (1.96%) and none
in 16011.2 (0%). Inversions of the constitutive
heterochromatin in the Y chromosome were
studiedin 409 men. Only oneinversionwasfound,
which corresponds to a frequency of 0.25%.
Kaiser givesdlightly different valuesobtained in
his study of 352 caseswith complete and partial
inversions (1988) (see Table 2).

Both studies specify very similar figuresfor
the Y chromosome, but the results diverge for
chromosomes 1 and 9. The reason for this dis-
crepancy istheuse of differing criteriafor inclu-
soninthedata. WhileKalz and Schwanitzinclud-
ed only completeinversions, Kaiser also register-
ed partial inversionsfor chromosomes 1 and 9.

Accordingto Gosden et d. (1981) and Mattei
et a. (1981), the heterochromatin segment on
chromosome 9 consists of two biochemically
distinct subunitsleading preferentially to partial
inversions.

Inver sionsof the Sex Chromosomes

Pericentric Inversionsof the Y Chromosome:
Inversionsof theY chromosomeinv(Y) (p11gl12)
are quite common in the general population
(Vermaet d. 1982; Téth et al. 1984). Thisspecific
inversion occurs in 0.6 per thousand male
persons, which corresponds to a frequency of
0.06%. Gersen and Keagle (1999) describeacertain
ethnological group in South Africa, namely the
Gujerati Muslims, inwhich theinversion occurs
with a frequency of 30.5%, which may be
assumed to be the result of afounder effect.

The inversion break points in Yq almost

Table 2: Frequency of complete pericentric inversions of the heterochromatin in chromosomes 1, 3, 4, 9,
16 and Y (Kalz and Schwanitz, 2004) as compared to data for complete and partial inversions obtained by

Kaiser (1988). n/a: not analysed.

Kalz

Kaiser (complete

and partial
inversions)
Chromosome Number of probands Number of inversions Frequency (%) Frequency (%)
1912 817 1 0.12 0.3
3g11.2 817 20 2.45 n/a
4911.2 817 124 15.18 n/a
9q12 817 16 1.96 11.35
16q11.2 817 0 0 n/a
Yql2 409 1 0.25 0.15
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invariably lie in the heterochromatic region or
pericentromeric. Therefore, this inv(Y) is not
associated with phenotypical abnormalities.
Neither isthere an increased risk for the birth of
an abnormal child. For these reasons, and
because of its relative frequency, thisinv(Y) is
considered genetically irrelevant.

The pairing of the XY bivalent usually takes
place via the tips of the short arms. Usualy, a
pericentric inversion does not adversely affect
this process, and the inversion is transmitted
unaltered to the next generation. However,
sometimes a secondary rearrangement t(X;Y)
does occur, and in this case it is to be assumed
that therewasaprimary inversion followed by a
sporadic translocation during paternal meiosis.
Thisassumptionissupported by the observation
that in no sporadic caseof t(X;Y) wasaninversion
ever found in the (paternal) Y chromosome.

FREQUENCY OF INVERSIONSAMONG
THE STRUCTURAL ABERRATIONS

Chromosomes 2, 5, 7 and 10 were examined
more closely in an attempt to delineate the
frequency of euchromatic inversions as one of
the many types of structural aberrations
(translocation, duplication, deletion, insertion
and ring chromosome). Data was compiled on
the basis of the summary provided by
Borgaonkar in Chromosomal Variation in Man
(1997). A total of 3212 caseswere analysed (see
Table 3). Inversionswere most frequently found
for chromosome 2 (10.91%), and they wereleast

frequent for chromosome 7 (6.47%), with a
comparable total of aberrations being found for
chromosomes 2, 5 and 7. These data confirm that
thereisadiffering interchromosomal frequency
of inversions. Chromosome 2, which exhibitsthe
highest frequency of inversions, isalso thelargest
chromosome. In addition to size, however, there
must be other factors determining the inversion
rate, as is illustrated by the similar size of
chromosomes 7 (5.36% of thetotal length of the
genome) and 10 (4.58% of thetotal length of the
genome) and their different inversion frequencies
(Table3).

Analysis of the euchromatic inversions of
chromosomes 2, 5, 7 and 10 was carried out for
fivedifferent categories: familial, unidentified, de
novo, homozygous and mosaic cases. For al four
chromosomes the number of inversions of
unidentified genesis was highest, followed by
familial inversions(Table4). However, it may be
assumed that some of theinversions of unidenti-
fied genesisare actually familial inversions that
were not recognized as such because the parents
or the grandparents were not examined and thus
not distinguished as the carriers of this
rearrangement.

De novo inversions were very much less
frequent than the familial ones (Fig. 1), but they
were found for every one of the four analysed
chromosomes. A homozygous inversion was
found only in one case, for chromosome 2.
Furthermore, only 2 mosaics were detected, and
these concerned chromosome 2.

Within our own investigation group (91

Table 3: Total number of structural aberrations for chromosomes 2, 5, 7 and 10, including inversions
(absolute and in percentages) according to Borgaonkar (1997).

Chromosome Number of structural Number of Inversion
aberrations (n) inversions (n) incidence (%)

2 862 94 10.91

5 888 77 8.67

7 819 53 6.47

10 643 49 7.62

Total 3212 273

Table 4: Differentiation of the inversions for chromosomes 2, 5, 7 and 10 according to their origin and the

number of mosaic and homozygous cases (n=273).

Chromosome Origin of Inversion Soecial Forms Total
Familial Unidentified De novo Homozygous Mosaic

2 26 55 5 1 2 94

5 32 42 3 - - 77

7 23 26 4 53

10 23 25 1 49
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Fig. 1. Frequency and origin of inversions of the chromosomes 2, 5, 7 and 10 (summary according to
Borgaonkar, 1997).

inversions analysed in the context of diagnostic
processes), familia cases also dominated, just as
in the studies discussed above. Indl, 72% of our
caseswerefamilia inorigin, while 28% originated
de novo in the parent. 58% of the familial cases
were of maternal and 42% were of paterna origin.

A similar classification was not possible for
inversions of the heterochromatin.

Thereis no published documentation for all
the various structural aberrations (dup, del, ins,
r, rcp), only descriptions of specific cases
(Borgaonkar 1997), so that inversionscan not in
analysed in comparison to these.

INTERCHROMOSOMAL DISTRIBUTION
OF INVERSIONS

Rearrangementswithin the Euchromatin

Inversions have been analysed in different
frequencies according to theinvestigating group
(0.12-5.25%o). In our own patient collective (91
inversions among 41,000 diagnostic cases) we
found afrequency of 2.24%.. Of these, 60% were
pericentric and 40% were paracentric inversions,
which is in accordance with the differences in
the other populations studied.

Pericentriclnversions
Pericentric inversions have been described

for all chromosomes, and with a frequency of
0.5%o, they are among theless common structural

aberrations in humans. However, their incidence
differsstrongly from chromosometo chromosome.

Theauthors of the French collaborative study
(19864) analysed atotal of 305 independent cases.

The most common inversions within this
collectivewere rearrangements of chromosomes
2,10 (two different types), 5and 7.

Inv(2)(p12g14.1) ismost commoninall groups
studied, and homozygosity for this rearrange-
ment seems to be innocuous (Gelman-K ohan et
al. 1993; Schmidt et d. 2005). Thislack of an effect
for the carrier isapparently quite widespread, as
there are no pairing difficultiesin meiosis | and
thus no unequal crossing-over.

Our own investigation group showed
comparableresults. Chromosomes 2, 10 and the
Y chromosome most frequently had pericentric
inversions.

Inversions in chromosomes 1, 8 and 16,
however, arerare. The French study did not find
an inv(16). Borgaonkar, on the other hand,
mentions one (1997). A possible reason for such
rare findings may be unequal recombination
causing lethality and thus, limited detection.
Furthermore, a position effect may explain the
infrequent occurrence of certain inversions, as
indicated by the incidence of inv(16) in some
leukaemiacells(ANLL-M2, -M4) (Golomb et al.
1978).

Gardner and Sutherland (2004) list further
frequent inversions, such as inv(3)(pl1gl2);
inv(3)(p13g12); inv(5)(p13g13) and inv(10)
(p11.2g21.2). In this context it is important to
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consider that break points cannot always be
determined precisely. Thus, inexact localisations
and publications that appear to describe dif-
ferent inversions result when in fact only one
rearrangement exists.

Theauthors of the French collaborative study
identified 118 different inversion regions. A cer-
tain variancein theincidences depending on the
population surveyed is apparent. Furthermore,
there is adiscrepancy between the valuesfound
for different age groups. Thus, pericentric
inversionsarefoundin 10 out of 70613 newborns
(0.14%o) (Nielsen et al. 1982) and 3 out of 5488
newborns (0.6%.) (Hansteen et al. 1982),
respectively, while in older individuals, the
percentagesaresignificantly higher, ranging from
0.3%o to 5%o0, which corresponds to an average
of 1.4%o (discounting relatives of the probands)
or 2.6%o including relatives. Thelower incidence
found for newbornsas compared to theinversion
rate in older probands is most probably due to
methodical differencesin the authors' analyses.
The average frequency of pericentricinversions
is estimated to be about 0.5%o.

Asearly as1983, Teyssier and Moreau drew
acomparison between inversion ratesin aseries
of newborns and those in a collective of sub-
fertile persons. They found that the latter group
showed asix fold higher incidence of inversions,
which they attributed to exaggerated numbersin
the subfertile collective.

The causesfor differing inversion frequencies
invariouschromosomesremain unknown to date;
however, reproductive disadvantages due to the
occurrence of unbalanced karyotypesmay bean
issue.

The interchromosomal distribution of
inversions showed discrepant frequenciesin the
individual studies. A summary of relevant
publicationsidentified inv(2)(p12q14) asthe most
common inversion, just as the French colla-
borativestudy did (Ait-Allah et al. 1997; Schmidt
et al. 2005). Kaiser’'s second most common
rearrangement, however, was inv(8) (p23g22)
(Kaiser 1984), which the authors of the French
study did not find at al. Conversely, the French
authors identified inv(5)(pl4q14) 22 times,
whereas Kaiser found it only once.

Paracentriclnversions
The 0.25%0 incidence which is often given

for paracentric inversions (Pettenati et al. 1995)
corresponds to approximately half the value

found for pericentricinversions. Thisfrequency
probably reflects realistic distributions more
accurately than those specified by the authors
of the French study (1986b), who found atenfold
higher incidence of pericentric inversions as
compared to paracentric inversions.

Modern molecular-cytogenetic methods
such as FISH are capable of detecting even very
small paracentric inversions which previously
escaped notice. Furthermore, in contrast to
pericentric inversions, paracentric inversions
only rarely cause physical abnormalities in
offspring, which precludesan important indicator
often leading to detection. Larger, microsco-
pically visible paracentricinversionsdo occur in
amost every single chromosome; however, they
are considerably less common than pericentric
inversions of the same magnitude.

The French group of researchers postulated
that the incidence of paracentric inversions is
proportiona tothelength of the chromosomearms.
However, thishypothesis has not been confirmed
by recent findings. This study demonstrated a
correlation between frequency and total length of
the chromosomes, but it also showed that, given
the total lengths are the same, more paracentric
inversions exist for non-metacentric than for
metacentric chromosomes. Thus, the actual
distribution of the identified inversions was not
reflected in the theoretically expected values.
Paracentric inversions were most often found for
chromosomes 3, 7, 11, 1 and 5. In individual
chromosomes up to five different areas were
affected. Detection difficulties alone cannot
explain the differences found for the various
chromosomes (French Study 1986b); differing
geographical distributions may also play arole.

Data from other publications confirm the
inversion frequenciesfound in the French study.
A particularly conspicuous observation made by
all authorsisthat chromosome 2 does not appear
to accomadate paracentricinversions, in contrast
to pericentric inversions, which occur most often
on chromosome 2.

Within our own investigation group chromo-
some 11 showed the highest number of paracentric
inversions, followed by chromosomes 6 and 7.

Total Distribution of Euchromatic I nversions
and Comparison of Minima and Maxima for
Pericentric and Paracentric Rearrangements

Theincidence of pericentric and paracentric
inversions differsfor the various chromosomes.
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The most common pericentric inversions are
inv(2) (28.53%), inv(10) (9.51%), inv (5) (7.21%)
andinv(7) (3.11%). Themost common paracentric
inversionsareinv(3) (18.46%), inv(7) (16.92%),
inv(11) (10.77%), inv(1) (9.23%) and inv(5)
(7.69%).

The most common inversion for both types
affects achromosome from the A group, namely
chromosome 2 for pericentric inversions and
chromosome 3 for paracentric inversions. A
further noteworthy observation is that chromo-
somes 5 and 7 are among the four most common
pericentric and thefivemaost common paracentric
inversions. Thereare neither acrocentrics nor sex
chromosomes among the most commonly
affected chromosomes.

Pericentric inversions have been identified
for all chromosomes. However, inv(1), inv(8) and
inv(16) occur very rarely. In addition to the
chromosomes specified above, alist of frequent
inversions should include the following:
inv(3)(p11912); inv(3)(p13gl2); inv(5)(p13g13);
inv(10)(p11.29g21.2). The total incidence of
pericentric inversions is estimated to be
approximately 0.12t0 0.7%o (Pettenati et d. 1995).

Paracentric inversions have also been found
for all chromosomes. The total incidence of
paracentric inversions is estimated to be
approximately 0.25%. and thus about half ashigh
astheratefor pericentric inversions.

I nter chromosomal Distribution of
Heter ochromatic | nversions

Inastudy carried out by Kalz (2003) characteri-
zing pericentric inversions of the hetero-
chromatin in a collective comprising 817
probands, the most common inversion by far was
located in chromosome segment 4g11.2 (15.18%)).
The next most commonly affected region wasin
3011.2 (2.45%), followed by 9912 (1.96%), Yq12
(0.25%) and 1912 (0.12%). No inversions were
foundin 16g11.2. Thesevaluesdemonstrate that
thereisno correlation between therelative length
of the heterochromatic segment (in relation to
the total length of the chromosome) and the
inversion freguency.

Comparison of thel nter chromosomal
Digtribution of Euchromaticand
Heter ochromaticlnversions

In contrast to euchromatic inversions,
heterochromaticinversionsare confined to asmall
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number of chromosomes(1,3,4,9,16 and Y) and
occur only in astrictly defined segment of these
chromosomes.

Euchromatic inversions, on the other hand,
have beenidentifiedin all chromosomesand are
not confined to a specific segment. However,
certain breakpoints occur preferentially in both
euchromatic and heterochromatic inversions (see
below).

INTRACHROMOSOMAL DISTRIBUTION
OF A BERRATIONS WITH SPECIAL
REGARD TO MUTATION HOTSPOTS

Euchromaticlnversion Breakpoints

The researchers participating in the French
collaborative study (1986b) found adistinct pre-
ference for certain intrachromosomal break-
points. Thistendency was particularly pronounc-
ed for chromosomes 3 and 7, and breakpoint maxi-
mawere also found for chromosomes 14 and 11.
However, there are some differencesin theinver-
sionincidencegivenfor individual chromosomes.

Pericentriclnversions

Some pericentric breakpoints occur preferen-
tialy in certain chromosomeregions. Bands2p13,
2021, 5q13, 5931, 6021, 10922 and 12q13 are
sriking examplesfor thispreference (Kleczkowska
et al. 1987). Regions such as these, which are
more frequently subject to mutation than others,
are termed hotspots. In each case the hotspots
consist of an extensive GC-rich band.

Kaiser found anumber of preferred breakpoint
regionsin chromosomes 1-6, 8-13, 18 aswell as X
and Y which differ from those given above.

The differing frequencies of certain
inversions in the various publications may be
due to differencesin the size of the collectives.

Paracentriclnversions

Asisthe casefor pericentricinversions, there
are certain preferred breakpointsfor paracentric
inversions, too (Priceetal. 1987; Haleset al. 1993,
Estop et al. 1994). The most frequent mutations
have breakpointsin 3p24 and 3p26, in 7g22 and
in 11912 and 11g22. The breakpoints in 3p24,
3p26 and 11922 lie within large AT-rich bands,
whilethosein 722 and 11g12 arelocated inlarge
GC-rich bands.

Inastudy published by Madan in 1995, 38 of
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184 examined inversions had breakpointsin 11q,
and of these, 31 breakpoints were located in
11921-g23. 24 of these 184 inversions had
breakpointsin 7g22.

Heter ochromatic I nver sion Breakpoints

Partial and complete pericentric inversions
occur in the following regions: 1g12, 3q11.2,
4011.2, 9912, 16g11.2. Inversions involving
4011.2, 3911.2 and 9912 arefrequent, ascompared
to the less frequent breakpoint in 16q11.2.
Breakpoints in the short arm are found at the
border between the pericentromeric hetero-
chromatin in p11.1 and the distally located
euchromatin in p12. In the long arm, there are
usually two possible breakpoints: onewithin the
heterochromatin block at the border between the
two subunits (resulting in a partial inversion),
and one at the border between the hetero-
chromatin block and the distally adjoining
euchromatin. Inversionsoccur inthe'Y chromo-
somealso, asmentioned above; however, inthese
inversions, usualy the entire heterochromatin
block isexchanged (Kalz 2003).

Comparison of theDistribution of Preferred
Breakpointsin Euchromaticand
Heter ochromatic I nversions

Inthevariouseuchromaticinversion types, the
average length of theinverted segment in relation
to theentire chromosome amountsto gpproximately
onethird (32%) as compared to an average length
of 9% for heterochromatic inversions.

Crypticlnversons

Inversions which are not detectabl e through
karyotype analysis may be identified through
molecular cytogenetic techniques. Cryptic
inversions smaller than 10 MB are apparently
quite common and may be the cause of
malformation/retardation syndromes. A recent
study demons-trated the existence of agenomic
rearrangement in 7g11.23, more specifically a
submicroscopicinversion, inanumber of parents
whose children were diagnosed as having
Williams-Beuren syndrome (WBS) (Osborne et
al. 2001). These patients had acquired a
microdel etion that wastraced to disturbed pairing
of the altered parental chromosomes.

Interphase FISH and analysis of prometa-
phase chromosomes have shown that in approxi-
mately 33% one parent was heterozygous for a
1.5Mb paracentricinversion covering theentirety
of the Williams-Beuren region. Hetero-zygosity
for this inversion causes unequal chromosome
pairing in prophase of meiosis |, which may
consequently lead to deletion of the critical
region.

Bayéset al. (2003) documented the mode of
inheritancefor therearranged chromosome 7. In
all informative cases the deletion had occurred
denovointhechild. In45% of casestheinverted
chromosome was maternal, in 55% of cases it
was paternal.

ARTIFICIAL INVERSIONSASA METHOD
IN GENE MAPPING AND ANALYSIS OF
GENE FUNCTION

Many new methods have been developed in
recent years to facilitate the analysis of the
genome. Many of these are of particular
importancein the study of model organisms. The
unspecific und non-selective induction of
mutationsin mice using chemical mutagens and
the time-consuming screening of the many
resulting mutations has proven to be too
laborious. The induction of a specific deletion
on a certain chromosome as a first step of a
research series also proved to be ineffective, as
the majority of mutations turned out to be lethal
even in the heterozygous state. Thus, adifferent
approach using balanced inversions was
conceived (Kile et a. 2003). One main focus of
attention waschromosome 11inthemousemodel,
which corresponds to chromosome 17 in man.
The inversion these researchers induced
comprised approximately 2% of thetotal length
of the genome and contained about 700 genes.
Identification of inversion carriers was made
possible through the secondary integration into
theinverted region of agenefor yellow fur colour.
These inversion mice were bred with mice that
had been subjected to achemical mutagen (ENU),
resulting in different mutations in various
locations in the genome. Backcrossing and
additional analysisof lethal effectsfor thevarious
embryonic stages allowed researcherstoidentify
different mutations for the inverted region
(Rossant 2003).
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SIGNIFICANCE OF INVERSIONS FOR
THE EVOLUTION OF THE HUMAN
KARYOTYPE

Comparative chromosomeand genomeanaly-
ses have demonstrated a considerable degree of
conformity among primates. However, thereare
significant morphological differences between
the karyotypes of the three large ape species
and that of humans (Szamalek et a. 2006). These
differences are, for the most part, a result of
intrachromosomal rearrangementsand atelomeric
fusion. Pericentric inversions are the most fre-
guent rearrangement, while paracentric inver-
sions are considerably less common.

The occurrence of pericentric inversions
within a species resulted in genetic stability, as
soon as homozygosity was achieved.

Analysis of the primate karyotype clearly
showsthat various euchromatic inversionswere
disseminated throughout populationsin the past,
which means that they obviously were not
associated with significantly reduced fertility of
thecarriers.

Morphological karyotype differences bet-
ween Homo sapiens and chimpanzees (Pan
troglodytes) includethree pericentricinversions.
Five pericentric inversions exist between Homo
sapiens and gorillas (Gorilla gorilla), and five
pericentric and one paracentric inversion bet-
ween Homo sapiens and orang-utans (Pongo
pygmaeus). Theserearrangementsin the euchro-
matin are accompanied by pericentricinversions
in the constitutive heterochromatin (Seuanez
1979).

The breakpoints defining of themost frequent
inversions, on chromosome 2, are located in a
region that was quite significant in the evolution
process of the human karyotype, as human
chromosome 2 resulted from the fusion of two
acrocentric ancestral chromosomes. The
paracentricinversioninvolving 7(q11g22) occurs
in both humans and gorillas, and is found
exclusively in phenotypically inconspicuous
individuals. Thisindicatesastable rearrangement
of the genome. It is interesting to note that this
inversion resultsin the same banding pattern in
man and inthe gorilla(Haaf and Schmid 1987).

SUMMARY

A review of published literature and our own
research data provide the basis for the charac-
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terization of inversionsasagroup of intrachromo-
somal aberrations. Heterochromatic and euch-
romaticinversionsare compared, and for thelatter
group, rearrangements of the autosomes and sex
chromosomesare considered separately. Pericen-
tric and paracentric inversions as defined by the
position of theinversion within the chromosome
arediscussed. Specific featuresof meiosisaswell
as genetic risks are reviewed in the context of
various inversion types. The ascertainment of
frequencies for pericentric and paracentric
inversions in general and for specific chromo-
somesis discussed on the basis of the results of
several studies. Hotspots for inversion break-
pointsand cryptic inversions are charac-terized.
Therole of inversions during the process of the
evolution of the human karyotype is demons-
trated.
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